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Single-station electric field (E) and electric field

derivative (dE/dt) waveforms were recorded at digitization

rates up to 400 MS/s during 1989 and 1990 at the Kennedy Space

Center. Narrow bipolar pulses (NBP's) were found to occur

separate from typical lightning events, but to be thunderstorm

related. Frequency spectra for E obtained from NBP's dropped

at a rate of close to 1/f up to 125 MHz. In comparison, the

frequency spectra reported by Willett et al. (1989) for

similar pulses dropped as 1/f up to about 20 MHz and became

flat afterwards up to their 50 MHz Nyquist frequency. NBP's

contained higher energy than return strokes above 10-20 MHz.

NBP Spectra found from the output of digitally simulated

narrowband receivers tended to underestimate the wideband
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frequency spectra by as much as 10 dB, indicating that the

spectra obtained using narrowband receivers are unreliable.

Initial E-field peaks of NBP's had a mean rise time of

1.38 /xs. Large positive dE/dt pulses had a mean half width of

7 ns, much shorter than the 49 ns reported by Willett et al.

(1989) .

The existence of a single process responsible for VHF

radiation from lightning, such as that proposed by Labaune et

al. (1990) , was tested using deconvolution methods on the NBP

waveforms. Our analysis failed to identify a single basic

component in these pulses.

Electric fields from lightning strikes at distances

within 1-2 km consistently exhibited a chaotic behavior during

the stepped leader, whereas distant stepped leaders did not.

This "chaos" ranged from pulses occurring at rates close to

one pulse per ns to a continuous noise-like high frequency

signal with frequency components extending beyond 120 MHz.

In agreement with other reports in the literature, we

found that HF radiation following return strokes peaked 20-30

jus after the onset of the return stroke, and persisted for

several tens of microseconds after the peak. However, the

short propagation path (less than 7.5 km) over salt water does

not support the widely accepted hypothesis that the delayed

peak arises as a result of propagation effects.
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CHAPTER 1
INTRODUCTION

For most of this century, researchers have tried to

understand the physics of a lightning discharge. Only within

the last two decades has the submicrosecond structure of the

electromagnetic radiation from different lightning processes

been studied, most often the return stroke in cloud-to-ground

discharges. Recently, a new process which radiates more

strongly than return strokes above 10 MHz, has been

identified. (Willett et al, 1989, Le Vine, 1980). The high

energy content of this process at HF and VHF frequencies could

present a serious hazard to airborne vehicles, especially at

frequencies approaching the resonant frequency of their

metallic structure, typically in the tens of MHz range.

The primary focus of this dissertation is the nature of

the bipolar electric field pulses previously identified by Le

Vine (1980) and Willett et al. (1989) . We have observed these

pulses to occur separately from typical lightning, although

they are related to thunderstorms. The frequency spectra

reported by Willett et al. (1989) indicated that these narrow

bipolar pulses were the strongest source of radiation above

about 10 MHz. Since the data-presented by Willett et al.

(1989) were obtained from thunderstorms about 45 km away, and

l
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recorded with sensors installed on the roof of their

instrumentation van, it is possible that their data may have

been affected by either propagation effects or measurement

technique. A peculiar flatness above 20 MHz in their spectrum

for NBP's, which extended up to their 50 MHz Nyquist

frequency, motivated us to conduct similar measurements of

wideband dE/dt radiation.

In addition, following ideas presented by Proctor (1971) ,

we intended to build a VHF location system using narrowband

receivers. Since dE/dt from NBP's had significant high

frequency components, these signals could be used to study how

the characteristics of narrowband receivers, such as their

center frequency and bandwidth, influenced the VHF signal from

the receiver. In this way we have been able to simulate the

time-of-arrival system used by Proctor (1971). In particular,

Proctor's concept of "radio diameter" with VHF sources that

form at the speed of light is a phenomenon that needs further

study.

The experiment we conducted in 1989 used flat plate

sensors installed on the ground to measure dE/dt. We avoided

placing the sensors on the roof of our instrumentation van to

prevent an enhancement of the electric field measured by the

flat plate sensors. By placing the sensors on the ground and

using fiber optics for all signal transmissions, we also

circumvented the possibility of having resonances on the

metallic structure of the instrumentation van. The dE/dt
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waveforms were digitized at a rate of 100 MS/s and did not

have an antialiasing filter before the digitizer. Careful

analysis of the dE/dt recordings revealed that some dE/dt

pulses had rise and decay times as fast as 10 ns, thus

suggesting the possibility that our data had been compromised

by aliasing. Any frequency domain analysis using aliased data

as an input would have provided erroneous results.

In 1990 we designed an experiment where the sampling was

done at a rate of 400 MS/s, which was four times faster than

our 1989 rate. In addition, an antialiasing filter was

installed to remove signals at frequencies higher than 200

MHz. The sensors were located on a 16' by 16' metallic ground

plane grounded at each corner and at the center of each side.

The ground plane was built over a salt marsh located next to

the Indian River, which contains salt water. The site was

specifically chosen for its proximity to a good conducting

terrain, as many of the previous measurements in the

literature appear to have been compromised as a result of

propagation effects.

Reports of wideband recordings of electric fields or

dE/dt waveforms from cloud-to-ground and intracloud lightning

have been presented by several researchers (e.g., Weidman et

al., 1981; Weidman and Krider, 1986; Willett et al., 1990).

The published wideband spectra of all these processes extend

only to 20 MHz, although sampling rates have been as high as

100 MS/s. The experiment we conducted in 1990 was intended to
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improve and extend the frequency spectra obtained from

wideband recordings to frequencies above 150 MHz. The

triggering of the system was designed so that waveforms with

positive or negative polarities could trigger the digitizing

system, so that both narrow bipolar pulses and cloud-to-ground

discharges could be recorded. Waveforms with such a large

frequency content could also be used for the digital

simulation of VHF receiver response. The setup of the

digitizing system, combined with the expectancy of obtaining

data from overhead thunderstorms, resulted in an experiment

which had the capability of recording dE/dt waveforms with

minimal attenuation due to propagation effects. We could then

compare the spectra obtained from such data with the published

wideband spectra, allowing us to determine if the 20 MHz limit

in the published spectra on narrow bipolar pulses is real.

This dissertation presents data recorded during 1989 and

1990 at the Kennedy Space Center. These data have been used

to study different lightning parameters, both in the time and

frequency domain.

A review of the pertinent literature is presented in

Chapter 2. A description of the electronic sensing and

processing equipment designed for the experiments, including

the theory of operation, is presented in Chapter 3. Circuit

diagrams of the critical components of the recording systems

are also included in Chapter 3. Also presented in that



5

chapter is the procedure used for calibrating and testing the

measuring system.

Chapter 4 presents time domain results of the

characterization of narrow bipolar pulses, such as those

described by Le Vine (1980) and Willett et al. (1989).

Statistics are presented for the 50 MHz-bandwidth records

obtained during the course of the 1989 experiment and for the

150 MHz-bandwidth records obtained in 1990. Our results show

that the pulse widths of the dE/dt radiation produced by the

narrow bipolar pulses are considerably shorter than previously

reported by other researchers.

Using digital filtering techniques, five narrow pulses

which were analyzed in detail were also used in the simulation

of the outputs of narrowband, envelope detector receivers.

The output of digitally simulated narrowband receivers with

closely spaced center frequencies was compared on a

microsecond and nanosecond scale. The accuracy in the

determination of the time of arrival using narrowband

receivers in a TOA system was found to be dependant on the

characteristics of the receivers used to sense the RF

radiation.

Chapter 5 presents measurements of electric fields from

leaders and return strokes produced by lightning strikes at

distances ranging from a few tens of meters to about 9 km.

Nanosecond scale features of the activity preceding the return

stroke is presented for very close strikes. An analysis of
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the occurrence of HF radiation before and after the onset of

the return stroke is also presented. Lightning strikes at

distances closer than 1 km exhibited large HF radiation before

the start of the return stroke. HF radiation was also found

to peak about 20-30 jus after the onset of the return stroke.

Cloud-to-ground events which produced very high frequency

radiation are also analyzed in Chapter 5.

The frequency content of the narrow bipolar pulses,

leaders, and return strokes are presented in Chapter 6. The

spectra of bipolar pulses were obtained by using various

methods. Spectra were found by performing fast Fourier

transforms (FFT) on the numerically integrated dE/dt

waveforms. The frequency spectra were also estimated by

digitally modelling narrowband receivers at different

frequencies and using their output to obtain the spectra.

Narrow bipolar pulse spectra found from the output of

digitally simulated narrowband receivers tended to

underestimate the wideband frequency spectra by as much as 10

dB, indicating that the spectra obtained using narrowband

receivers are unreliable. A complete description of the

methods of frequency domain analysis used in this dissertation

is presented in the same chapter.

Narrow bipolar pulses,' recorded from thunderstorms about

10-20 km away, were found to contain higher frequency

components than what had been previously reported in the

literature. Their frequency spectra were measured up to 125
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MHz, and were found to decay sometimes at a rate of close to

1/f, while the spectra reported by Willett et al. (1989)

dropped as 1/f up to 20 MHz and became flat afterwards.

The frequency spectra were also calculated for stepped

leaders, "chaotic leaders" and return strokes. Some of these

events which occurred at distances closer than 1 km away were

found to contain measurable energy at frequencies extending

beyond 125 MHz before the start of the return stroke pulse.

The high frequency signals usually ceased immediately after

the return stroke.

Highlights of the results are discussed in Chapter 7.

Our results are also compared with those obtained by other

investigators. Additional research that should be conducted

to further enhance the understanding of lightning processes is

suggested in Chapter 8. Several experiments are proposed to

attempt to answer additional questions about the physics of

lightning and to expand further on the results presented in

this dissertation.

Specific software programs were written to reduce and

analyze the data presented in this dissertation. The C-

language source codes of the main, nontrivial programs are

presented in the Appendix.



CHAPTER 2
LITERATURE REVIEW

2.1 Introduction

The main processes that occur during lightning discharges

are described in this chapter. Cloud-to-ground and intracloud

discharges which occur during thunderstorms are explained

here. A description of different methods used to locate the

sources of electromagnetic radiation produced by lightning is

also included. This chapter also describes different methods

that have been employed to estimate the frequency content of

different lightning processes.

2.2 The Ground Flash

Lightning has been described as a transient, high current

electric discharge whose path is generally kilometers in

length (Uman, 1969; Uman, 1987). A cloud-to-ground flash is

a complete lightning discharge which transfers charge between

the cloud and the ground through a channel formed by the

electrical breakdown of air. Analysis of the electric fields

recorded at ground level suggests that a positive charge P

(perhaps +40 C or more) is concentrated in the upper part of

the cloud while a negative charge N (perhaps -40 C or more)

concentrates in the lower part, and that a small pocket of

8
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positive charge p (probably +10 C or less) forms at the cloud

base (Uman, 1987). A typical discharge between cloud and

ground starts in the cloud and eventually neutralizes tens of

coulombs of negative cloud charge in about 0.5 s (Uman, 1987).

A flash is composed of several partial discharges called

strokes, each of which has a duration of a few milliseconds,

separated by tens of milliseconds. Return strokes have been

studied by several researchers and several models have been

proposed to explain the return stroke currents and the

associated electric field radiation (e.g., Lin et al., 1980).

The electric field change just before the first return

stroke in a cloud-to-ground flash has a duration from a few

milliseconds to a few hundred milliseconds (e.g., Beasley et

al., 1982). The preliminary breakdown is defined as those

discharge processes which lead directly to the initiation of

the stepped leader. An in-cloud charge location technique,

using eight ground-based electric field measuring stations,

was used by Krehbiel et al. (1979) . They concluded that the

preliminary activity preceding stepped leaders consists of a

succession of breakdown events, with considerable horizontal

extent, one of which finally results in the launching of a

stepped leader towards ground.

The stepped leader is described as stepped because it

produces a step-like image on moving photographic film.

Electric fields produced by stepped leaders preceding return

strokes in lightning discharges to ground were studied by
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Krider et al. (1977). They found that the amplitude of the

leader pulses increases just prior to the return stroke, the

largest usually being about 10% of the return stroke peak.

The 10-90% risetimes of individual step waveforms were often

less than 0.3 jus. The amplitude and shapes of leader step

waveforms suggested that the peak step current close to the

ground is at least 2000-8000 Amperes and that the maximum rate

of change of the current is about 6-24 kA/s. When an upward

moving streamer and the downward moving stepped leader meet,

a very luminous return stroke travels up the channel,

neutralizing the charge deposited there by the leader. If

more charge is available in the cloud, subsequent

leader/return stroke combinations may follow the first stroke.

In recent years, there has been increasing evidence that

the radiation fields produced by lightning contain large

submicrosecond variations (e.g., Weidman, 1982; Willett et al,

1989). The field produced by a first return stroke usually

begins with a slow initial front that rises to about 50% of

the peak value in 2-8 jus. Subsequent return strokes have a

front that rises to about 20% of the peak value in 0.5-1.0 jus.

Lin et al. (1979) presented typical electric field waveforms

from return strokes at different distances. The zero-crossing

time of the electric field waveform is dependant on the

distance to the return stroke, since the initial peak of the

return stroke is produced by the radiation field, while the

electrostatic field dominates after a few tens of jus. Lin et
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al. (1979) found zero-crossing times of 70 and 50 /zs for

return strokes at distances of 50 and 200 km respectively.

The return stroke takes about 100 /ns to travel from the

ground to the cloud. Idone and Orville (1982) found that the

average velocity of a first return stroke within about 1 km of

ground is about 1 x 108 m/s. The subsequent return stroke

mean velocity is about 1.2 x 108 m/s. The return stroke speed

decreases with height.

2.3 Radiation Electric Fields from Intracloud Lightning

Intracloud lightning flashes do not carry charge to the

ground, but re-distribute it within the cloud. Several

thousand partial intracloud discharges can occur in a single

flash. Research on electromagnetic radiation produced by

intracloud lightning has been conducted and documented by

several researchers. Krider et al. (1979) and Weidman and

Krider (1979) recorded large-amplitude intracloud lightning

pulses. They found that the shape of the pulses tends to be

bipolar, superimposed with very fast unipolar pulses. They

noted that large pulses can occur either as a precursor in a

cloud-to-ground flash, or in the initial part of an isolated

cloud discharge. The initial polarity of the pulses tended to

be positive when they were precursors of a cloud-to-ground

discharge, and negative when they were a part of an intracloud

discharge. Their electric field antenna system had a 500 Hz
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to 2 MHz bandwidth and electric fields were digitized at a 10

MS/s rate.

Le Vine (1980) identified bipolar pulses that produced

strong HF radiation. He found that these pulses produced

stronger RF radiation than return strokes. His pulses

consisted of an initial negative-going pulse (opposite

polarity to that of a return stroke lowering negative charge)

followed by a positive-going overshoot. The duration of the

negative part was in the order of ten microseconds, while the

total duration was 20 microseconds. These fast pulses

appeared to be relatively isolated and infrequent.

Cooray and Lundquist (1985) presented statistical data on

pulses similar to those observed by Le Vine (1980). These

pulses had a smooth rise to peak and a half-width of about ten

microseconds and their initial polarity was opposite to that

of return strokes that lower negative charge, that is, with

the same initial polarity as the negative pulses reported by

Krider et al. (1979) and Le Vine (1980). The total duration

of the pulses was about 70 microseconds, longer than reported

by Le Vine (1980) . The mean risetime from zero to peak was in

the order of 4 microseconds.

Bils et al. (1988) presented electric field cloud pulses

recorded on analog magnetic tape with an upper 3 dB response

of 500 kHz. Because of the reduced bandwidth, pulses shorter

than a microsecond were significantly attenuated and

distorted. Only negative-polarity pulses were reported.
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Since the analog tape records were relatively noisy, only

pulses 50% larger than the 4 V/m noise level of the tape

recorder were analyzed. These pulses had a median 30-90%

risetime of 1 microsecond with a half width of 2.7

microseconds. All the pulses were superimposed on a negative

going field change and most (84%) occurred in the first third

of the overall field change. Large cloud pulses of several

microseconds width were observed to occur early in the field

record and they appeared to be related to the initiation of

the cloud discharge.

Willett et al. (1989) recorded 18 narrow bipolar pulses,

with initial polarity opposite to that of a typical return

stroke. They found that these pulses had an average full

width at half maximum of about 2 microseconds, with the peak

followed by a small overshoot. Their dE/dt records showed

large amplitude, high frequency noise superimposed on the

slower variation that could be expected from the shape of the

E-field record. Their data were recorded using transient

waveform recorders sampling at 100 MS/s and triggered by a HF

receiver. The location of the thunderstorm cell was 45 km

away from the recording station with propagation path over

salt water.

Waveshapes of electromagnetic radiation produced by

intracloud lightning have also been recorded using narrowband

receivers. Weidman et al. (1985) presented waveshapes

recorded at 60, 175 and 500 MHz using receivers with a 350 kHz
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bandwidth. Intracloud lightning was recorded using dE/dt as

a triggering source. Radiation was recorded on the 60 and 175

MHz receivers, while it was completely absent at 500 MHz. The

radiation at 60 and 175 MHz was very similar, suggesting that

both emissions were caused by the same discharge process.

Le Boulch et al. (1990) reported their measurements on

different lightning processes. Intracloud flashes produced

two types of pulses: trains of pulses similar to those

produced by stepped leaders, and bursts of pulses.

2.4 Frequency Spectra

The overall spectrum of lightning discharges is comprised

of the sum of different processes. Extensive research has

been performed in the subject of frequency spectra.

Measurements of the frequency spectrum of different lightning

events have been conducted using two general approaches: 1)

Wideband measurements of the electric and magnetic field, and

2) Narrowband HF, VHF and UHF measurements. The frequency

spectra of the fields recorded using the wideband method have

been obtained by Fourier analysis. Although this method has

been used mainly for analysis of return strokes, frequency

spectra for stepped leaders and cloud pulses have also been

obtained. Narrowband measurements have not been directed at

specific processes, mainly because the limited receiver

bandwidth does not permit separating one process from another.

Calculation of the frequency spectra using this method has
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been done by assuming certain physical characteristics of the

VHF radiation, such as considering it as a sequence of

identical pulses with random amplitude and/or arrival time.

The actual characteristics of the radiation from lightning

make it very difficult to compare measurements obtained using

narrowband receivers with different bandwidths. There have

been discussions in the scientific literature on whether

normalization of the frequency spectrum to a given bandwidth

should be done by assuming a linear relationship with the

receiver bandwidth, or a square root of the bandwidth

relationship (e.g., Le Vine, 1987). If the impulses are well

separated, the spectrum should be scaled linearly with

bandwidth. However, if the received signals are noise like,

scaling should be done with the square root of the bandwidth.

2.4.1 Narrowband Measurements

Direct measurements of the spectrum can be done by

measuring the power at a particular frequency. The procedure

is to use a receiver with a narrowband filter and measure the

output power to estimate the power radiated at a particular

frequency. The limited bandwidth results in a spectrum that

is the average of different events in the flash.

Narrowband measurements of atmospheric noise were

reported by Watt (1951) . Measurements were done" with a

receiver with a 140 Hz bandwidth and centered at frequencies

between 1 and 100 kHz. The receiver was centered at each

frequency of interest for 7 to 12 minutes, as this period was
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considered long enough to provide statistically constant data.

The limited receiver bandwidth made it impossible to

distinguish between radiation from leaders, return strokes, or

form any other source. The frequency spectra obtained with

these measurements presented an energy peak around 10 kHz.

Similar measurements were performed by Obayashi (1959).

Two sets of radio receivers with a 600 Hz bandwidth were used.

One of the receivers was set to sweep from 1 to 10 kHz, and

the other from 5 to 100 kHz. The sweep frequency was set at

10 Hz. This was a major advantage over recording the

electromagnetic radiation with a number of fixed or manually

tuned receivers. It was found that the peak in the radiation

occurred between 10 and 20 kHz.

Several researchers have reported studies on the very low

frequency (VLF) spectra from thunderstorms several hundred

kilometers away. Comparisons between theoretical and recorded

waveforms have also been attempted. (Obayashi, 1959; Croom,

1964; Bradley and Horner, 1964; Maxwell, 1963; Hart, 1967;

Himley, 1969).

Malan (1958) recorded simultaneously electric fields and

narrowband radiation at different frequencies between 3 kHz

and 10 MHz. Malan found that at 3 kHz, radiation was confined

to return strokes. Up to 2 MHz, return strokes had the

largest amplitude, while above -2 MHz other processes became

progressively larger. The narrowband measurements were used

for comparison of the amplitude of the radiation from
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different lightning processes at a given frequency. Since the

receivers were not absolutely calibrated, a frequency spectrum

was not presented.

Horner and Bradley (1964) recorded lightning radiation at

6 kHz, 10 kHz, 45 kHz, 550 kHz and 11 MHz, all with a 250 Hz

bandwidth. Receivers centered at 225 and 250 MHz were

occasionally used. The resulting spectra were normalized to

a power bandwidth of 250 Hz, assuming a direct proportionality

of the spectra to the bandwidth for frequencies up to 45 kHz.

Above 45 khz, the frequency spectrum was considered to be

proportional to the square root of the bandwidth for purpose

of normalization to 250 Hz. The frequency spectrum,

determined up to 450 MHz, was found to drop with the inverse

of the frequency.

Radiation from lightning at 420 and 850 MHz with a 1.5

MHz bandwidth was simultaneously recorded along with electric

fields by Brook and Kitagawa (1964). The data were obtained

from thunderstorms 10 to 30 km away. They found that at those

frequencies, stepped and dart leaders were always strong

sources of radiation, while the radiation from return strokes

was sometimes strong but most times weak or absent. Radiation

produced by intracloud lightning was stronger than that of

cloud-to-ground discharges. Brook and Kitagawa (1964)

concluded that microwave radiation was generated by the

formation of streamers. However, radiation from dart leaders

was found to stop 50 to 150 jus before the return stroke.
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Although no explanation for this occurrence was given, it is

possible that the reason for the cessation of the radiation

was high attenuation due to propagation losses.

In a survey of frequency spectra data compiled by Oetzel

and Pierce (1967), indications were found that the amplitude

spectrum is inversely proportional to frequency below 1 MHz,

proportional to 1/f2 between 1 and 10 MHz, and proportional to

l/f* above 10 MHz. Oh (1969) compiled the spectral

distribution of lightning radiation from 1 kHz to 10 GHz. The

results obtained by different researchers were normalized to

a 1 kHz receiver bandwidth using a linear relationship to

bandwidth for bandwidth under 10 kHz, and a relationship with

the square root of the bandwidth for bandwidth above 10 kHz.

The 10 kHz crossover bandwidth was selected based on the

approximate duration of a lightning impulse of 100 ¡is.

Because of the many variables affecting individual spectrum

measurements, such as bandwidth, distance to the flash, and

receiving system configuration, normalized results from

different investigators differ by as much as 40 dB. Oh (1969)

concluded that from 1 kHz to 50 MHz the spectrum follows a 1/f

curve, between 50 and 500 MHz the spectrum follows a curve

between 1/f and 1/f5'2' and above 500 MHz it follows a Iff512
curve.

Shumpert et al. (1982) conducted an experiment to measure

the frequency spectra using narrowband receivers at 22.5 MHz,

225 MHz, and 2.25 GHz. Their results were compared to those
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compiled by Oh (1969) and concluded that their measurements

were consistent with those reported previously by Oh.

2.4.2 Wideband Measurements

Wideband measurements of radiation from lightning have

evolved considerably over the years. Initially, electric

field waveshapes were displayed on oscilloscopes and

subsequently photographed on moving film. The photographed

image was then manually digitized before it could be Fourier-

transformed. With the advance of technology and the

availability of analog to digital converters, electric field

waveforms started to be digitized in real time, thus greatly

reducing the time necessary for analysis. The wideband method

has the advantage that the waveshape of the signal recorded

can be used to determine which process was actually recorded,,

therefore allowing the generation of specific frequency

spectra for different lightning processes. Early reported

wideband field measurements extended the frequency spectrum to

a few tens of kilohertz, while recent wideband measurements

extend up to several hundred megahertz.

Taylor and Jean (1959) recorded 33 cloud-to-ground

waveforms from thunderstorms located between 150 and 600

kilometers away. The measurements were done with a system

having a frequency response of 1 kHz to 100 kHz. Data were

recorded by photographing an oscilloscope display triggered by

the electric field. The location of lightning was determined

by triangulation based on the direction of arrival at each
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station of a 3-station network. The frequency spectrum was

found by using Fourier transforms on the electric field

waveforms, and was normalized to 1 km in proportion to the

observation range. Results showed a peak in the spectral

amplitude near 10 kHz, which was consistent with previous

reports obtained using narrowband receivers.

Additional data recorded by Taylor (1978) included 69

lightning waveforms recorded during 1959. Again, the

information was displayed on oscilloscopes and photographed on

moving film. Fourier transforms were used to calculate the

frequency spectrum, which was normalized to 1 km. The

recorded waveforms were categorized in different groups, based

on their polarity and time characteristics. The peak spectral

energy was found to occur around 5 kHz. At frequencies below

the peak, the spectral amplitude was found to be proportional

to the square root of the frequency, while for frequencies

above the peak the spectral amplitude decreased as 1/f up to

their maximum frequency response of 100 kHz.

Jones et al. (1967) recorded intracloud and cloud-to-

ground lightning waveforms on an oscilloscope over a frequency

range of 600 Hz to 250 kHz. The approach used to find the

frequency spectrum was totally different from previous

approaches. The approximate frequency of each waveform was

obtained by counting the number of peaks in each 500 /is

interval. They found a peak of frequency components in the

band between 100 and 200 kHz, with most of the energy
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concentrated around 150 kHz. These results are inconsistent

with results published by other researchers.

Serhan et al. (1980) analyzed electric fields from first

and subsequent return strokes, and determined their frequency

spectra by using FFT methods. Electric field waveforms were

sampled at a rate of 1.424 MS/s, with each record being of 180

¡Xsec duration. The FFT's were performed on the electric field

records padded with zeros to generate a 512-point record. It

was determined that for all distance ranges, the frequency

spectra fell off as 1/f for frequencies between 5 and 100 kHz.

At higher frequencies, the spectrum rolled faster as the range

increased. However, these frequency spectra were determined

on waveforms that were not windowed, and that for close

distant flashes abruptly returned to zero after 180 /¿sec. As

pointed out by Preta et al. (1985), these close waveforms

produced a frequency spectrum containing erroneous high

frequency components introduced by the rapid return to zero of

the electric field waveform. Preta et al. (1985) published

new results and corrected the frequency spectra originally

presented by Serhan et al. (1980). The frequency spectra

reported by Preta et al. (1985) for waveforms in the range to

10 km were similar to those published by Serhan et al. (1980).

For return strokes at distances of 50 and 200 km, the spectra

obtained by Serhan et al. (1980') were up to 5 dB lower than

those reported by Preta et al. (1985) above 200 kHz.
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Frequency spectra from wideband electric field and dE/dt

measurements extending beyond 20 MHz were presented by Weidman

et al. (1981). Individual spectra were obtained for first

return strokes, stepped leaders, and positive and negative

intracloud flashes. The thunderstorms used to compute the

spectra were located over salt water less than 50 km away,

therefore the attenuation of the frequency components up to 10

MHz was considered minimal by the authors. Their results

showed that the frequency spectrum for return strokes presents

a 1/f dependence between 100 kHz and 2 MHz, a 1/f2 dependence

from 2 MHz up to 10 MHz, and 1/f5 between 10 and 20 MHz. The

behavior of the spectra of stepped leaders and intracloud

lightning were essentially similar to that of return strokes.

A later paper by Weidman and Krider (1986) presented

frequency spectra from lightning between 1 and 20 MHz. The

spectra were derived from dE/dt waveforms from discharges

occurring within 60 km over sea water. Data recorded on an

oscilloscope were manually digitized, with the number of

points depending on the complexity of the dE/dt waveform.

Since the FFT algorithm required the samples to be evenly

spaced, evenly spaced data were generated by linear

interpolation between the manually digitized points. Although

not addressed by the authors, linear interpolation can cause

the introduction of aliasing components in the frequency

spectrum. In contrast with the spectra presented by Weidman

et al. (1981), the spectral amplitude for return strokes
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decreased as 1/f between 1 and 6 MHz, and decreased as 1/f2

between 6 and 20 MHz. The spectra for intracloud pulses and

stepped leaders were comparable and both of these spectra are

5 to 10 dB below the return stroke spectra between 1 and 20

MHz.

Willett et al. (1989) recorded wideband dE/dt waveforms

of narrow bipolar pulses similar to those described by Le Vine

(1980). The thunderstorm activity was about 45 km from the

recording station and the propagation path was entirely over

salt water. The dE/dt waveforms were digitized at a 100 MS/s

rate, and anti-aliasing filters were not used. Computation of

the power spectral density showed that these narrow pulses

radiated more strongly than return strokes at frequencies

between 10 and 50 MHz. The spectrum became flat at about 20

MHz, which could have been caused by the spectrum of dE/dt

raising in proportion to frequency at and above the Nyquist

frequency of 50 MHz.

Further results published by Willett et al. (1990)

reported frequency spectra for first and subsequent return

strokes; stepped, dart, and chaotic leaders, and

characteristic cloud pulses. Results showed that return

strokes are the strongest source of radiation during cloud-to-

ground activity. The amplitude spectrum of return strokes

decreased as 1/f up to 5 MHz aná as 1/f5 above 12 MHz.
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2.5 Time-of-Arrival Systems

A number of researchers have used time-of-arrival (TOA)

systems for locating lightning. A TOA system is based on

using the difference of the time of arrival of a signal at

different antennas to determine the location of the source of

the radiation. The difference in the time of arrival of

signals at two receiving sites determines a hyperbola on which

the source must lie. The intersection of hyperbolas obtained

from using several receivers at different sites determines the

location of the source. Early time-of-arrival systems

operated in the VLF range and were mainly used to find the

location of distant thunderstorms. Systems operating in the

VHF range are used to find source locations within line-of-

sight distances to the thunderstorms. This is due to the

nature of VHF radiated signals which do not propagate through

ionospheric reflections as VLF, LF, and HF signals do.

2.5.1 Long Baseline Time-of-Arrival Systems

A hyperbolic location system was proposed by Proctor

(1971). This system was designed to provide 3-dimensional

locations of VHF sources associated with lightning. The

position of the source was calculated from multiple hyperbolic

curves determined by the difference in the time of arrival of

the VHF radiation at different receiver locations. Five

logarithmic receivers operating’ at 253 MHz were used in the

system. This VHF frequency was selected because the coverage

area is limited to line-of-sight distances. The signals from
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all receivers were displayed on an oscilloscope and

photographed by rotating drum cameras. The differences in

time of arrival were obtained manually by comparing traces

related to the same event. Processing a one-quarter of a

second record took 8 man-months. Results obtained with these

measurements showed that the noise radiated by return strokes

is continuous for 100 to 200 /¿sec. Proctor (1971) noted that

for high velocity processes, such as return strokes, the

length of the records appears to be different. This pulse

compression was similar to the Doppler effect. Radiation from

stepped leaders started at a height of 3-5 km, and thereafter,

radiation was emitted from points randomly scattered around

that region. Rectangular groups of pulses varying in length

from a few microseconds to about 100 /¿sec occurred during the

first 250 /¿sec following a return stroke.

Proctor (1981) published additional results obtained with

the system described in Proctor (1971). The bandwidth of the

system was such that the measurements in the time of arrival
were obtained with RMS errors of 140 nsec. These errors meant

an accuracy of a location in a horizontal plane was 25 m RMS,

and in a vertical direction, 140 m RMS. This paper presented

analysis of five cloud flashes, which were classified into two

types according to their pulse rates. The first class emitted

pulses at a rate of 1000 pulses ¿>er second. These pulses were

rectangular, lasted about 1 /¿sec, and were in synchronism with

pulses received at HF frequencies. The second class emitted
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pulses at a rate of 105 pulses per second. These pulses were

shorter in duration, .2 to .4 /¿sec, and appeared to be

unrelated to pulses received at other frequencies. Channel

sizes of 300 meters were measured for the low rate pulses,

while sizes of 60 meters were measured for the fast rate

pulses. The VHF noise was concluded to originate at the tip

of propagating streamers and to be associated with the initial

ionization of the channel. Most cloud flashes were found to

be mainly horizontal with streamers propagating away from a

common origin.

The system used by Proctor (1971) and Proctor (1981) was

improved and the results were published in Proctor (1983).

This system operated at 355 MHz and the data from remote

stations were transmitted to a central station by 6-MHz wide

microwave channels. A laser-optical recorder provided a

timing accuracy of 82 nsec RMS. Similar analysis of cloud-to-

ground flashes was presented by Proctor et al. (1988).

Stepped leaders and intracloud streamers were found to

progress at an average speed of 1.6 x 106 m/s. The continuous

trains of noise occurring between strokes extended at an

average speed of 8.7 x 107 m/s. Most sources of continuous

noise trains (98%) were found to extend vertically.

The data presented by Proctor et al. (1988) included

locations of as many pulses per'flash as possible. However,

on a typical flash, they were able to locate one out of every

30 pulses. The number of locatable sources was mainly limited
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because of the relatively small amplitude of pulses compared

to the receiver noise.

A time-of-arrival system was installed at the Kennedy

Space Center, in Florida. The original system, operated in

1974 and 1975, consisted of a central station and four remote

stations. This system was referred to as the LDAR (Lightning

Location and Ranging) system. The system was later improved

by adding two additional stations which provided redundant

locations and were used to test the accuracy and effectiveness

of the TOA system. Locations were determined by obtaining the

difference in the time of arrival of the largest pulse

recorded at each station.

Rustan (1979) analyzed data recorded using the LDAR

system described by Lennon (1975). These data were recorded

using analog magnetic tape recorders with a bandwidth of 400

Hz to 1.5 MHz. Differences in the time of arrival were

determined by using cross-correlation methods, where the peak

of the cross-correlation function indicated the difference in

the TOA. The results published by Rustan (1979) were disputed

by other researchers (Hayenga and Warwick, 1981; Krehbiel et

al., 1984). Krehbiel et al. (1984) suggested that timing

errors in the order of several microseconds, incorrect

identification of pulses at different stations, and biased

search methods resulted in incorrect locations. As an example

of discrepancies encountered by Krehbiel et al. (1984), we

notice that Rustan (1979) found source locations uniformly
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distributed up to an altitude of 16 km and higher, while

Krehbiel et al. (1984) found the center of charge was

concentrated between 6.5 and 8 km altitude. In discrepancy

with these results, Rustan's locations were found to occur

within a tilted vertical cylinder with a 2 km typical

diameter. Hayenga and Warwick (1981) stated they did not find

any VHF events occurring at high altitudes (9-15 km) such as

those described by Rustan.

2.5.2 Short Baseline Time-of-Arrival Systems

Oetzel and Pierce (1969) outlined the principles of a

technique to locate the sources of VHF signals generated by

lightning discharges. This method was based on an "ultra

short base line," two-station, time-of-arrival system. With

the technology available at the time, their analysis showed

that they could obtain a bearing accuracy between 1 to 8

degrees using a baseline 300 meters long. The resolution of

a single station at a 20 km range was calculated to be better

than 200 meters. A second station located at a distance

greater than 50 km was suggested in order to obtain detailed

measurements. The system described by Oetzel and Pierce

(1969) was implemented and tested, and the results were

reported by Cianos et al. (1972) . The system used two

receivers initially spaced 300 meters and later 122 meters

apart. These receivers operated' at 30 MHz with a 10 MHz band¬

width. Signals from the receivers were amplified and applied

to a time interval counter with a 10 nsec resolution. Since
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only two receivers were used to determine the angle of

arrival, an ambiguity persists when determining the correct

quadrant of arrival. Nevertheless, reported results were

found to be in good agreement with optical observations.

A short baseline system using the technique proposed by

Oetzel and Pierce (1969) was tested by Murty and MacClement

(1973) , who used receivers operating in the 82 to 88 MHz range

and spaced 122 meters. A 10 nsec resolution time interval

counter was used to measure the difference in the time of

arrival of the signal at both stations. However, the

bandwidth of the receivers limited the accuracy of the

measurements of the difference in the time of arrival to about

25 nsec. The locations obtained with this system showed good

agreement with simultaneous radar observations. An improved

short baseline TOA system was implemented by Taylor (1978).

The system consisted of two stations separated by about 17.8

km. Each station measured the difference in the time of

arrival by employing two pairs of receivers. These receivers

responded over the 20 to 80 MHz range. One pair was

horizontally separated and the other was vertically separated,

so that azimuth and elevation could be measured. Both

baselines were 13.74 meters long and differences in the time

of arrival were measured with a 0.4 nsec resolution. The

system was operated at the Kennedy Space Center during 1976.

Analysis of the data permitted observation of the branching

and structure of the lightning discharge. Most activity was
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found to occur at a height of about 5 to 6 km, and the

discharge centers moved at speeds of about 50-150 km/s.

Additional measurements were taken using the same system in

1980. The results of those measurements are reported in

Taylor et al. (1984). They reported that small intracloud

flashes produced VHF radiation over the main region of a

thunderstorm at an altitude of at least 16 km. Major

intracloud flashes, defined as those with 3 0 or more VHF

pulses, were found to have a concentration of activity at an

altitude of 4 to 6 km, while small intracloud flashes had

their activity concentrated at an altitude of 11 to 13 km. No

temporal association was found between major and minor

flashes.

2.6 Interferometric Systems

Locations of the source where lightning radiations are

originated can be obtained by using systems based on

interferometric measurements. An interferometer system is

based on the measurement of the phase difference of an

incident wave upon two receiving antennas. Warwick et al.

(1979) presented a technique for an interferometer where the

antenna outputs were mixed with local oscillator signals

coherently offset by a frequency f0. This way, the

interference pattern creates a ’sinusoidal modulation of the

output signal. The phase of this sinusoidal waveform as

compared to the phase of a calibration source determines the
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angle of incidence of the VHF wave. This technique could

provide continuous positions at microsecond intervals during

long emissions (> 100 ¡jls) . The receivers were operated in the

32 to 36 MHz range. Using this system, they concluded that

the fast (up to 1.7 x 107) VHF speeds suggested that the VHF

source was associated with current flow along a previously

conductive channel, where the carriers of this current could

be the free electrons created by the breakdown process.

Hayenga and Warwick (1981) presented data recorded using

the system described by Warwick et al. (1979). A

perpendicular base line and a phase reference were added to

the original system to determine the actual direction of

arrival (azimuth and elevation). They presented the analysis

conducted on several lightning processes observed with the

interferometer, and found that the speeds of these processes

covered three orders of magnitude, from about 1.7 x 105 m/s

for horizontal channels to 2 x 108 m/s for short bursts of

radiation. They concluded that the fundamental source of the

VHF radiation was the acceleration of electrons in the high

electric field present at the tip of propagating breakdown

streamers.

A different interferometric technique was presented by

Richard and Auffray (1985). In their system, the useful

information is the phase difference of the incident wave upon

both antennas, and "is independent of the signal nature and

amplitude. Two-dimensional locations can be obtained with a



32

three-antenna system. Their analysis on the operation of the

system regarding the point-source hypothesis showed that for

a uniform source with a diameter smaller than the distance

between ambiguities, the interferometer will give the mean

location of the source. Detailed analysis was also performed

on the error due to coupling between receiving antennas and

the sphericity of the incident wave. Their system operated at

300 MHz, and consisted of a small system with a one-meter

baseline, and a long system with a ten-meter baseline. It was

observed that at 300 MHz, the signals are highly impulsive,

and occur between one thousand and ten thousand times per

lightning flash. They suggested placing a second

interferometric system at a distance of about 10 km to provide

three-dimensional locations.

Richard et al. (1986) presented data recorded with the

300 MHz interferometric system described by Richard and

Auffray (1985). At this frequency, the VHF-UHF radiation

appeared impulsive, either as low rate emissions (under 20

pulses/ms), or as bursts of pulses lasting from several

hundred microseconds to a few milliseconds. The measurements

were taken using a short baseline (0.5 or 1 m) and a long

baseline(10 m) system. The small system gave a location with

3 ambiguities when D=1 m or without ambiguities when D=0.5 m.

However, the precision of the sm^ll system was low. The large

system had good precision, but a large number of ambiguities

(about 250). The time resolution of the system was 1.6 jus,
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because of the 600 kHz-wide filter. This interferometric

system gave only an angular representation of the lightning

activity, and velocities could only be estimated by assuming

the distance to the radiation source.

VHF radiation reported during intracloud activity by

Richard et al. (1986) exhibited both kind of pulses. Low-rate

radiation was observed during the first few hundred

milliseconds, while longer pulse bursts were usually observed

in the last few hundred milliseconds of the lightning

discharge, with the located sources propagating at a speed of

about 107 m/s over distances extending from a few kilometers

to more than ten kilometers.

Helloco et al. (1987) described the method used to obtain

three-dimensional images of the VHF-UHF sources, using the

system described by Richard and Auffray (1985) and Richard et

al. (1986). Two stations located 9 km apart, each comprised

of two interferometric systems were used for the measurements.

The three-dimensional locations were based on the correlation

in time and space of measurements obtained at each

interferometric station. The results showed that the sources

of the VHF radiation were either point sources and scattered

through the cloud, or paths several kilometers long.

Propagation of the VHF sources at a speed of 2 x 107 m/s was

measured for intracloud lightning. Faster propagation speeds,

up to 1 x 108 m/s, Were measured for return strokes.



CHAPTER 3
EXPERIMENT

Measurements were conducted at the Kennedy Space Center

during the thunderstorm seasons of 1989 and 1990. The 1989

experiment included measurements of electric fields, electric

field derivatives and VHP radiation at two different

frequencies. The experiment conducted in 1990 consisted of

measurements of electric fields and electric field

derivatives. Both experiments, along with the electronics

used for the measurements will be described in detail in this

chapter. This section also describes the calibration of the

electric field and the electric field derivative measurements.

3.1 The 1989 Experiment

The 1989 experiment was conducted during the summer and

fall in the Space Shuttle Mate-Demate area at the Kennedy

Space Center. Data were acquired from day 244 (Sept.l)

through day 275 (Oct. 2). The data presented in this
dissertation were collected during September 23, 25 and 26

(days 266, 268 and 269 respectively). Table 3.1 summarizes
the original record filenames, day where data were recorded,

record size, and total number of flashes recorded during this

experiment.

34
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Table 3.1. Summary of the data collected during the
experiment conducted in 1989.

Filename Day Record size Number of records

(points)

P8923617.257 244 2,048 704
246 2,048 186
249 1,024 40
256 32,768 181
257 2,000 13

P8925811.258 258 102,400 40

258 49,152 170

P8926011.260 260 16,384 748

P892 6112.2 66 261 81,920 44
266 102,400 94

P8926621.266 266 16,384 748

P8926632.268 266 16,384 37
268 16,384 654

P8926821.268 268 16,384 748

P8926832.269 268 16,384 36

269 16,384 712

P8926922.275 269 16,384 558
275 1,024 107
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The recording and digitizing equipment were located

inside a shielded truck stationed next to the mate-demate

structure, and the antennas were located about 130 meters

away. The measurement system consisted of an electronically

integrated "slow decay" E-field sensor with a bandwidth of 3

Hz to 7 MHz, a "fast-decay" E-field sensor with a bandwidth of

16 kHz to 7 MHz, and a dE/dt sensor with a -6 dB upper

frequency response of 150 MHz. VHF receivers, with a 10 MHz

bandwidth, centered at 50 and 225 MHz were also used. All the

remote electronics were placed inside a shielded enclosure and

remotely controlled from the recording truck. The basic

recording configuration is shown in figure 3.1.

The antennas and remote instrumentation were connected to

the recording station by means of wideband (60 Hz to 150 MHz)

Nanofast analog fiber optics. Flat plate antennas were used

as the E-field and dE/dt sensors, while quarter-wave ground

plane antennas were utilized for the VHF measurements.

Additionally, two flat plate antennas were also located on top

of the truck. The outputs of these antennas were

electronically integrated by another set of integrators

installed inside the truck. Since the gain of the electric

field and dE/dt sensors is directly related to the area of the

flat plate antennas, different size antennas were used to

expand the dynamic range of the^system.
The signals arriving at the recording station were

digitized at a 100 MS/s rate using a 5-channel LeCroy TR-8818



37

FLAT PLATE /-
ANTENNA X
(TRUCK)

ELECTRIC FIELD
INTEGRATOR
JM* - ?«*%

WIDEBAND
amplifier

FLAT PLATE
ANTENNA ^
(TRUCK)

FLAT PLATE
ANTENNA X
(FIELO)

ELECTRIC HELD
DERIVATIVE

7 GROUND PLANE
ANTENNA \

GROUND PI
ANTENNA v^<

WIOEBAND

AMPLIFIER

FIBER OPTICS!
OC- M MMX j

WlOEBANO

AMPLIFIER

\ H

WIDE
AMP

bano

JFIER

iw«sw<nc*

j

FIBER OPTICS!
OC- M MH( j

neccNCR j
i

\ *

WIDEBAND
AMPLIFIER

90MW.M TIMM SOauLm 1M M SOMCIM TIM M Mali W TIM M SNMLIH TIM N

100 MS/s DIGITIZER 100 MS/s DIGITIZER 100 MS/s DIGITIZER 100 MS/s DIGITIZER 100 MS/s DIGITIZER

Figure 3.1 Basic recording configuration of the 1989
experiment.



38

digitizer. We employed as trigger sources for the digitizer

either one or a combination of: 1) the output of the 225 MHz

receiver, 2) the electric field, and 3) the electric field

derivative signal. The digitizers were operated with a 41

microsecond pretrigger. Each record contained 16,384 points,

thus allowing for 163.84 microseconds of continuous digitized

data. The digitized signals were transferred to a 80386-based

computer through a GPIB bus at a rate close to 400 kB/s,

allowing the system to be re-armed 200 milliseconds after a

trigger. These data were temporarily stored on a hard disk.

When the hard disk capacity was reached, the data were

transferred to digital magnetic tapes for permanent storage.

Analog data were also continuously recorded on FM and direct

channels on a Honeywell 101 analog wideband magnetic tape

recorder and on an electrostatic chart recorder.

3.1.1 Electric Field Integrators

The displacement current entering the flat plate sensors

is proportional to the derivative of the electric field; thus,

in order to obtain a signal proportional to the changes in the

electric field, the input current needs to be integrated.

This is accomplished by using a large bandwidth operational

amplifier configured as an integrator. The circuit diagram of

the electric field integrators used in this experiment is

shown in figure 3.2. A detailed^ explanation of the operation

of the integrators can be found in Medelius (1986) and Thomson

et al. (1988).
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Schematic diagram of
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Figure 3.2 the electric field
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In order to allow measurements of signals with rise times

of a fraction of a microsecond, we used a AD3554AM operational

amplifier which has a high input impedance (1011 ohms), very

high slew rate (1200 V/us) , and a 1.7 GHz gain bandwidth

product.

The gain of the integrators is inversely proportional to

the value of the feedback capacitor, while the decay time

constant is proportional to both the feedback capacitor and

the feedback resistive network. Since we were interested

mainly in high frequency variations, a decay time constant of

10 microseconds was selected for the "fast decay integrators."

"Slow decay integrators" with a 50 ms decay time constant were

also installed to allow measurements of larger but slower

varying processes. Table 3.2 shows the feedback capacitance,

resistors and decay time constant of the integrators used in

this experiment.

3.1.2 VHF Receivers

VHF receivers centered at 50 and 225 MHz were used during

the 1989 experiment. The -3 dB bandwidth of both receivers

was 10 MHz. Since, based on existing literature, the strength

of the VHF radiation produced by lightning was expected to be

lower at 225 MHz than at 50 MHz, a 20 dB wideband preamplifier

circuit tuned around 225 MHz was used to increase the signal

strength in this band. The schematic diagram of the 50 MHz

receiver is shown in figure 3.3.
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Table 3.2. Characteristics of the integrators used in
the experiment conducted in 1989.

INTEGRATORS

Integrator Decay time Feedback cap. Ri R2 r3

1 10 us 436 pF 0 493K

2 10 us 21 pF 0 21.3K

3 50 ms 17.5 pF 2.2M 2.2M 1.76K

4 50 ms 480 pF 326K 323K 1.02K
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D3

Schematic diagram of the 50 MHz receiver.Figure 3.3
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The 50 MHz receiver circuit consisted of a preamplifier

stage, using a MC1349P integrated circuit TV IF amplifier,

followed by a detector stage and an external logarithmic

amplifier. The preamplifier was tuned at a center frequency

of 50 MHz. The detector stage included a MC1330P low-level

video detector integrated circuit, which is a fully balanced

multiplier detector with linear amplitude and phase

characteristics. The frequency response of the receiver is

shown in figure 3.4.

In order to measure radiation in the 225-MHz band, a down

converter circuit was used to convert the input signal to the

50 MHz band. This circuit was based on the use of a local

oscillator operating at 175 MHz feeding a mixer circuit as

shown in figure 3.5. The signal at the output of the mixer

was bandpass filtered to obtain a signal on the 40 to 60 MHz

range, which was then applied to the input of the 50 MHz

receiver described earlier. A preamplifier circuit with a

nominal 20 dB gain was sometimes used to further increase the

strength level of the 225 MHz radiation. Figure 3.6 shows the

frequency response of the 225 MHz system.

3.1.3 Logarithmic Amplifier

A logarithmic amplifier was sometimes connected at the

output of the VHF receivers. The amplifier was based on the

use of a OEI 2920 integrated bipolar circuit, which has an 80

dB dynamic range and' a frequency response extending from DC up

to 20 MHz. Figure 3.7 shows the schematic diagram of the
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Figure 3.4. Frequency response of the 50 MHz receiver.
t
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Figure 3.5. Block diagram of the down converter stage
used to receive 225 MHz signals with the 50
MHz VHF receive^.
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Figure 3.6. Frequency response of the 225 MHz receiver.
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Figure 3.7. Schematic diagram of the logarithmic
amplifier used to measure narrowband VHF
signals.
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amplifier. Input signals were applied to the input buffer

amplifier through a highpass filter network. A third

operational amplifier provided automatic and continuous DC

offset correction. The output stage was also highpass

filtered and voltage limited to prevent damaging the analog

fiber optic system to which the logarithmic amplifier circuit

was connected. The frequency response of the logarithmic

amplifier is shown in figure 3.8.

3.1.4 Remote Control

A remote control system was necessary to be able to

remotely control and select the integrators and antennas at

the field, as well as for disconnecting the external DC power

during thunderstorm activity. A bidirectional microprocessor-

based remote control system was designed for this purpose.

The master control was designed to be able to control up to

256 different remotes, as well as to receive status

information from each remote. However, only one remote

station was utilized in this experiment. Up to eight

independent on/off commands could be transmitted to each

remote control, while the remote controls could transmit four

different status signals to the master control. The remote

control acknowledged receipt of a command by automatically

transmitting a predetermined tone sequence indicating receipt

and execution of the command. The commands were sent over two

pairs of cables and consisted of a sequence of DTMF tones

similar to those used in touch tone telephones. An analog
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Frequency response of the logarithmic
amplifier.

Figure 3.8.
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opto-isolated interface between the cables and the remote

control was used to prevent damage from high voltages

generated by the coupling of strong electromagnetic fields on

the cables used for the communication link.

3.2 The 1990 Experiment

The main emphasis of the 1990 experiment was on measuring

very high frequency radiation. The experiment was conducted

over a salt marsh with a conductivity of 2 mhos/m, close to

the Indian River and next to the Kennedy Space Center. This

location was chosen in order to minimize possible attenuation

of high frequencies due to electromagnetic waves propagating

over a poorly conducting ground. Electric field and electric

field derivatives were simultaneously measured.

The digitizing equipment was essentially the same as the

one used in 1989. The main difference was that four channels

were used in an interlaced mode of operation. Each of the

four channels was set to digitize at a 100 MS/s rate, thus

providing an effective 400 MS/s rate. In order to have all

digitizers operating at exactly the same frequency, the

internal 100 MHz emitter-coupled-logic (ECL) oscillator of the

first digitizer was used as the time base. This oscillator

was buffered and applied to the other three digitizers through

coaxial cables of different lengths, in such a way that the

phase of their clocks was shifted 2.5 nanoseconds from one to

another, as illustrated in figure 3.9. The four channels were
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ECL

OSCILLATOR

100 MHz
Clock to digitizer 1

^ 2.5 ns \

delay
? Clock to digitizer 2

5 ns

delay
^Buffer> Clock to digitizer 3

7.5ns
delay -^Buffer> ^ Clock to digitizer 4

Figure 3.9. Block diagram of the clock circuitry used
for the 400 MHz sampling with the Le-Croy
digitizing equipment.
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then multiplexed to generate a single interlaced waveform.

This way, the resulting waveform was effectively sampled at a

rate of 400 MS/s. Fine tuning of the relative timing of each

channel was extremely important, since non-uniform sampling of

a signal introduces errors in the digitization. This timing

error manifests itself when a Fast Fourier Transform (FFT) is

performed on the signal, as frequency components are

artificially introduced in the sampled data. Fine tuning was

accomplished by digitizing a sine wave of a known frequency

using the interlaced scheme and performing an FFT on it. The

lengths of the signal cables connected to each channel were

varied by half inch increments until the FFT of the sine wave

showed no extraneous frequency components. The half inch

increments on the length of the cable allowed the tuning of

the effective aperture time of the digitizers to be better

than a tenth of a nanosecond.

Since a trigger could happen at any time, any of the four

digitizer channels could be the first one to sample the

incoming signal. Therefore, four different combinations of

interlaced signals were possible, only one of them being

correct. Figure 3.10 shows the four interlaced combinations

of a 10 MHz sinewave digitized at an effective rate of 400

MS/s with the system used in this experiment. In this

particular case, since the input signal is known, it is
obvious that the correct waveform is the first one from the

top. This can also be observed by looking at the
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Figure 3.10 Four possible interlaced combinations of a
sinewave recorded with the 400 MS/s system
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corresponding FFT's, which are shown in figure 3.11. Only

the FFT of the first combination shows a single line in the

spectrum corresponding to the frequency of the sampled

sinusoidal waveform. The other three combinations show

extraneous frequency components, introduced by the incorrect

interlacing.

However, when we look at an actual electric field

derivative signal, deciding which interlaced waveform is

correct is not obvious. This problem was solved by performing

an FFT on every possible interlaced waveform combination.

Since the frequency response of the digitizing system, which

will be described later, decays very fast above 150 MHz, and

is about 50 dB down at 200 MHz, frequency components at near

200 MHz should be at noise level. Only one of the interlaced

combinations could produce a frequency spectrum such that the

components at 200 MHz were small, while the other combinations

would have large energy components at high frequencies due to

the introduction of extraneous frequency components because of

the incorrect interleaving. Hardware problems with the

digitizing equipment introduced a random one to four point

shift on the starting point of each record on each channel,

and effectively caused the number of possible interlaced

combinations to increase. Therefore, if none of the first

four interlaced combinations produced an acceptable result,

additional combinations, adding or subtracting up to four
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points from the start of each record, were tested to obtain

the correct interlacing.

The LeCroy amplifiers are designed and calibrated to

drive a 50-ohm load. In the interlaced mode of operation, one

amplifier was connected to four digitizers simultaneously,

each of which had a nominal 50 ohm input impedance, thus

presenting a 12.5 ohm effective load impedance. This reduced

load impedance caused the nominal gain of the amplifier to be

reduced to 0.405 of the nominal gain. This correction was

taken into consideration in the calibration procedures. To

minimize signal reflections caused by the mismatch in the

impedances, cables shorter than 15 cm were used to connect the

output of the amplifier to each of the digitizers.

In order to prevent aliasing problems, digitization has

to be performed at a rate of at least twice the maximum

frequency present in the analog signal. Aliasing is a

phenomenon where in effect a high frequency component of a

signal takes on the identity of a lower frequency. The

sampling rate necessary to prevent aliasing is called the

Nyquist rate, and the maximum frequency component that can be

present in a signal without causing aliasing is called the

Nyquist frequency. The Nyquist frequency is equal to one half

of the sampling rate. Since'we were digitizing at a 400 Ms/s

rate, frequency components at and above 200 MHz had to be

eliminated in order to prevent aliasing. A sharp rolloff

multiple-pole filter was designed and built, as shown in
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.12. Schematic diagram of the sharp rolloff
lowpass filter used to prevent aliasing.
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Frequency response of the sharp rolloff
lowpass filter shown in figure 3.12.

Figure 3.13.
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figure 3.12. Variable capacitors were used to fine tune the

frequency response of the filter, which is shown in figure

3.13. Each individual L-C combination was tuned to a center

frequency in the range of 195 to 250 MHz. The effect of the

filter, along with the frequency response of the LeCroy

amplifiers and the fiber optics system attenuated the

undesired frequency components at and above 200 MHz below the

digitizing noise level. The frequency response of the

complete 400 MHz dE/dt digitizing system, including the

filter, is presented in figure 3.14.

Data were collected during days 239, 242 and 259. For

the first two days, only dE/dt signals were digitized, since

the fifth channel of the digitizer was not operational. On

day 259, electric fields were digitized at a 100 MS/s rate

along with the dE/dt signals digitized at a 400 MS/s rate.

Analog magnetic tape records of the electric field sensor in

the field, one of the electric field sensors on the truck, and

thunder were also taken on this day. A 1-kHz IRIG B code was

always recorded on one of the channels on the Honeywell

recorder, in order to allow subsequent matching of analog

records and digitized records. Slow code IRIG-B signals were

also recorded on a Gould chart recorder, along with thunder

and electric fields. Table 3.3 summarizes the data collected

during this experiment. Data4 from days 242 and 259 are

analyzed in this dissertation.
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Figure 3.14. Frequency response of the complete 400 MS'/s
digitizing system, including the
antialiasing filter.
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Figure 3.15. Schematic of the flat plate antennas and
ground plane used for the wideband
electric field measurements conducted in
1990.
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Table 3.

Filename

P9022715

P9025911

Summary of the data collected during the
experiment conducted in 1990.

1990 DATA

Day Record size Number of :

(points)

242 239 16,384 32

242 16,384 633

259 259 16,384 748
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The sensors were placed about 80 meters from the truck

where the recording instrumentation was located. A 16' by 16'

metallic ground plane was built using wire mesh as shown in

figure 3.15. Two flat plate antennas were placed in the

center of the wire mesh ground plane. Several metallic stakes

were driven into the marsh at different points and connected

to the wire mesh to provide a low resistance connection to

ground. Two Nanofast fiber optic sets similar to those used

in the 1989 experiment were utilized to transmit the analog

data from the sensors to the recording van. Power for the

electronics in the field was provided by rechargeable

batteries which were charged after each day of operation.

All the electronics were placed inside a shielded and grounded

metallic box to prevent pickup of electromagnetic

interference.

The digitized data were transferred to a 80386 computer

and stored on a 60 MB hard disk. Upon reaching the capacity

of the hard disk, the data were transferred for permanent

storage to optical write-once read-many (WORM) disks, which

have proven to be more reliable than the digital magnetic

tapes we have used in the past. Writing and verifying 60 MB

of data to the optical disk resulted in about 25 minutes of

down time.

Power for the electronics" and air conditioning in the

recording truck was provided by two gasoline powered 15-kW

generators. One of the generators was dedicated exclusively
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for the electronics in order to isolate the A.C. power from

transients caused by the air conditioning motors. The output

of the generator used to power the electronics was regulated

and provided 120 VAC constantly and independently of the load.

The same integrators as in 1989 were used to integrate

the signals from the sensors installed on top of the truck.

The integrator used in the field was modified to obtain a 2 ms

time constant. A feedback capacitor with a nominal 620 pF

capacitance was used to obtain the desired gain for the

electric field measurements.

3.3 CALIBRATION

Several factors had to be taken into consideration during

the conversion of raw data into the appropriate units. For

the dE/dt measurements, the variables were: 1) the flat plate

antenna effective area, 2) the input impedance of the fiber

optic transmitter, 3) the gain of the optical system, and 4)

the gain of the digitizing and recording system. The electric

field measurements had an additional variable which was the

gain of the electronic integrator.

3.3.1 dE/dt

The configuration of the dE/dt recording system is shown

in figure 3.16. The system consists of a flat plate antenna

connected directly to a fiber optic transmitter with an input

impedance of 50 ohms. Variations in the electric field

intensity induces a displacement current on the flat plate
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FUT PLATE /
ANTENNA /

Figure 3.16 Configuration of the dE/dt recording system
used in the experiment conducted in 1990.
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antenna. The voltage at the input of the fiber optic

transmitter is given by the displacement current multiplied by

the 50 ohm input impedance of the transmitter. The

displacement current is given by:

I -e A
s 0 dt

The voltage at the input of the transmitter is then:

v,-*,«.*■§!
The gain of the fiber optic system is given by Gfo. This

factor includes the gain of the preamplifier and the

attenuators. The preamplifiers had two selectable gains of 10

or 100 V/V, assuming a 50 ohm load on the fiber optic

receiver. The attenuators could reduce the signal by factors

of 2, 5, 10, or any combination of them.

The gain of the LeCroy amplifier is given by Ga/ where:

and K is a correction factor for the nominal gain of the

LeCroy amplifier. K is equal to 1.00 +/- 1% for the 1989

experiment, and it is equal to 0.405 +/- 0.2% for the 1990

experiment, as described in section 3.2. S is the sensitivity
in VFSD of the amplifier.

The digitizers have a serisitivity of 510 mV for full

scale. Therefore, the count of the 8-bit digitizers (256

different levels) is:
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Count - i?i Ae0
dE
~dtGf°G*

256
.51

The electric field derivative can then be found by:

dE
dt

count x S x 0.51

R¿ Ae0 GfoKx 256 x 0.5
[V/m/s]

3.3.2 Electric Field Integrators

The configuration used for the digitization of the

electric field signals is similar to the configuration

described earlier for the dE/dt sensor, with the only

difference being the addition of the electronic integrator.

The displacement current induced on the flat plate

antenna is integrated by the electronic integrator described

earlier in this chapter. The voltage at the output of the

integrator is given by:

where Is is the displacement current. So:

The output of the integrator is applied to the input of the

fiber optic transmitter through a resistive divider, which

effectively reduces the output voltage by a factor of:
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15//50 = 11.54
15//50 + 100 111.54

The digitizer count is then given by:

count=
C Gfo Ga x

256

0.51
11.54

111.54
E

The electric field can then be found by using the equation:

E=o S :: count x Cx 111 - 54
0.5 A e0 Gfo x256 xll.54

[V/m]

3.3.3 1989 Experiment

Three different flat plate antennas were used during the

course of the 1989 experiment. A flat plate antenna with an

area of 0.1988 m2 was used for the dE/dt measurements. The

fast electric field antenna had an area of 0.2035 m2, and the

slow electric field antenna had an area of 0.0198 m2. The two

antennas used for the electric field measurements were located

on the roof of the instrumentation truck, while the dE/dt

antenna was flush with the ground in the field. The larger

flat plate antenna, used for the fast E-field records, was at

a height of about 2 inches above the roof. The smaller

antenna, used for the slow E-field recording, was at a height

of about 5 inches over the roof. Since the antennas were not

located on the ground, the electric field was enhanced. A

correction factor due to this énhancement was introduced in

the gain calculations. The value of the enhancement factor

was determined by comparing the numerically integrated dE/dt
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waveforms with the electronically integrated fast and slow E-

field waveforms. This factor was found to be 1.311 for the

fast E-field antenna, and 1.58 for the Slow E-field antenna.

Using the equations derived in section 4.1.1, we obtain

the electric field derivative as a function of the digitized

count by using the following values:

Area of Flat Plate Antenna:

Gain of the Fiber Optics system (Gfo) :

Input resistance R¡:

Amplifier gain correction factor K:

0.1988 m2

10

50 ohms

1

The electric field derivative is then found by:

—— = 4.449 x count x S
dt

where S is the setting in volts-FSD (full scale deflection) of

the Le Croy amplifier. The fast E-field was found by

replacing the following values in the equation derived on

section 4.1.2:

Area of the Flat Plate Antenna: 0.2035 m2

Feedback capacitance C: 21.02 pF

The flat plate antenna was connected to the integrator

and the digitizer channel by means of RG-58 coaxial cable.

Since fiber optics were not used, the factor Gfo is equal to 1.

The fast electric field, taking into consideration the

enhancement factor due to the ’ location of the flat plate

antenna is then given by:
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E = 0.266 x S x count

The slow electric field was found in a similar way. The

new variables were:

Area of the flat plate: 0.0198 m2

Feedback Capacitance: 17.52 pF

Again, since fiber optics were not used, the factor Gfo is 1.

The slow E-field is given by:

E = 1.894 x S x count

3.3.4 1990 Experiment

The flat plate antenna used in the electric field

measuring system had an effective area of 0.209 m2. The

feedback capacitor C of the electronic integrator had a

nominal capacitance of 620 +/- 5% pF. Replacing these values

on the equations derived earlier, we obtain:

E= 12 -91 x count X S [V/m]
Gfo

where S is the setting of the LeCroy amplifier in volts-FSD

and Gfo is the gain of the fiber optic system.

The dE/dt measuring system used a flat plate antenna with

an effective area of 0.057 m2. The actual dE/dt value is then

given by:
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dE
= 3.9xl02 count x S [v/m/vLs]

dt G£o

These E-field and dE/dt calculations were checked against

calibration waveforms which were digitized before conducting

the experiments. For the testing of the dE/dt system, a

sinusoidal signal of a known voltage and frequency was applied

to the flat plate antenna through a 11.6 pF capacitor, in

order to simulate a dE/dt field. The equivalent dE/dt is

given by:

dE
= 1 c dV

dt e0A dt

The test signal applied to the system had 0.62 Vp_p at 12.8 MHz.

The theoretical calculated dE/dt value is:

= 1-147 xlO9
dt

The value obtained by analyzing the digitized waveform after

going through the complete digitizing system was found to be:

= 1.112 x 109 [V/m/\is]
dt

The discrepancy between the calculated and the obtained values

was less than 3%.

The testing of the electric field system was conducted in

a similar way. A square wave was applied to the flat plate

antenna through the same 11.6 pF’capacitor. The output of the

integrator was then fed to the fiber optic system, then
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amplified by the LeCroy amplifier and finally digitized. The

equivalent electric field applied to the system is:

£=C-^- [V/m]
e0A

The square wave applied had 13.45 Vp_p, which was equivalent to
an electric field of 84.43 V/m. The digitized count was

converted to V/m using the equations described earlier. The

measured electric field was found to be 89.75 V/m, which

represented a discrepancy of nearly 7%.



CHAPTER 4
NARROW BIPOLAR PULSES - TIME DOMAIN ANALYSIS

This chapter presents a time domain characterization and

detailed analysis of the E-field and dE/dt radiation produced

by narrow bipolar pulses (NBP's). A frequency domain analysis

will be presented in Chapter 6.

4.1 Data Processing

Electric fields and electric field derivatives (dE/dt)

were recorded during the course of the 1989 and 1990

experiments. In 1989, digitization of both dE/dt and E-field

waveforms was done at a rate of 100 MS/s. In 1990, E-fields

were still digitized at 100 MS/s while dE/dt signals were

digitized at a 400 MS/s rate. In order to simplify data

analysis, the 100 MS/s sampled electric field records were

converted to equivalent 400 MS/s sampled records, so both E-

field and dE/dt signals could be analyzed together. This was

accomplished by using the following interpolation technique:

1) A record was generated where every fourth point was a

digitized electric field point, and the other three points

were zero. Thus this padded record was four times larger

than the original E-field record.

73
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2) A sharp-rolloff digital lowpass filter was generated with

a cutoff frequency of 50 MHz, which is the maximum

possible frequency component of the original 100 MS/s

digitized electric field waveform.

3) The padded electric field record was convolved with the

impulse response of the 50 MHz lowpass filter.

4) The amplitude of the resulting waveform was multiplied by

four to obtain a waveform with the same values as the

original.

This process can be explained mathematically. We start

by noting that a digital Fourier transform is given by:

X(k) = 21 x(n) e~j2nak/il,

The frequency components are given by X(k), where X(0)

corresponds to the DC value, and X(N/2) corresponds to the

Nyquist frequency. Each unit increment in the value of k

represents:

[Hz] where fs = sampling frequency

The frequency spectrum of the original waveform is fully

described by the first N/2 points of the DFT, while the second

N/2 points are a mirror image of the first set.

If the original waveform of length Ñ is padded with three

zeros after every point, thus Staking it 4N points long, we

obtain:
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4W-1

X(k) = 2 x(n) e-j2Knk/iN, k=-2N, -2N-1, . .., 2N-1,2N
n= 0

where x(n) is equal to zero when n has a value which is not a

multiple of four. The first N/2 points of the DFT of the

padded waveform are identical to those of the original

waveform. However, the padded waveform has additional

frequency components that extend to up to four times the

Nyquist frequency of the original waveform. In order to

recover the original waveform, the frequency components above

the Nyquist frequency of the original waveform must be

removed. This is accomplished by using a digital lowpass

filter. The original waveform can then be obtained by

performing an Inverse FFT, which is defined by:

x(n) = *2 x(k) ej2nnk/N
N k=0

Since the number of points in the new waveform is four times

larger than the original waveform, the 1/N term in the IFFT

reduces the amplitude of the original signal by a factor of

four. Therefore, in order to maintain the correct signal

amplitude, the result of the IFFT must be multiplied by four.

4.2 1989 Experiment

In the present work, we present statistics on 102

positive bipolar pulses. We háve found that these pulses,

which are of the type described by Le Vine (1980) and Willett

et al. (1989), are much more common than earlier studies
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indicate. In a single thunderstorm, we identified 153 NBP's,

whereas Willett et al. (1989). found 18 pulses in one

thunderstorm.

4.2.1 Characterization of Narrow Bipolar Pulses

During September 23,25 and 26, 1989, 228 events were

recorded that were suitable for analysis. The E waveshapes

were divided into 4 categories depending on the pulse

characteristics. Ill events were attributed to return strokes

as they displayed the characteristic features described in Lin

et al. (1980) . Specifically, all return stroke pulses had an

initial peak followed by either a ramp or overshoot with zero

crossing larger than 50 jus. 9 events were similar to the

bipolar pulses described in Weidman et al. (1979). These had

multiple small pulses riding on the leading edge of the main

pulse. One event comprised multiple mainly unipolar pulses

within our 163 jus window in the manner described by Krider et

al. (1975) for pulse trains in intracloud lightning. The 102

events analyzed here were of the form described by Le Vine

(1980) and Willett et al. (1989) as NBP's. Our criteria for

including events in this category were the following: 1) The

pulse waveform had to be bipolar. 2) The rise time to peak

was smaller than 5 jus-/ and 3) The duration of the initial

peak at half maximum was shorter than 10 jus.

We compared the times of occurrence of these pulses with

the occurrence of ground flashes detected by the Kennedy Space

Center LLP system and found that 91 (89%) were more than 1
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second away from the nearest (in time) ground flash. Further,

30 of the events were also recorded on magnetic tape so that

we could compare their occurrence with that of all types of

lightning, as identified from multiple electric field pulses

spanning an interval of several hundred milliseconds. We

found that of the 30 narrow pulses that were both digitized

and recorded on magnetic tape, 21 (70%) occurred more than 1

second apart from the closest (in time) lightning, and only 3

(10%) occurred during a lightning discharge. The remaining

were within 1 second of a lightning burst but not part of the

burst.

Pulses with 10 to 90 percent risetimes faster than 0.5 /xs

were commonly observed. The fastest observed was a pulse with

a 10 to 90% risetime of 0.3 microseconds. Some examples of

simultaneous E and dE/dt waveshapes are given in figure 4.1.

Some dE/dt waveshapes were smoothly varying with a shape

consistent with the derivative of the microsecond-scale

features of the E waveshape (such as figure. 4.1(b)) while

others were so impulsive as to effectively obscure their

relationship to E (such as figure 4.1(a). The E and dE/dt

waveshapes were characterized in terms of their

submicrosecond-scale features in the way illustrated in figure

4.2. Figure 4.2 also shows the separation of the bipolar

pulse into four regions, labeled I through IV. In Table 4.1

we present statistics concerning the initial peak and

overshoot of the E pulses, along with relative times of
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occurrence and magnitudes of the largest dE/dt pulses. A

dE/dt pulse was considered as such when its amplitude was

larger than 2 standard deviations of the background noise.

The occurrence of dE/dt pulses was quantified by the

histograms shown in figures 4.3 and 4.4. These figures show

the number of positive and negative dE/dt pulses respectively

in each of the four bipolar pulse regions. For each region,

the number of pulses is divided into four categories,

depending on the relative amplitude of each pulse as compared

to the largest pulse in the waveform, as shown in figure 4.5.

The histograms show that the largest positive dE/dt pulses

occur in region I, while the largest negative dE/dt pulses

occur in region II. Regions III and IV contain about the same

number of positive and negative dE/dt pulses. The largest

pulse density (pulses//xs) occurred in region II, with an

average of 46.4 pulse//is.

An apparent association between the E and dE/dt

waveshapes was that the ratio of dE/dt to E peaks became

larger as the thunderstorm moved closer to the recording site.

This is quantified in figures 4.6 through 4.9, which show 4

ten-minute intervals with the locations of ground flashes as

determined by the KSC LLP lightning location network, along

with the average dE/dt to E ratio of the NBP's recorded during

the same period. We noticed a decrease in the ratio when the

distance to the lightning activity was larger. A possible

explanation of this effect is that higher frequencies were
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Figure 4.1. Electric field and dE/dt waveforms, (a) dE/dt
record exhibiting large variations before and
after the E-field peak, (b) dE/dt waveform
monotonically varying and closely associated
with the E-field fast rise to peak, (c) dE/dt
waveform monotonically varying before the E-
field peak, and exhibiting large variations
thereafter.
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0.5 microseconds

Figure 4.2. Parameters used for the characterization of
the narrow bipolar pulses recorded during
the 1989 experiment. From top to bottom:
Electric field, dE/dt, and expanded dE/dt.
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Table 4.1. Characterization of narrow bipolar pulses
recorded during the experiment conducted in
1989 .

Electric Field Mean Std. Dev.

Initial peak risetime 10%-90% 1.18 0.51 fis
Initial peak risetime 10%-peak 1.52 0.60 IJLS
Initial peak decay peak-10% 1.70 0.86 fiS
Initial peak decay peak-zero 2.06 0.93 11 s
Overshoot risetime 10%-90% 1.20 0.67 lis
Overshoot risetime 10%-peak 1.57 0.71 lis
Overshoot decay 90%-10% 3.72 3.42 lis
Overshoot decay peak-10% 4.13 3.43 lis
Width of initial peak at half maximum 1.85 0.60 lis
Width of overshoot at half maximum
Time between initial peak maximum and

2.78 0.96 ¡IS

overshoot maximum 3.74 1.85 ¡IS

Electric Field Derivative

Cross by zero density in region I 34.3 14.9

crosses/jiis
Cross by zero density in region II 46.3 14.5

crosses/iis
Cross by zero density in region III 36.1 18.1

crosses / ¡is
Cross by zero density in region IV 18.4 15.8

crosses / iis
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I II III IU

NLD REGION

Number of positive dE/dt pulses in each
of the four bipolar pulse regions. The
meaning of the shadings is described in
Figure 4.5.

Figure 4.3.
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108

81

54

27

I IX III IU
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Number of negative dE/dt pulses in each
of the four bipolar pulse regions. The
meaning of the shadings is described in
Figure 4.5.

Figure 4.4.
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Figure 4.5. Shading showing the relative amplitude of
the dE/dt pulses with respect to the
largest dE/dt pulse in the waveform.
I) 0-25 % of the largest dE/dt pulse.
II) 25-50% of the largest dE/dt pulse.
III) 50-75% of'the largest dE/dt pulse.IV)- 75-100% of the largest dE/dt pulse.
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removed from dE/dt as a result of propagation losses causing

artificially lower dE/dt amplitudes. The ratios we found on

our data are several times larger than the 2.5 x 106 average

ratio reported by Willett et al. (1989).

Another attempt to determine if the dE/dt pulses were

being attenuated by propagation was done by arbitrarily

assuming that the peak amplitude of the NBP's was inversely

proportional to the distance to the source. We did not find

an increase in the peak dE/dt-peak E ratio as the value of the

peak E increased (or the estimated distance decreased). This

could be explained by a variation of the propagation losses

which vary with the conductivity of the terrain. Thus, dE/dt

pulses propagating over a poor conducting land would have

their high frequencies attenuated much more than pulses

propagating over salt water. However, in both cases, the E

field pulse, whose microsecond scale characteristics depend

mainly on the lower frequency content, would maintain about

the same peak amplitude. Another reason why we did not find

an increase in the ratio of peak dE/dt to peak E as the value

of peak E increased could have been because the sources might

have had a wide distribution of amplitudes. This would

invalidate our assumption that the peak amplitude of the NBP's

was inversely proportional to the distance to the source.

The same statistics presented in Table 4.1 were

calculated after separating the same 102 NBP's in nine groups,

according to the following criteria:
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LLP Loe. Day: 89268 Start: 195000 End: 200000 Map size: 100 kns Euents: 20

Average dE/dt peak to E peak ratio = 6.33 x 106 s'1

Figure 4.6. A 10 minute interval showing the location
of lightning strikes to ground with
respect to the measuring site. Also shown
is the average peak dE/dt to peak E-field
ratio for narrow bipolar pulses recorded
within the same time window. The location
of the measuring site is indicated by the
large dot close to the center of the
graph.
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LLP Loe. Day: 83268 Start: 210000 End: 211000 Map size: 100 kms Euents: 61

Average dE/dt peak to E peak ratio = 10.23 x 106 s'1

Figure 4.7. A 10 minute interval showing the location
of lightning strikes to ground with
respect to the measuring site. Also shown
is the average peak dE/dt to peak E-field
ratio for narrow bipolar pulses recorded
within the same time window. The location
of the measuring site is indicated by the
large dot close to the center of the
graph.
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LLP Loe. Day: 83268 Start: 211000 End: 212000 flap size: 100 tons Euents: 72

Average dE/dt peak to E peak ratio = 11.35 x 106 s"1

Figure 4.8. A 10 minute interval showing the location
of lightning strikes to ground with
respect to the measuring site. Also shown
is the average peak dE/dt to peak E-field
ratio for narrow bipolar pulses recorded
within the same time window. The location
of the measuring site is indicated by the
large dot closé to the center of the
graph.
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LLP Loe. Day: 85268 Start: 212000 End: 213000 flap size: 100 kms Events: 76

/* * *

»

Average dE/dt peak to E peak ratio = 16.85 x 106 s'1

Figure 4.9. A 10 minute interval showing the location
of lightning strikes to ground with
respect to the measuring site. Also shown
is the average peak dE/dt to peak E-field
ratio for narrow bipolar pulses recorded
within the same time window. The location
of the measuring site is indicated by the
large dot close to the center of the
graph.
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Group A: 34 records dE/dt peak to E peak ratio < 4.39e6

Group B: 34 records 4.4e6 <dE/dt pk to E pk ratio <7.67e6

Group C: 34 records dE/dt pk to E pk ratio >7.78

Group D: 34 records E pk <7.4 V/m

Group E: 34 records 7.5 <E pk <4.9 V/m

Group F: 34 records E pk >15 V/m

Group G: 34 records dE/dt peak <43.4 V/m/¡is

Group H: 34 records 44.0 <dE/dt peak <72.9 V/m/jus

Group I: 34 records dE/dt peak >74.5 V/m//zs

The results are presented in Table 4.2 for groups A, B

and C, Table 4.3 for groups D, E, and F, and Table 4.4 for

groups G, H, and I. The fastest rise and decay times of the

initial peak were found to occur on pulses in groups C and D,

which correspond to the largest dE/dt to E ratio and to the

smallest E peak respectively. The largest dE/dt cross by zero

density was always on region II, which corresponds to the

decay phase of the initial E-field peak. Group I, which

includes the largest dE/dt pulses, exhibited the largest cross

by zero densities on all four regions. A common feature in

all groups was that the total number of positive dE/dt pulses

was very similar in regions I and II, while the number of

negative dE/dt pulses in region II was about double the number

in region I. This is illustrated in figure 4.10 which shows

a histogram of the total number of positive and negative dE/dt

pulses for NBP's in group D. Although we would have expected

region I to have more positive dE/dt pulses than region II
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Table 4.2. Characterization of narrow bipolar pulses
in groups A, B, and C. The data were
recorded during the experiment conducted in
1989. The mean values are presented.

Electric Field Group A Group B Group C

Initial peak risetime 10%-90% 1.28 1.33 0.95 ¿us
Initial peak risetime 10%-peak 1.62 1.72 1.24 ¿US
Initial peak decay peak-10% 1.93 1.86 1.33 ¿US
Initial peak decay peak-zero 2.27 2.28 1.63 ¿us
Overshoot risetime 10%-90% 1.13 1.36 1.12 ¡JLS
Overshoot risetime 10%-peak 1.45 1.75 1.53 ¿U s
Overshoot decay 90%-10% 3.98 3.31 3.40 ¿US
Overshoot decay peak-10%
Width of initial peak at

4.33 3.77 3.83 ¿US

half maximum
Width of overshoot at half

1.89 2.06 1.60 ¿US

maximum 2.45 3.03 2.92 ¿US
Time between initial peak
maximum and overshoot maximum 3.79 4.02 3.44 ¿US

Electric Field Derivative

Cross by zero density reg I 24.3 40.1 41.5

pulses/¿us
Cross by zero density reg II 36.3 53.5 51.8

pulses//us
Cross by zero density reg III 30.5 45.9 34.6

pulses/¿us
Cross by zero density reg IV 16.3 24.3 15.7

pulses/¿us
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Table 4.3. Characterization of narrow bipolar pulses in
groups D, E, and F. The data were recorded
during the experiment conducted in 1989.
The mean values are presented.

Electric Field Group D Group E Group F

Initial peak risetime 10%-90% 0.86 1.36 1.35 ¡JLs
Initial peak risetime 10%-peak 1.15 1.72 1.70 US
Initial peak decay peak-10% 1.28 1.98 1.85 ¡is
Initial peak decay peak-zero 1.60 2.37 2.22 /zs
Overshoot risetime 10%-90% 1.11 1.37 1.13 ¡JLS
Overshoot risetime 10%-peak 1.47 1.71 1.55 ¡J.S
Overshoot decay 90%-10% 3.29 4.44 2.95 fjiS
Overshoot decay peak-10%
Width of initial peak at

3.68 4.80 3.45 lis

half maximum
Width of overshoot at half

1.53 2.01 2.01 1is

maximum
Time between initial peak

2.81 2.86 2.72 lis

maximum and overshoot maximum

Electric Field Derivative

3.11 4.14 4.01 IJLS

Cross by zero density reg I
pulses/jLts

36.3 32.9 36.8

Cross by zero density reg II
pulses/jis

46.7 47.9 47.5

Cross by zero density reg III
pulses//xs

27.9 37.6 45.6

Cross by zero density reg IV
pulses//zs

9.4 17.3 29.7
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Table 4.4. Characterization of narrow bipolar pulses in
groups G, H, and I. The data were recorded
during the experiment conducted in 1989.
The mean values are presented.

Electric Field Group G Group H Group I

Initial peak risetime 10%-90% 1.10 1.22 1.25 MS
Initial peak risetime 10%-peak 1.42 1.55 1.61 Ms
Initial peak decay peak-10% 1.77 1.59 1.76 Ms
Initial peak decay peak-zero 2.12 1.95 2.12 Ms
Overshoot risetime 10%-90% 1.32 1.16 1.13 MS
Overshoot risetime 10%-peak 1.66 1.52 1.56 /JLS
Overshoot decay 90%-10% 3.70 3.23 3.76 ¡JLS
Overshoot decay peak-10%
Width of initial peak at

4.02 3.65 4.26 lJLS

half maximum
Width of overshoot at half

1.77 1.83 1.95 MS

maximum
Time between initial peak

2.73 2.78 2.88 MS

maximum and overshoot maximum

Electric Field Derivative

3.83 3.51 3.92 MS

Cross by zero density reg I
pulses/MS

27.1 34.6 44.1

Cross by zero density reg II
pulses/Ms

37.6 47.1 57.1

Cross by zero density reg III
pulses/ji¿s

22.4 35.2 53.4

Cross by zero density reg IV
pulses/jLts

11.4 13.6 31.4
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since region I corresponds to the time where the E-field

waveform is increasing, we found otherwise. However, on

closer analysis of figure 4.10 we see that the primary

contributors of the total number of positive pulses in region

II are dE/dt pulses with amplitudes between 0-25% of the peak

dE/dt amplitude. These relatively small pulses do not

contribute significantly to the E-field waveshape. The number

of positive dE/dt pulses with amplitudes between 25 and 50% of

the peak dE/dt are essentially the same in both regions I and

II, while pulses larger than 50% of the peak dE/dt occur

predominantly in region I. In summary, dE/dt pulses with

amplitudes larger than 50% of the largest dE/dt pulse occur

during the initial peak of the electric field waveform, while

pulses with amplitudes smaller than 50% of the largest dE/dt

pulse occur during both the initial and overshoot electric

field peaks.

4.2.2 Discussion

The pulses analyzed have similar characteristics to those

reported by Le Vine (1980) (short duration, 10-20^s, bipolar

pulse). The main difference between Le Vine's recordings and

ours is in the shorter duration we obtained for the initial

half cycle. Cooray and Lundquist (1985) reported pulses

similar to those described by Le Vine (same polarity, smooth

rise to peak, 10 ¡is half cycle, small overshoot) , except that

the total duration was about 70 /¿s. This duration is 3 times

larger than the maximum duration we ever measured on a bipolar
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Nl-D REGION

I I

NLD REGION

Figure 4.10. Total number of positive and negative dE/dt
pulses occurring during narrow bipolar
pulses included in group D.
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pulse. The mean duration of the initial half cycle reported

by Cooray and Lundquist (1985) was 13 /zs, while we measured it

to be 3.5 /zs.

The width at half maximum of the initial peak of our

NBP's is in good agreement with the values reported by Willett

et al, (1989). However , our width at half maximum of the

overshoot peak is 2.77 /zs, which is 3 times smaller than the

8.9 /zs obtained by Willett et al. The times between the

initial and the overshoot peaks are also in disagreement. We

obtained 3.74 /is while Willett et al. reported 11.0 /is., which

is 3 times larger than our value. Even though it is possible

that higher frequencies were removed from E as a result of

propagation losses thus causing artificially wider E peaks, we

consider it unlikely since in order to obtain the differences

reported here, even frequencies as low as a few hundreds of

kHz would have to be greatly attenuated. This large

attenuation would have been noticeable in the dE/dt waveforms.

As noted before, the dE/dt-peak to E-peak ratios

reported by Willett et al. (1989) were 2.5 x 106:1 average,

compared to the 3 x 106:1 to 25 x 106: 1 ratios we found. It is

possible that data on bipolar pulses presented by previous

studies [Le Vine (1980), Cooray and Lundquist (1985), and

Willett et al. (1989) were band-limited, either by propagation
•i

effects or by limitations on the recording equipment, thus

explaining the longer duration of the bipolar pulses.

However, we can not discard the possibility that the pulses
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they measured were of a different nature than the pulses we

analyzed, which could explain the differences in the results.

Our studies indicate that these NBP's contain high frequency

components even at the 50 MHz Nyquist frequency of our

digitizing system.

4.3 1990 Experiment

During the course of the 1990 experiment, dE/dt waveforms

were recorded at a rate four times faster than during 1989.

Although the Nyquist frequency of the digitizing equipment was

200 MHz, the -6dB frequency of our system was 125 MHz. This

is due to the attenuation introduced by the fiber optic

transmission system, the anti-aliasing filter, and the Le-Croy

amplifiers.

4.3.1 Characterization of Narrow Bipolar Pulses

On day 259, a total of 748 electric field and dE/dt

waveforms were recorded with our digitizing system. The

recording started at 18:56:47 (UTC) and continued until

20:17:28. The thunderstorm started about 15 kilometers away

from the digitizing station, and across the Indian River, and

moved east over the Indian River. A new thunderstorm cell

became active 10 kilometers north of the recording site at

19:20 and moved east. At 20:00 the closest cloud-to-ground

activity was from several thunderstorms about 25 km away east,

NE, and SE from the recording station.
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Some of the digitized waveforms were either saturated or

too close to the noise level, therefore they were discarded at

the time of analysis. The remaining waveforms consisted of

leaders, return strokes, and narrow bipolar pulses. Out of 99

NBP's that were suitable for analysis, five were selected for

detailed analysis in this chapter. All 99 NBP's were used to

generate statistics similar to those presented for the data

recorded in 1989, and the results are shown in Table 4.5. The

99 records were divided into groups of 3 3 pulses each,

according to the following criteria:

Group A: 33 records dE/dt peak to E peak ratio < 5.5e6

Group B: 33 records 5.75e6 <dE/dt pk to E pk ratio < 7.93e6

Group C: 33 records dE/dt pk to E pk ratio >8.04e6

Group D: 33 records E pk <20.5 V/m

Group E: 33 records 20.6 <E pk <42.9 V/m

Group F: 33 records E pk >44.5 V/m

Group G: 33 records dE/dt peak < 168.7 V/m//xs

Group H: 33 records 170.4 <dE/dt peak < 261.1 V/m//is

Group I: 33 records dE/dt peak >261.7 V/m//¿s

Group J: 33 records time of occurrence 19:01:24 - 19:29:20

Group K: 33 records time of occurrence 19:29:24 - 19:56:52

Group L: 33 records time of occurrence 19:56:58 - 20:16:46

Groups A through C were sorted according to the ratio of

peak dE/dt to peak E-field, groups D through F according to

peak E-field, groups G-I according to peak dE/dt values, and

groups J-L according to their time of occurrence. This last
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Table 4.5. Characterization of narrow bipolar pulses
recorded during the experiment conducted in
1990.

Electric Field Mean Std. Dev.

Initial peak risetime 10%-90% 1.38 0.74 /IS
Initial peak risetime 10%-peak 1.66 0.81 /¿s
Initial peak decay peak-10% 1.73 0.76 fJLS
Initial peak decay peak-zero 1.98 0.81 ¡is
Overshoot risetime 10%-90% 1.34 1.12 Hs
Overshoot risetime 10%-peak 1.63 1.15 1IS
Overshoot decay 90%-10% 3.24 2.70 IMS
Overshoot decay peak-10% 3.56 2.77 fJLS
Width of initial peak at half maximum 1.59 0.63 IIS
Width of overshoot at half maximum
Time between initial peak maximum and

2.32 3.29 lis

overshoot maximum 4.52 3.14 !i s

Electric Field Derivative

Cross by zero density in region I 47.7 30 . 3

pulses/jus
Cross by zero density in region II 85.8 35 .2

pulses//ns
Cross by zero density in region III 53.0 46 .5

pulses//ns
Cross by zero density in region IV 24.0 35 . 8

pulses/^is
Half-width of largest pos . dE/dt pulse 7.01 2 . 65 ns

Half-width of largest neg . dE/dt pulse 7.07 2 . 86 ns
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Table 4.6. Characterization of narrow bipolar pulses in
groups A, B, and C. The data were recorded
during the experiment conducted in 1990.
The mean values are presented.

Electric Field Group A Group B Group C

Initial peak risetime 10%-90% 1.53 1.57 1.05 JUS
Initial peak risetime 10%-peak 1.80 1.83 1.34 JUS
Initial peak decay peak-10% 1.80 1.84 1.55 MS
Initial peak decay peak-zero 2.02 2.13 1.81 JUS
Overshoot risetime 10%-90% 1.25 1.54 1.23 JUS
Overshoot risetime 10%-peak 1.61 1.83 1.44 jUS
Overshoot decay 90%-10% 3.87 3.42 2.43 JUS
Overshoot decay peak-10%
Width of initial peak at

4.30 3.67 2.71 JUS

half maximum
Width of overshoot at half

1.52 1.72 1.60 jus

maximum 2.84 2.97 2.80 jUS
Time between initial peak
maximum and overshoot maximum 4.60 5.25 3.75 JUS

Electric Field Derivative

Cross by zero density reg I 41.6 46.5 54.9

pulses/jus
Cross by zero density reg II 76.0 80.5 100.9

pulses/jus
Cross by zero density reg III 53.2 48.0 57.6

pulses/jus
Cross by zero density reg IV 24.7 25.7 21.6

pulses/jus
Half-width largest pos. dE/dt 7.42 7.04 6.55 ns

Half-width largest neg. dE/dt 7.27 7.35 6.58 ns
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Table 4.7. Characterization of narrow bipolar pulses in
groups D,E, and F. The data were recorded
during the experiment conducted in 1990.
The mean values are presented.

Electric Field Group D Group E Group F

Initial peak risetime 10%-90% 0.92 1.62 1.60 IMS
Initial peak risetime 10%-peak 1.19 1.91 1.87 ¡MS
Initial peak decay peak-10% 1.40 1.87 1.91 ¡ms
Initial peak decay peak-zero 1.62 2.16 2.17 IIS
Overshoot risetime 10%-90% 1.06 1.84 1.12 ¡MS
Overshoot risetime 10%-peak 1.26 2.11 1.51 US
Overshoot decay 90%-10% 2.02 3.27 4.43 IIS
Overshoot decay peak-10%
Width of initial peak at

2.24 3.56 4.88 IMS

half maximum
Width of overshoot at half

1.33 1.78 1.67 IMS

maximum 1.87 2.44 3.15 IMS
Time between initial peak
maximum and overshoot maximum 4.63 5.44 4.35 IMS

Electric Field Derivative

Cross by zero density reg I 31.1 48.9 63.1

pulses//Lis
Cross by zero density reg II 71.6 89.2 96.6

pulses/jLts
Cross by zero density reg III 31.7 42.7 84.5

pulses//ns
Cross by zero density reg IV 6.39 21.3 44.2

pulses/jLis
Half-width largest pos. dE/dt 6.21 7.19 7.61 ns

Half-width largest neg. dE/dt 6.79 7.15 7.23 ns
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Table 4.8. Characterization of narrow bipolar pulses in
groups G, H, and I. The data were recorded
during the experiments conducted in 1990.
The mean values are presented.

Electric Field Group G Group H Group I

Initial peak risetime 10%-90% 1.23 1.40 1.51 ¡is
Initial peak risetime 10%-peak 1.50 1.68 1.79 fjL S
Initial peak decay peak-10% 1.60 1.63 1.97 ¡JLS
Initial peak decay peak-zero 1.84 1.88 2.24 IIS
Overshoot risetime 10%-90% 1.48 1.31 1.24 !L s
Overshoot risetime 10%-peak 1.71 1.59 1.59 !¡.s
Overshoot decay 90%-10% 2.64 3.70 3.38 fji s
Overshoot decay peak-10%
Width of initial peak at

2.90 4.05 3.75 lis

half maximum
Width of overshoot at half

1.50 1.53 1.75 lis

maximum 1.74 2.91 2.33 IJLS
Time between initial peak
maximum and overshoot maximum 4.55 4.35 4.44 ¡J.S

Electric Field Derivative

Cross by zero density reg I 26.0 41.5 75.6

pulses/jus
Cross by zero density reg II 59.2 83.1 115.2

pulses//is
Cross by zero density reg III 19.7 44.1 95.0

pulses / iis
Cross by zero density reg IV 4.80 14.3 52.9

pulses//is
Half-width largest pos. dE/dt 6.63 7.19 7.19 ns

Half-width largest neg. dE/dt 6.61 7.42 7.15 ns
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Table 4.9. Characterization of narrow bipolar pulses in
groups J, K, and L. The data were recorded
during the experiments conducted in 1990.
The mean values are presented.

Electric Field Group J Group K Group L

Initial peak risetime 10%-90% 1.02 1.30 1.52 ¡J.S
Initial peak risetime 10%-peak 1.24 1.58 1.80 IMS
Initial peak decay peak-10% 1.26 1.61 1.92 IMS
Initial peak decay peak-zero 1.45 1.84 2.21 ¡J, s
Overshoot risetime 10%-90% 1.17 1.15 1.35 IMS
Overshoot risetime 10%-peak 1.41 1.39 1.67 IMS
Overshoot decay 90%-10% 2.84 2.75 3.33 IJLS
Overshoot decay peak-10%
Width of initial peak at

3.91 3.02 3.71 ¡MS

half maximum
Width of overshoot at half

1.19 1.49 1.75 IMS

maximum 1.43 1.77 3.13 IMS
Time between initial peak
maximum and overshoot maximum 3.78 4.02 4.60 IMS

Electric Field Derivative

Cross by zero density reg I 19.3 55.5 54.6

pulses/^s
Cross by zero density reg II 43.6 97.3 94.7

pulses//is
Cross by zero density reg III 21.3 61.5 62.8

pulses/jLis
Cross by zero density reg IV 5.85 30.2 32.9

pulses//is
Half-width largest pos. dE/dt 7.72 6.78 6.77 ns

Half-width largest neg. dE/dt 7.04 6.77 7.55 ns
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category was added since the thunderstorm on day 259 started

on the west side of the Indian River, and moved east over

land. The propagation path for the earlier pulses was

entirely over good conducting salt water, while the later

pulses propagate over fresh water or over lower conductivity

ground. Tables 4.6 through 4.9 shows the statistics for the

12 different groups.

4.3.2 Discussion

The fastest rise and decay in the initial E-field peak

occurred in group D, which corresponds to the group with the

smallest E-field change. The width at half maximum was also

smallest in this group. It is possible that some bipolar

pulses involve shorter and smaller transfer of charges, thus

producing faster but smaller electric field changes.

Fast E-field rise and decay times were also found on

pulses in group J, which corresponded to the early part of the

thunderstorm where the propagation path was entirely over salt

water. Rise and decay times were found to increase as the

thunderstorm moved over land (group K) and became longer as

the path of propagation increased (group L) . The width at

half maximum of the initial peak and the overshoot peak was

also shorter for pulses in group J, while increasing for

pulses in groups K and L. Since our data set encompasses only

one thunderstorm, we do not have enough information to

determine if the faster rise and decay times we observed for

pulses in group J are a consequence of propagation over salt
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water, which minimizes high frequency attenuation, or a

characteristic of bipolar pulses occurring at the beginning of

a thunderstorm.

Pulses in group C exhibited faster rise and decay times

than pulses in groups A and B. Group C contained pulses with

the largest peak dE/dt to peak E ratio, and included 67% of

the pulses that exhibited the smallest electric field peak

which are categorized in group D.

The density of the crosses by zero was always greater in

region II, which corresponds to the decay part of the initial

E-field peak. The half width of the largest dE/dt pulses in

all groups was in the range of 6.2 to 7.61 nanoseconds. The

fastest half width measured for any pulse was 5 nanoseconds,

which corresponds to the fastest width our system was capable

of measuring. This suggests that it is possible that the

dE/dt pulses can have even faster rise and decay times than

those presented here.

Our results concerning the E-field pulses agree very well

between the 1989 and the 1990 experiments. However, the

results corresponding to the dE/dt radiation disagree

considerably. The cross-by-zero density is much larger in the

1990 results. The half width durations we obtained for dE/dt

pulses in the 1990 data set are also much faster than those

reported by Willett et al. (1989), who reported durations in

the order of 40 ns for the positive peaks, and 33 ns for the

negative peaks. It is possible that the high frequency
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components of the signals recorded by Willett et al. (1989)

were attenuated due to the larger propagation path between the

source and their measuring station, thus increasing the

apparent width of the dE/dt pulses. In order to test this

hypothesis, we digitally lowpass filtered our dE/dt records to

simulate high freguency attenuation. Digital direct finite-

impulse-response (FIR) lowpass filters were designed from 10

to 140 MHz, and the resulting peak amplitudes of the largest

dE/dt pulses for each cutoff frequency are shown in figure

4.11. These filters had a sharp rolloff, and the attenuation

at frequencies 5% larger than the specified cutoff frequency

was greater than 50 dB. The peak dE/dt amplitude rapidly

decreases as the lowpass frequency is decreased. An analysis

of the dependance on the half width durations on the cutoff

frequency showed that when lowpass filtered at 10 MHz, the

average half width durations of the largest dE/dt pulses was

69.5 ns. At a 20 MHz cutoff, the half width was reduced to

33.2 ns. This last value is similar to that reported by

Willett et al. (1989).

4.4 Detailed Analysis of Five Narrow Bipolar Pulses

Five NBP's from day 259 were selected for detailed

analysis. These pulses are used in this chapter for time
domain analysis, and in a Chapter 6 for frequency domain

analysis. The five chosen pulses are:
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Figure 4.11. Peak dE/dt amplitude vs cutoff frequency for
the narrow bipolar pulses. The graph shows
the peak dE/dt amplitude after lowpass
filtering the wideband bipolar pulse dE/dt
waveforms using digital filters with the
-3 dB frequencies indicated.
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PULSE ID TIME OF OCCURRENCE (UTC)

25900076 19:10:56:504

25900444 19:36:23:070

25900534 19:49:19:211

25900594 19:57:15:411

25900709 20:12:53:694

The electric field and electric field derivative of these

pulses were simultaneously digitized. The slow decay electric

field was also recorded on a Gould electrostatic chart

recorder. From the analysis of data on the chart recorder, we

found that all of these five pulses occurred at least one

second away from any typical cloud-to-ground lightning

discharge. Figure 4.12 shows event 26900076, represented by

a single positive pulse, plotted in a 250 milliseconds per

division scale. The closest activity recorded was a negative

pulse about 2 seconds earlier, and a negative pulse 1.3

seconds after the NBP. The closest activity characteristic of

cloud-to-ground lightning occurred about 10 s before the NBP.

The dE/dt and E-field recordings corresponding to the five

NBP's are presented in figures 4.13 through 4.17. Both the E-

field and dE/dt records were obtained from the sensors

installed at the ground plane.

Although each of the five dE/dt records lasted about

eight microseconds, some differences were observed in the

shape of the dE/dt pulses. The dE/dt records corresponding to

pulses 25900076, 25900594, and 25900709 are fully bipolar over
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•rtsRr*

Figure 4.12. Occurrence of narrow bipolar pulse
25900076 in relation to other electric
field activity. The NBP is indicated by an
arrow. Negative-going pulses are distant
lightning activity. The time scale is 250
milliseconds per division.
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lop : 25S50076.DT3 Bottom : 25500076.DTI

171.9 U/m/ps Electric field deriuatiue

- 171.9 U/m/ps Fall scale = 25 microseconds

Figure 4.13. dE/dt and E-field waveforms corresponding to
narrow bipolar pulse 25900076.
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Top : 2535044013 Botton : 25300444.DTI

288.3 U/m/ps Electric field deriuatiue

Figure 4.14. dE/dt and E-field waveforms corresponding to
narrow bipolar pulse 25900444.
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Top : 25950534.DT3 Bottoa : 25900534.DTI

395.8 U/m/ps Electric field deriuatiue

Figure 4.15. dE/dt and E-field waveforms corresponding to
narrow bipolar pulse 25900534.
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Top : 25950594.DT3 Bottoa : 25900594.DTI

197.2 U/m/ps Electric field deriuatiue

Figure 4.16. dE/dt and E-field waveforms corresponding to
narrow bipolar pulse 25900594.
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Top : 25950709.DT3 Botton : 25900709.DTI

Figure 4.17. dE/dt and E-field waveforms corresponding to
narrow bipolar pulse 25900709.
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the duration of the pulse, and extend over several

microseconds. Pulse 25900444 exhibits negative dE/dt at the

beginning of the pulse, and remains mainly unipolar for about

750 nanoseconds. The dE/dt record of pulse 25900534 is

negative for 250 nanoseconds, becoming bipolar afterwards.

The dE/dt pulses remain bipolar for the duration of the event,

and then slowly decay until the noise level of the digitizing

system is reached. All cases we have studied have shown that

the turn-off of the dE/dt radiation is much slower than the

more abrupt turn-on seen at the beginning of the pulse. The

time between a detectable increase in the dE/dt radiation

produced by the NBP's and the time when the dE/dt reaches its

peak value is in the order of one microsecond. The dE/dt

radiation with pulses larger than two standard deviations of

the background noise persists for a period of about 4 to 8

microseconds after the peak value, after which it starts to

get obscured by the background and digitizing noise.

These narrow pulses have been observed to contain dE/dt

and E-field waveforms with rapid rise times. One of the

pulses, 25900534, had 10 to 90% E-field rise time faster than

500 nanoseconds. All five NBP's contained large dE/dt pulses

with half widths shorter than 10 nanoseconds, sometimes being

as fast as 5 nanoseconds, which is close to the frequency

limit of our system. This dE/dt radiation probably contains

pulses with faster rise times and shorter half widths.
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A nanosecond-scale study of the start of the dE/dt

radiation was also performed on these NBP's. Figure 4.18

shows an expanded record of pulse 25900534. Four consecutive

312 nanosecond sections are presented, starting from the onset

of the dE/dt radiation. The dE/dt radiation in this pulse

starts with three relatively large positive dE/dt pulses

spaced about 15 nanoseconds from each other, followed by

bipolar pulses with initially positive or negative polarities.

Figure 4.19 shows another four consecutive sections,

immediately following the ones presented in figure 4.18.

Occasional bursts of high frequency oscillations close to 100

MHz are evident in some of the sections, while slower

oscillations around 20-60 MHz are seen throughout the dE/dt

records.

The nanosecond scale analysis of event 25900444 indicated

that the dE/dt radiation also started with a few large

positive pulses, as seen in figure 4.20. The first negative

pulse was followed by another about 45 nanoseconds later. A

large positive pulse did not occur until close to 500

nanoseconds after the occurrence of the first positive pulse.

Occasional bursts of high frequency oscillations close to 100

MHz are also noticed in this record.

The dE/dt pulses were also filtered through a digital 10

MHz FIR highpass filter in order to observe their high

frequency behavior once the low frequency components were

removed. Frequency components below 9 MHz were attenuated at
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Figure 4.18. Expanded scale of event 25900534. Each
section represents 312 nanoseconds of dE/dt
radiation. Sections are consecutive,
starting from the top.
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Figure 4.19. Event 25900534. Four consecutive 312
nanosecond sections immediately following
the sections displayed in figure 4.18.
Sections start from the top.
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Figure 4.20. Expanded scale of event 25900444. Each
section represents 312 nanoseconds of dE/dt
radiation. Sections are consecutive,
starting from the top.
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least 50 dB. These high frequency components were found to be

distributed over the duration of the pulse, and not just

associated with the fast risetime to peak of the electric

field. It is important to notice that the detectable dE/dt

radiation has been observed to start at times ranging from

coincidental with the onset of the E-field pulse up to about

250 nanoseconds later.

4.5 Effect of Lowpass Filtering wideband dE/dt records

A test was performed in which the dE/dt records were

subject to lowpass filtering. A similar effect occurs when

high frequencies are attenuated by propagation effects. The

cutoff frequencies mentioned in this section correspond to the

-3 dB point. The rolloff of the lowpass filters was about 60

dB per octave. Figure 4.21 shows the dE/dt waveform

corresponding to pulse 25900076 and the same waveform lowpass

filtered at 3 0 MHz. We observe that the filtered waveform

exhibits a predominantly negative section followed by a

positive region. Large pulses are still observed on both

regions. However, as the cutoff frequency was decreased, the

filtered dE/dt waveform started to resemble what the

derivative of a smooth narrow bipolar E-field pulse would be

expected to look like. We should note that this filtered

record resembles very closely th'e dE/dt waveform presented by

Willett et al. (1989) in their figure 2. This again suggests

that the results reported by Willett et al. (1989) might have
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been subject to lowpass filtering. Note that their fields

propagated over 45 km of sea water and 30 m of sand. Figure

4.22 shows the dE/dt record corresponding to pulse 25900534

lowpass filtered at 40 MHz. Notice that the filtered record

starts by being unipolar and becomes bipolar after about 500

nanoseconds.

The effects of lowpass filtering on peak dE/dt values are

shown in table 4.10. These results were obtained by measuring

the value of the largest dE/dt pulse after filtering the

original waveforms through a range of lowpass filters.

Lowpass filtering the wideband dE/dt waveforms resulted in a

decrease in the amplitude of the largest dE/dt pulses. The -3

dB point of the largest dE/dt pulses are marked by an asterisk

[*]. The 0 dB reference was determined by the largest dE/dt

pulse when the wideband records were lowpass filtered at 140

MHz. The -3 dB point occurred at 40 MHz for pulse 25900076,

at 45 MHz for pulse 25900444 and at 70 MHz for the remaining

three bipolar pulses. This gives an indication of the high

frequency components that these pulses contain. In section

7.7, we will compare these lowpass filtered results with those

produced by cloud-to-ground discharges.

The ratio of peak dE/dt to peak E-field was also

calculated for different lowpass filtered dE/dt waveforms.

These results are presented In table 4.11. Statistics

presented by Willett at al. (1989) on the NBP's show an

average positive peak dE/dt of 20.4 V/m/jus, and average
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Lowpass filtering of event 25900076. The
top trace shows the wideband dE/dt record.
The bottom trace shows the same record
filtered at a 30 MHz cutoff frequency.

Figure 4.21.
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Wideband dfc
25900534

Loupass filtered at 40 MHz
25900534

168.481

Lowpass filtering of event 25900534. The
top trace shows the wideband dE/dt record.
The bottom trace shows the same record
filtered at a 40 MHz cutoff frequency.

Figure 4.22.
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Table 4.10. Effect of lowpass filtering on the peak
dE/dt amplitude. Asterisks [*] indicate the
-3dB point with respect to the peak dE/dt at
a 140 MHz cutoff frequency.

Cutoff Freo. Max . value rv/m/usi

PULSE 25900076 25900444 25900534 25900594 25900709

1 MHZ 27.8 60.3 43.9 23.1 47.2
2 MHZ 31.1 66.9 53.8 31.2 48.8
3 MHz 34.0 68.2 52.8 31.0 55.8
4 MHz 36.6 65.0 57.6 39.5 64.9
5 MHz 36.7 65.9 59.1 44.8 60.4
6 MHz 38.9 70.8 61.6 45.0 64.9

7 MHz 40.2 73.7 66.3 49.7 67.9
8 MHz 37.6 78.7 74.9 56.2 66.5
9 MHz 37.8 85.7 78.2 57.6 64.9

10 MHz 38.0 87.7 81.1 55.4 68.6
12 MHz 43.0 97.2 86.5 61.3 82.8
15 MHZ 59.0 108.0 92.6 69.8 93.7

18 MHz 60.6 111.0 96.8 72.9 108.0
20 MHZ 69.8 111.0 98.6 84.7 136.0
25 MHz 99.8 126.0 121.0 93.0 145.0

30 MHZ 101.0 131.0 130.0 83.7 159.0

35 MHz 124.0 161.0 154.0 87.7 189.0
40 MHZ 134.0* 164.0 175.0 87.9 212.0
45 MHz 132.0 167.0* 216.0 85.7 236.0

50 MHZ 159.0 183.0 211.0 103.0 205.0
60 MHz 160.0 189.0 243.0 121.0 236.0
70 MHz 176.0 186.0 272.0* 142.0* 266.0*
80 MHz 185.0 202.0 293.0 168.0 275.0

90 MHz 201.0 211.0 359.0 180.0 313.0

100 MHz 216.0 220.0 374.0 182.0 344.0
110 MHz 215.0 237.0 377.0 192.0 372.0

120 MHz 195.0 258.0 391.0 199.0 374.0

130 MHZ 194.0 254.0 395.0 195.0 366.0

140 MHz 189.0 251.0 379.0 196.0 372.0
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Table 4.11. Ratio of the peak dE/dt value to the peak E
value after lowpass filtering the dE/dt
records. Asterisks [*] indicate the
frequency at which the ratio is similar to
that obtained by Willett et al. (1989).

Cutoff Frea. Ratio of peak dE/dt to peak E rv/m/si/rv/mi

PULSE 25900076 25900444 25900534 25900594 25900709

1 MHz 0.76 1.07 1.64 0.64 0.94

2 MHz 0.86 1.19 2.02 0.85 0.98

3 MHZ 0.94 1.21 1.98 0.85 1.17

4 MHz 1.02 1.15 2.16 1.08 1.30

5 MHz 1.01 1.17 2.21 1.23 1.21

6 MHz 1.08 1.26 2.31 1.24 1.30

7 MHz 1.11 1.31 2.48* 1.37 1.36

8 MHz 1.04 1.40 2.81 1.55 1.33

9 MHz 1.05 1.53 2.93 1.59 1.30

10 MHz 1.05 1.56 3.04 1.53 1.37

12 MHz 1.19 1.73 3.25 1.69 1.68
15 MHz 1.63 1.92 3.47 1.92 1.88

18 MHz 1.68 1.98 3.63 2.00 2.16

20 MHz 1.93 1.98 3.70 2.33 2.72*

25 MHz 2.76* 2.24 4.54 2.56* 2.90

30 MHz 2.79 2.33* 4.88 2.30 3.18

35 MHz 3.42 2.87 5.78 2.41 3.78

40 MHz 3.70 2.92 6.57 2.42 4.24

45 MHz 3.65 2.97 8.10 2.36 4.72

50 MHz 4.40 3.26 7.91 2.84 4.10
60 MHz 4.42 3.37 9.12 3.33 4.72

70 MHz 4.87 3.31 10.20 3.91 5.32

80 MHz 5.11 3.60 10.99 4.62 5.50

90 MHz 5.56 3.76 13.47 4.96 6.27

100 MHz 5.97 3.91 14.03 5.01 6.89

110 MHz 5.94 4.22 14.14 5.29 7.45

120 MHz 5.40 4.60 14.67 5.48 7.48

130 MHz 5.36 4.52 14.82 5.37 7.32

140 MHz 5.22 4.47 14.22 5.40 7.45
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positive E-field peak of 8.0 V/m. The ratio of these two

values is 2.55[/xs‘1]. Table 4.11 indicates with an asterisk

the frequency at which we obtained a similar ratio. Notice

that for four out of the five records, the ratio of 2.55 was

obtained when the waveforms were lowpass filtered between 20

and 30 MHz. This evidence suggests that the results presented

by Willett et al. (1989) were obtained from da.ta that was

effectively lowpass filtered perhaps because of attenuation

effects during propagation.

Still, it is possible that the NBP's recorded by Willett

et al. (1989) were of a slightly different nature, which would

explain the differences with our results in the time and

frequency domains. The NBP's we recorded occurred over land,

while they stated that their data were apparently obtained

from a thunderstorm over the ocean. This subject will be

discussed further in section 7.1.

4.6 Simulated Waveshapes from Narrowband Receivers

HF and VHF receivers have been used for a variety of

purposes. Time-of-arrival location systems using VHF

receivers have been used by several investigators (e.g.,

Taylor, 1978; Proctor, 1971). VHF receivers have also been

used in interferometric location systems (e.g., Richard and

Auffray, 1985; Hayenga and Warwick, 1981). The outputs of

receivers have also been used to estimate the frequency

spectra of lightning (e.g., Oh, 1969).
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In order to investigate how HF and VHF receivers at

different frequencies might have responded during the

occurrence of the NBP's, a time-domain analysis of the

frequency components of the dE/dt waveforms was performed by

digitally bandpass filtering the data. Finite Impulse

Response (FIR) filters were designed for this purpose. The

attenuation of these filters was at least 60 dB at frequencies

5% beyond the passband.

The filtering was performed by doing a convolution in the

time domain of the dE/dt signal with the impulse response of

the bandpass filter, since:

F [f (t) *g( t) ] =F(w) G(w)

A convolution, where the filter is described by h(n) and

the signal is described by x(n) is defined as:

y(j) = J2 x(n) h(j-n)

Each of the digitally filtered waveforms was rectified and

lowpass filtered to remove the high frequency components

introduced by the rectification process. This operation

simulated the signals that would have been obtained from the

output of real narrowband envelope detector receivers. The

process is summarized in figure 4.23, which shows the analog

equivalent of the digital operation described here. The

source code listing of the program CONV1990 utilized to

perform the convolutions is presented in the Appendix.
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Figure 4.23. Digital simulation of envelope detector
receivers.

y(n)
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Narrowband receivers were simulated using the method

described earlier. Since the digitizing system was carefully

set to avoid aliasing problems, the narrowband results

obtained here reflect what would have been obtained from the

output of an actual receiver. Figure 4.24 shows a 10-jusec

record of the outputs obtained from simulated envelope

detector receivers using bipolar pulse 25900076 as a source.

The simulated receivers are 10 MHz wide, and are centered at

35, 45, 55 and 65 MHz.

Note that the total duration of the radiation for all

different bands was not exactly the same. The radiation of

the 30-40 MHz bandpass filtered record shown in figure 4.24

starts about 1 fj.s later than on the other three bands. Peaks

in the radiation on different bands typically developed at

different times within the duration of the received dE/dt

waveform. Apparently different portions of the bipolar pulse

spectrum occur at different times during the ten microseconds

or so of the bipolar pulse duration. An analysis of the

frequency spectrum of different portions of the bipolar pulses

was conducted in order to investigate the time dependance of

the spectrum. Figures 4.25 through 4.28 show the frequency

spectrum of four consecutive l-jus-long sections of pulse

25900076. The frequency axis is presented in a linear scale.

The spectrum shown in figure 4.25 corresponds to the section

in figure 4.24 where pulses were present in all the bandpass

waveforms with the exception of the 30-40 MHz bandpass. This
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Figure 4.24. Outputs of simulated envelope detector
receivers when using pulse 25900076 as an
input. Shown firom top to bottom are the
outputs of 10-MHz wide receivers centered at
35, 45, 55, and 65 MHz.
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Figure 4.25. Amplitude Spectrum of a 1 jus section at the
start of the activity of bipolar pulse
25900076.
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Figure 4.26. Amplitude Spectrum of a 1 jus section of the
activity of bipolar pulse 25900076
following the section whose spectrum was
presented in figure 4.25.
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Figure 4.27. Amplitude Spectrum of a 1 jus section of the
activity of bipolar pulse 25900076
following the "section whose spectrum was
presented in figure 4.26.
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Figure 4.28. Amplitude Spectrum of a 1 jus section of the
activity of bipolar pulse 25900076
following the’section whose spectrum was
presented in figure 4.27.
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figure shows that the spectrum in the 30-40 MHz region was

significantly smaller than in the 40-70 MHz region. This

explains the absence of pulses in the 30-40 MHz band at the

start of the bipolar pulse. The rapid variation of the peaks

in the spectrum can be observed in figures 4.26 through 4.28.

In a microsecond, significant differences in the frequency

components are noticed. These rapid changes in the frequency

spectrum result in waveforms such as those presented in figure

4.23, where peaks at different bands are observed to develop

at different times.

The analysis of all five bipolar pulses did not show any

conclusive spectral tendencies. The occurrence of radiation

at different frequencies was dissimilar in all NBP's. It is

important to note that distinct peaks and valleys in the

frequency spectrum are observed when studying l-/is-long

sections of NBP's, as compared to a more uniform spectrum that

is obtained when analyzing a complete bipolar pulse record.

4.7 Existence of a Basic Component of Lightning Radiation

The possibility that the dE/dt radiation could be a

sequence of similar pulses superimposed on each other has been

suggested in the existing literature. Broadband measurements

(10 MHz to 500 MHz) reported by Labaune et al. (1990)

described observations of pulses’with very short rise times of

approximately 5 ns, which repeated at a rate of 1 to 20 per

/xs. Labaune et al. (1990) justified the existence of a basic
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Figure 4.29. Broadband pulse typical of VHF-UHF radiation
from lightning, (from Labaune et al.
(1990)).
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process which generates a submicrosecond impulse whose

spectrum agrees with the amplitude levels associated with

lightning. The justification was made by analyzing the

fundamental physical mechanisms associated with the breakdown

of air. These basic mechanisms include a predischarge phase,

a leader phase, and an arc phase. The transition between the

first and second phase has been thoroughly studied for short

gap breakdown, and has been found to occur over a period less

than 10 ns. A typical pulse recorded by Labaune et al. (1990)

is shown in figure 4.29.

The existence of a basic component of lightning radiation

in our wideband data was investigated by using complex

cepstrums. We will use the term "wavelet" to define a basic

waveform that can occur at any time and can have different

amplitudes. We should not confuse our definition of wavelets

with that of a basic function that can be subjected to

dilations and contractions in time, as described by Rioul and

Vetterli (1991). Childers and Durling (1975) explained that

a signal composed by a summation of basic wavelets can be

considered as consisting of a basic wavelet convolved with a

train of weighted unit impulses such as:

x(nT) =s(nT) *p(nT)

M-X

p(nT) = ak 5 (nT-kT)
k=o

where:
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The basic wavelet is represented by s(nT); x(nT) is the

composite signal, and M is the number of echoes present. The

objective of our analysis was to determine if the dE/dt

waveforms could be deconvolved such that we could obtain the

impulse train, p(nT), and the basic wavelet, s(nT). This

procedure is outlined in the following steps:

1) The DFT transform of the signal to be analyzed is

determined.

2) The complex logarithm of the DFT is calculated.

3) The inverse DFT is determined, which gives the complex

cepstrum.

The complex cepstrum contains impulses corresponding to

the delays of the several components of the composite signal.

By using the appropriate filters these impulses can be

removed. The whole operation can then be reversed, thus

obtaining the basic wavelet. Mathematically, this procedure

can be explained as follows. For simplicity, we will assume

that only one echo is present. The impulse train is then

given by

p(nT). = 5(nT) +aJ8(nr-iT)

The DFT of this equation is then

X(mf) = S(mf) [1 +

where the echo contribution is a "periodic function with period
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After calculating the logarithm of the frequency spectrum, we

obtain

•

j 6)1 j
logX(mf) = log S(mf) + log[l + a2e N ]

If a, is <1, we can expand the second term on the right in an

infinite series, since

log(l + x) =x--?y +. . .

After performing an IFFT we obtain the complex cepstrum

a?
x(nT) =IFFT [log S(mf) ] + a¿6 (nT-lT) - —i-S (nT-2lT) + . . .

which is the IFFT of the logarithm of the FFT of the basic

wavelet followed by a train of unit impulses, which indicates

the delay on the occurrence of the echo. A similar approach

can be taken to analyze the case where the amplitude of the

echo is larger than the amplitude of the first wavelet.

We will simulate the procedure explained in this section

by digitally generating a waveform consisting of a wavelet and

two echoes with different amplitudes. The basic wavelet is

shown in figure 4.3 0(a) and the two echoes are shown in

figures 4.30(b) and 4.30(c) respectively. The composite

waveform is shown in figure 4.30(d). The cepstrum of the

composite waveform is shown in figure 4.31(a). The cepstrum

is then filtered by the time-domain filter shown in figure

4.31(b). The original signal is recovered by first obtaining
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the FFT of the filtered cepstruxn, then getting the exponential

of the real part of the FFT, and finally performing an IFFT.

The recovered signal and the original wavelet are presented in

figures 4.32 (a) and (b) respectively.

The deconvolution operation was performed on all five

NBP's. The main objective was to be able to determine the

existence of a basic wavelet, which when convolved with an

impulse train would generate a pulse similar to the NBP's we

recorded. The analysis was done on a section of the record

close to the beginning of the pulse, immediately following the

start of dE/dt radiation with amplitude greater than 2

standard deviations of the background noise. Several record

lengths were used: 100 ns, 200 ns, 500 ns, and 1 /xs. Figure

4.33 shows the cepstrums obtained for bipolar pulse 25900594,

whose time domain waveform was shown in figure 4.16. From

top to bottom are shown the cepstrums corresponding to 100 ns,

200 ns, 500 ns, and 1 /¿s data lengths following the start of

the dE/dt radiation, and preceding the peak of the E-field

pulse. If there had been a basic wavelet in the sections of

data that we analyzed, we would have obtained a cepstrum

similar to that presented in figure 4.31(a) . That is, a basic

impulse followed by a sequence of impulses corresponding to

the repetition rate of the basic impulse. Analysis of the

resulting cepstrums did not provide any evidence of a wavelet

being repeated at any intervals. The streamer-type pulse

described by Labaune et al. (1990) could have occurred before
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Figure 4.30. Waveform generated to test the deconvolution
operation, (a) Basic wavelet, (b) Echo
delayed 200 sample points, 50% amplitude.
(c) Echo delayed 400 sample points, 25%
amplitude, (d) ’Test waveform generated by
adding (a),(b), and (c).
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Figure 4.31.
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Figure 4.32. Deconvolution process, (a) Recovered
wavelet, (b) Original wavelet, shown again
for comparison/
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the start of the relatively large E-field pulse, and would

have been undetectable by our system since the background

noise would have obscured any evidence of streamer activity.

Although Labaune et al. (1990) reported the existence of a

basic component in the radiation originated by lightning, we

were not able to confirm it by analyzing our wideband data.

Furthermore, we have not been able to identify such a wavelet

after visually analyzing expanded time domain waveforms such

as those shown in figures 4.18 through 4.20.

Additional testing was performed by analyzing the

wideband data after it had been highpass filtered at 10 MHz.

All five NBP waveforms, with a frequency content of 10 to 150

MHz, were processed with the Cepstrum program. The waveforms

had their low frequency content, up to 10 MHz, removed by the

highpass filtering operation. Again, we were unable to

identify a basic wavelet on any of the waveforms under study.

Testing using different sections of the wideband bipolar pulse

as a source for the Cepstrum analysis also failed to detect

the presence of a basic wavelet. Additional discussion is

presented in section 7.4.

4.8 Time-of-Arrival Errors

Although data recordings were done at a single station,

a time-of-arrival system can lie simulated by artificially

adding certain variables that could occur in a real multiple-

station experiment.
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Cepstrums obtained for event 25900594. (a)
100.nsec record, (b) 200 nsec record, (c)
500 nsec record, (d) 1 jiisec record.

Figure 4.33
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HF and VHF receivers with a bandwidth of several MHz have

tuned circuits to adjust their frequency response. A mismatch

in the magnitude and phase response of different receivers

would cause different signals to be received, which could make

the correct identification of a particular pulse difficult,

and possibly cause a timing error. This same problem can also

happen when the source generating the VHF pulse is moving at

a 107 m/s or faster. Even if all the receivers in a time-of-

arrival network are identical, the propagating source regions

can cause VHF signals to have different waveshapes at

different receiver locations (Thomson and Medelius, 1992).

The effect is a result of dilations or contractions that are

a function of the velocity and the relative position of the

source and the receiving station. This effect results in an

effective frequency shift at the receiver.

4.8.1 Errors Introduced by Receivers with Different

Characteristics

The digitized dE/dt data corresponding to the five NBP's

were used as a source for simulated narrowband receivers.

Since the input signals are identical for all receivers, the

theoretical difference in the time of arrival should be zero.

It is important to accurately determine the differences in the

time of arrival of signals at different stations. Lennon et

al. (1975) used the peak amplitudes of narrowband VHF

receivers to estimate the differences in the time of arrival.

Rustan (1979, 1980) employed cross-correlation methods to
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identify the best match between waveforms received at

different stations.

The difference in the time of arrival when using

receivers with different characteristics was tested using two

different methods:

a) Signals from different receivers were cross-correlated

to find the peak in the cross-correlation function in order to

obtain the best match, and

b) The time of occurrence of the peak of the largest

pulse from the output of each receiver was used to estimate

the difference in the time of arrival.

The cross-correlations were performed using the program

XCOR whose source code is shown in the appendix. All the

cross-correlations were normalized to allow the identification

of signals with similar shapes but different amplitudes. A

cross-correlation value of 1 can only be obtained when both

signals being compared have identical shapes, regardless of

their relative amplitudes. Normalizing the cross-correlation

values is very important when comparing signals received at

receivers located at different distances from the source. The

cross-correlation is given by:

R(k)

N-l M-1

52 52 x(-n) y(m-k)
n**0 m=0

N-l M-l

52 *2 {n) £ (*»-*>
\| n=0 m= 0

where x and y are the signals being cross-correlated.
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x(n) =0 ,r2 <0 , n> N-l

y{m) = 0 , 27? <0 , m> M-1

Narrowband receivers were simulated using the same

•technique as described earlier, except that this time the

center frequency was varied one MHz at a time, in order to

compare the effects of a slight change on either the frequency

response of a receiver or the frequency shift arising from a

propagating source region on the differences in the time of

arrival. Three center frequencies (fQ) were selected: 30, 50,

and 115 MHz. The tests were performed by comparing the

outputs of receivers centered at the frequencies f0 shown

above against the outputs of receivers centered at frequencies

varying from f0-5 to f0+5 MHz at a 1 MHz interval.

Figure 4.34 shows the electric field of pulse 25900444

after passing it through five 5-MHz wide bandpass filters

centered at 43, 44, 45 ,46 and 47 MHz. The variations in both

the position of the peaks and the shapes of the resulting
waveforms can clearly be observed. The overall waveshapes

also vary from one receiver to another as the receiver

bandwidths are changed. Figure 4.35 shows the result of

passing the same event through receivers centered at the same

frequencies as those in the previous figure, except that the

bandwidth is now increased to 10 MHz. Differences in the

pulse peaks and shapes are still noticeable, but are not as

different from one receiver to another as with the 5 MHz wide
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Figure 4.34. Event 25900444. Output of digitally
simulated receivers with a 5 MHz bandwidth.
The center frequencies are, from top to
bcrttom: 43,44,45,46, and 47 MHz.
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Figure 4.35. Event 25900444. Output of digitally
simulated receivers with a 10 MHz
bandwidth. The center frequencies are,
from top to bóttom: 43,44,45,46, and 47
MHz.
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receivers. Similar and consistent results were obtained when

all five events were tested at the three different bands.

A summary of the results in determining the differences

in the time of arrival by using both the cross-correlation

method, and the more simple peak pulse amplitude method, are

shown in Tables 4.12 and 4.13. Better results were obtained

when the cross-correlation method was used to estimate the

differences in the time of arrival than when the peak

amplitude method was utilized. We have performed an analysis
of errors caused by timing uncertainties on the time-of-

arrival system we are currently operating at the Kennedy Space

Center. From this analysis, we have observed that in order to

obtain location errors smaller than 50 meters within a 10 km

radius from the center of the network, timing errors must be

shorter than about 100 ns.

4.8.2 Discussion

VHF receivers have been used in time-of-arrival location

systems. Proctor (1981) presented results of the study of

lightning cloud flashes. Proctor et al. (1988) presented
results of their analysis of ground flashes. Proctor (1981)

found that the diameters of the channels occupied by radio

sources varied from 100 m to several hundred meters.

Receivers with a 10 MHz bandwidth and centered at 253 MHz were

utilized at each receiving station, however the telemetry

circuits limited the bandwidth of the remote receivers to 5

MHz. The combination of different bandwidths and phase
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Table 4.12. Time of arrival based on the peak dE/dt
amplitude. Times are shown in ns and are
relative to the time of the peak at the
center frequency, in each band.

EVENT NUMBER 076 444 534 594 709

A) 5 MHz Bandwidth

CENTER FREQUENCY

Fi F2
115/110 1442.5 -52.5 -275.0 242.5 -670.0

115/111 475.0 132.5 -222.5 252.5 -197.5

115/112 50.0 115.0 -167.5 1677.5 -517.5

115/113 57.5 -192.5 -160.0 1695.0 -445.0

115/114 40.0 -590.0 -12.5 2727.5 -392.5

115/115 0.0 0.0 0.0 0.0 0.0

115/116 -17.5 20.0 -305.0 30.0 -240.0

115/117 -47.5 -622.5 -897.5 1132.5 -247.5

115/118 -122.5 -632.5 -887.5 1172.5 -280.0

115/119 -132.5 -720.0 -360.0 1217.5 730.0

115/120 -135.0 -107.5 -832.5 1242.5 430.0

30/25 -115.0 -845.0 -177.5 -1895.0 -697.5

30/26 -7.5 -382.5 -160.0 -922.5 -717.5

30/27 -25.0 -192.5 -142.5 -1972.5 537.5

30/28 -22.5 -187.5 -135.0 -1930.0 547.5

30/29 -17.5 -162.5 5.0 -1357.5 572.5

30/30 0.0 0.0 0.0 0.0 0.0

30/31 -2.5 -25.0 42.5 -82.5 -15.0

30/32 42.5 -42.5 282.5 -95.0 -37.5

30/33 57.5 -270.0 280.0 -1755.0 -315.0

30/34 -242.5 -255.0 7.5 -1765.0 -270.0

30/35 -255.0 -265.0 -880.0 -1670.0 -295.0

50/45 45.0 560.0 135.0 -585.0 230.0

50/46 -835.0 -915.0 110.0 95.0 140.0

50/47 1010.0 -917.5 285.0 67.5 152.5

50/48 957.5 -40.0 272.5 52.5 -1795.0

50/49 947.5 -10.0 270.0 -7.5 7.5

50/50 0.0 0.0 0.0 0.0 0.0

50/51 940.0 -5.0 5.0 12.5 -1467.5

50/52 107.5 -5.0 -12.5 -1187.5 -1505.0

50/53 12-2.5 555.0 527.5 -1170.0 -1545.0

50/54 -627.5 537.5 532.5 -630.0 -1560.0

50/55 -615.0 555.0 -757.5 -945.0 -1130.0
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Table 4.13. Time of arrival based on maximum cross
correlation. Times are shown in ns and are

relative to the maximum cross correlation
obtained at the center of each band.

FLASH NUMBER 076 444 534 594 709

A) 5 MHz Bandwidth

CENTER FREQUENCY

Fi F2
115/110 527.5 152.5 -285.0 217.5 -207.5

115/111 470.0 102.5 -230.0 -1037.5 -172.5

115/112 725.0 65.0 -150.0 -250.0 -130.0

115/113 17.5 32.5 -120.0 22.5 -15.0

115/114 17.5 7.5 -10.0 5.0 -5.0

115/115 0.0 0.0 0.0 0.0 0.0

115/116 -12.5 5.0 7.5 5.0 20.0

115/117 -20.0 7.5 50.0 -10.0 45.0

115/118 250.0 -10.0 85.0 -35.0 -10.0

115/119 -137.5 -25.0 -85.0 -690.0 -47.5

115/120 -157.5 37.5 -375.0 -692.5 355.0

30/25 117.5 75.0 -132.5 -320.0 -692.5

30/26 45.0 97.5 -125.0 -322.5 -667.5

30/27 -37.5 152.5 115.0 -382.5 -95.0

30/28 -27.5 -20.0 40.0 22.5 -20.0

30/29 -12.5 -27.5 10.0 7.5 -5.0

30/30 0.0 0.0 0.0 0.0 0.0

30/31 -7.5 -10.0 5.0 7.5 0.0

30/32 -2.5 -15.0 5.0 20.0 -10.0

30/33 7.5 -242.5 17.5 50.0 2.5

30/34 -262.5 -255.0 -195.0 -292.5 -262.5

30/35 -247.5 -277.5 -140.0 -330.0 -847.5

B) 10 MHz Bandwidth

50/45 17.5 -7.5 22.5 -7.5 -35.0

50/46 -5.0 0.0 12.5 -2.5 2.5

50/47 0.0 0.0 10.0 -2.5 0.0

50/48 5.0 0.0 5.0 0.0 2.5

50/49 0.0 0.0 0.0 0.0 2.5

50/50 0.0 0.0 0.0 0.0 0.0

50/51 -5.0 -2.5 0.0 0.0 -2.5

50/52 -15.0 -2. -2.5 2.5 -2.5

50/53 -2-7.5 -2.5 -2.5 5.0. -7.5

50/54 -37.5 -10.0 2.5 7.5 -10.0

50/55 -42.5 -20.0 5.0 7.5 -10.0
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responses can give rise to errors in the determination of the

time of arrival, which are reflected as errors in the

locations of the sources. The errors can be augmented when

frequency shifts arising from a propagating source region are

considered. It is possible that the 300 m radio diameter

described by Proctor (1981) could have been caused by errors

introduced in the system as described earlier.

Analysis by Thomson and Medelius (1992) indicated for a

center frequency between 10-100 MHz and a bandwidth of 5 MHz,

sources propagating at speeds of 107 m/s or faster produce

waveforms that can compromise the accuracy of locations

obtained with TOA systems. Additional discussion is presented

in section 7.3.



CHAPTER 5
CLOUD-TO-GROUND DISCHARGES

During the course of the experiment conducted in 1990,

lightning activity from nearby flashes was recorded. This

chapter will present waveforms corresponding to leaders and

return strokes for distances varying from a few tens of meters

to about 8 km.

5.1 1990 Measurements

On August 30, 1990 (day 242), a thunderstorm moved from

the north across the recording site at the Indian River. The

system was set to a very low sensitivity level so that close

lightning strikes could be recorded without saturating the

input amplifiers or the digitizing equipment. The digitizing

equipment was capable of recording only one event per flash,

so the trigger sensitivity was set at a high level to minimize

triggering caused by activity other than nearby lightning
strikes. On this day, 748 lightning events were recorded,

however no records of NBP's were obtained, probably due to the

high setting of the trigger level. Only dE/dt records were

obtained since the fifth channel of the digitizer, which was

used for the E-field recording, was inoperative. Out of these

748 records, 179 corresponded to leader and return stroke

155
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waveforms that did not saturate the digitizer, and whose

signal-to-noise ratio was acceptable for analysis. About half

of the records were caused by triggers from processes that

were not readily identifiable, possibly preliminary

breakdowns. The rest of the records corresponded to saturated

waveforms.

Thunder ranging was used to determine the distance to

nearby lightning strikes, usually for lightning to thunder

times ranging from a fraction of a second up to 5 seconds.

The accuracy of the measurement of the time elapsed between a

lightning strike and thunder was about 0.1 seconds. The LLP

lightning location system located at the Kennedy Space Center

was used to estimate the distance for strikes beyond about 1.6

km.

Since only dE/dt waveforms were digitized, the

corresponding E-field waveforms were obtained by numerically

integrating the dE/dt waveforms. Table 5.1 enumerates the

records that will be discussed in this chapter. Among the

lightning events we recorded, which are shown in detail in the

time domain in this chapter, and in the frequency domain in

Chapter 6, we had stepped leaders, "chaotic" leaders,

continuous high frequency dE/dt noise just preceding the

return stroke, and first and subsequent return strokes. Since

the digitizing system was capable of triggering only once

during a flash, we can not compare dE/dt characteristics of

first and subsequent strokes in the same flash.
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Figure 5.1. Electric field and dE/dt record
corresponding to the return stroke 24200018.
The distance to" the flash was 5.5 km. The
duration of the record is 80 /is. The onset
of the return stroke is at t=4l /is.
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The term "chaotic" leader was first used by Weidman

(1982) to describe dart-stepped leaders with a chaotic

appearance. We have found leaders for close strikes (less

than 2 km) that appear to have a chaotic structure.

5.2 First Return Strokes

Figure 5.1 shows an 80 /xs long record corresponding to

the dE/dt waveform and the numerical integration of event

24200018, which occurred 5.5 km away according to the LLP

locations. The activity immediately preceding the return

stroke was very close to noise level. However, very small

stepped leader pulses are present in the numerically

integrated dE/dt waveform. However, the dE/dt record exhibits

an increase in activity a few microseconds after the stroke.

Figure 5.2 shows four consecutive 1.25 ns long expanded dE/dt

records starting 750 ns before he onset of the return stroke.

This figure shows that the 10-90% risetime of the dE/dt peak

corresponding to the return stroke is about 60 ns. The half

width of the dE/dt pulse is about 120 ns. The high frequency

noise is larger after the return stroke than before it.

Event 24200026 also exhibits very little activity before

the return stroke, as shown in figure 5.3. A few small

stepped leader pulses can be observed. However, the dE/dt

record exhibits a slow change ábout 1 jus before the return

stroke. The risetime of the dE/dt pulse associated with the

return stroke is again about 60 ns. This event, which
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Table 5.1. Cloud-to-ground events analyzed in this
dissertation.

Flash number Tvoe of record Distance Ranaed ]

24200018 1st return stroke 5.5 km LLP

24200026 1st return stroke o•in km LLP

24200040 stepped leader/R.S. 4.2 km LLP

24200106 chaotic leader/R.S. 500 m Thunder

24200147 chaotic leader/R.S. 300 m Thunder

24200148 continuous noise/R.S. 150 m Thunder

24200149 stepped leader/R.S. 7.5 km LLP

24200152 subsequent stroke 2.9 km LLP

24200160 subsequent stroke 3.1 km LLP

24200171 subsequent stroke 2.4 km LLP

24200181 continuous noise/R.S. 50 m Thunder

24200260 chaotic leader/R.S. 300 m Thunder

24200266 stepped leaders/R.S. 1.5 km Thunder

24200301 stepped leaders/R.S. 1.8 km LLP
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Four consecutive 1.25 /xs-long expanded
records corresponding to the dE/dt radiation
of return stroke 24200018. Records start
from the top. "The start of the first record
is.-750 ns before the onset of the return
stroke. The distance to the flash was 5.5
km.

Figure 5.2.
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Electric field and dE/dt record
corresponding to return stroke 24200026.
The distance to the flash was 5 km. The
duration of the record is 8 0 /xs. The onset
of .-the return stroke is at t=40 /zs.

Figure 5.3.
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happened at a distance of 5 km, also exhibited higher HF

radiation after the onset of the return stroke than before it.

5.3 Stepped Leaders

Step leader pulses were visible on event 24200040, which

struck at a distance of 5.2 km. Some large pulses are

observed in both the dE/dt record and the numerically

integrated dE/dt displayed in figure 5.4. Some smaller and

shorter pulses are seen only in the dE/dt record. A large

step, with an amplitude of about a fifth of that of the return

stroke occurred 5 /zs before it. Smaller steps can be seen at

an interval of 2 to 3 /zs between them. Once more, high

frequency dE/dt signals was more intense following the return

stroke.

A more distant event, 24200149, is shown in figure 5.5.

This event, which struck ground at a distance of 7.5 km,

exhibits several step leader pulses before the return stroke.

The larger pulses are separated by about 3 to 4 /zs from one to

another, and smaller pulses are visible in the dE/dt record.

Large pulses became more frequent about 20 jus before the

return stroke. The dE/dt waveform corresponding to the return

stroke saturated the digitizing equipment, therefore we cannot

compare the amplitude of the pulses to the amplitude of the

return stroke. Large dE/dt pulses have 10-90% risetimes as

fast as 20-30 ns in some cases. "The radiation electric field

following the return stroke did not exhibit noticeable high

frequency dE/dt pulse activity.
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Figure 5.5. Electric field and.dE/dt record
corresponding to step leader pulses from
event 24200149. The distance to the flash
was 7.5 km. Tlie duration of the record
is .-80 jus. The onset of the return stroke is
at t=69 jus.
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Figure 5.6. Electric field and dE/dt record
corresponding to step leader pulses from
event 24200301.' The distance to the flash
was 1.8 km. The duration of the record
is 80 /xs. The onset of the return stroke is
at t=58 /its.
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Similar characteristics were observed on event 24200301.

Leader steps for 75 jus preceding the return stroke are shown

in figure 5.6. We counted 37 pulses in these records, which

averages to about one leader pulse every 2 /is. Again, the

return stroke radiation saturated the digitizing equipment,

consequently we cannot compare amplitudes of the pulses with

the return stroke. Another similarity with event 24200149 is

that the high frequency dE/dt signal after the return stroke

is not noticeable in the dE/dt record. Figure 5.7 shows a

nanosecond scale graph of the dE/dt recordings of the stepped

leaders starting 12 /is before the onset of the return stroke

shown in figure 5.6. Four consecutive 1.25 jus long fragments

are shown, and we can observe that two dE/dt steps included in

these records are bipolar with initial peak half widths

between 60 and 70 ns.

5.4 Chaotic Leaders

The E and dE/dt waveshapes from a leader and a return

stroke at 1.5 km are shown in figure 5.8. Event 24200266

consisted of a return stroke preceded by some chaotic leader

activity, such as that described by Weidman (1982). This

chaotic appearance was observed by Weidman (1982) on E-field

records corresponding to dart-stepped leaders, where the

stepping was present, but the fields showed large activity

between steps. Event 24200266 showed large pulses with dE/dt

amplitudes larger than one fifth of the amplitude of the
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Figure 5.7. Four consecutive 1.2 5 ¿¿s-long expanded
records corresponding to the dE/dt radiation
of step leader, pulses from event 24200301.
Records start from the top. The first
record starts 12 ¡is before the onset of the
return stroke. The distance to the flash
was 1.8 km.
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Electric.field and dE/dt record
corresponding to chaotic leader activity
from event 24200266. The distance to the
event was 1.5’km. The duration of the
record is 8 0 ¡jls. The onset of the return
stroke is at t=41 ¡jls.

Figure 5.8.
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return stroke dE/dt peak were observed sometimes as close as

2 /is from each other. Smaller pulses were observed riding on

these larger pulses and in the intervals between them. The

chaotic structure ended abruptly after the onset of the return

stroke.

A closer lightning event is shown in figure 5.9. The

distance from the lightning strike to the recording stations

was measured to be about 500 meters, based on thunder ranging.

This recording, corresponding to event 24200106, contains a

return stroke waveform which saturated the digitizing system.

The record shows 38 /is of activity preceding the return

stroke, which exhibits larger pulses with a chaotic structure.

The E-field waveshape shows pulses with characteristics

similar to those described as chaotic by Weidman (1982) . The

dE/dt record displays pulses separated sometimes by less than

1 /is during the 20 /is immediately before the onset of the

return stroke. This chaotic structure ceases abruptly after

the return stroke pulse.

Event 24200147, which from thunder ranging measurements

occurred 300 m away from the recording station, is presented

in figure 5.10. The chaotic structure is also evident in this

waveform. The activity before the return stroke consists

mainly of bipolar pulses at a rate of 1 per /is, 3 0 /is before

the return stroke, and increasing to 1.5 pulses per /is

immediately before the stroke. An expanded record is shown in

figure 5.11, which presents the 5 /is of activity right before
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Figure 5.9. Electric field and dE/dt record
corresponding to chaotic leaders from event
24200106. The distance to the flash was
500 m. The duration of the record is
80- /zs. The onset of the return stroke is
at t-39 /is.
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Electric field and dE/dt record
corresponding to chaotic leaders from event
24200147. The distance to the flash was

300 m. The duration of the record is
80- jus. The onset of the return stroke is
at t=41 jus.

Figure 5.10.
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Four consecutive 1.25 /xs-long expanded
records corresponding to the dE/dt
radiation of the chaotic leaders from event
24200147. Reóords start from the top. The
distance to the flash was 300 m.

Figure 5.11.



173

the return stroke. Each trace displays a 1.25 ¡is section.

Small high frequency oscillations can be seen riding on larger

low frequency waves with periods ranging from 500 ns to 1 jlís.

Consistent with previous records exhibiting chaotic behavior,

the latter ceases suddenly after the return stroke.

Another lightning strike at a distance of 300 meters is

presented in figure 5.12. This waveform corresponding to

event 24200260 includes 64 /¿s of activity before the return

stroke. Small pulses can be seen in the E-field record.

However, the dE/dt waveform displays large bipolar pulses,

which start about 50 y.s before the return stroke and have a

period of about 1 /¿s, increase in amplitude with time, and

abruptly stops after the return stroke. Small amplitude, high

frequency dE/dt signals, is seen riding on the slower but

larger bipolar pulses. Since the dE/dt pulse corresponding to

the return stroke saturated the digitizing equipment, we

cannot compare the amplitudes of the chaotic pulses and the

amplitude of the return stroke pulse. Additional discussion

of the chaotic leader activity, which could be caused by

radiation from a multitude of small streamers, is presented in

sections 5.9.1, 7.6.2, and 7.8.

5.5 Continuous Noise Preceding Close Lightning Strikes

A very close lightning strike is presented in figure

5.13. Event 24200148 struck ground about 150 meters away.

The chaotic structure observed in events less than 1 km away
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Figure 5.12. Electric field and dE/dt record
corresponding to the chaotic leaders from
event 24200260. The distance to the flash
was 300 m. The duration of the record is
8a Ats. The onset of the return stroke is
at t=64 jLts.

I
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Electric field and dE/dt record
corresponding to the continuous noise of
event 24200148. The distance to the flash
was 150 m. The duration of the record is
8a iss. The onset of the return stroke is
at t=48 ¡Ms.

Figure 5.13
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Four consecutive 1.25 /¿s-long expanded
records corresponding to the dE/dt
radiation of event 24200148. Records start
from the top.'' The first record starts 3.3
/¿s before the onset of the return stroke.
The distance to the event was 150 m.

Figure 5.14.
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cannot be observed here. Instead of frequent large pulses

characteristic of the chaotic behavior, a continuous high

frequency dE/dt oscillation is observed. It is possible that

step pulses were obscured by the large oscillations. The

amplitude of this high frequency oscillation increased almost

monotonically during the 48 /is from the beginning of our

record to the time of the return stroke. An expanded record

is presented in figure 5.14. Four consecutive 1.25 /is

sections are presented in this figure. We can clearly observe

the high frequency oscillations. However, no evidence was

found of large impulses which might have triggered these

oscillations if they had been caused by resonances in the

ground plane.

The closest event recorded during the experiment

conducted in 1990 was event 24200181. Thunder ranging places

the distance to this strike at about 50 meters from the

recording station. The dE/dt and numerically integrated

waveforms are shown in figure 5.15. The record contains 60 /is

of data before the return stroke. Individual pulses cannot be

observed in the numerically integrated dE/dt waveform. The

high frequency dE/dt oscillations, similar to that described

in the previous event, increase continually until the start of

the return stroke, and end immediately after the beginning of

the return stroke pulse. The origin of the continuous high

frequency oscillations, probably caused by corona discharges,

is discussed further in sections 5.9.2, 7.6.3, and 7.8.
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Figure 5.15. Electric field and dE/dt record
corresponding to the continuous noise of
event 24200181. The distance to the flash
was 50 m. The duration of the record is
8 0- /¿s. The onset of the return stroke is
at t=61 ms.
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5.6 Subsequent Strokes

A subsequent stroke from a strike 2.9 km away is shown in

figure 5.16. This dE/dt waveform, corresponding to event

24200152, exhibits several pulses before the return stroke

pulse. However, the numerically integrated dE/dt waveform

shows characteristic dart-stepped leader pulses happening at

a rate slightly lower than 1 per fis. A total of 33 pulses

were counted in the 4 0 /¿s preceding the return stroke. The

waveform following the onset of the return stroke is very

smooth compared to those of first return strokes.

Another subsequent stroke, corresponding to event

24200160, is shown in figure 5.17. The difference between the

noise before and after the return stroke is very noticeable.

Before the return stroke, a high frequency noise is present,

where individual pulses cannot be identified in the dE/dt

record. The E-field record, obtained by numerically

integrating dE/dt, exhibits very small pulses, spaced on

average 1 jus from one to another. Event 24200171 is shown in

figure 5.18. This subsequent stroke record does not exhibit

any large pulses before nor after the return stroke. A small

step that appeared 1.5 (jls before the strike had an amplitude

about one twentieth that of the return stroke pulse.

A frequency domain analysis of the records shown in this

section will be presented in Chapter 6.
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Electric field and dE/dt record
corresponding to subsequent stroke 24200152.
The distance to the flash was 2.9 km. The
duration of the record is 8 0 /us. The onset
of the return stroke is at t=40 jlis.

Figure 5.16.
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corresponding to subsequent stroke 24200160.
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of the return stroke is at t=40 jus.

Figure 5.17.
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5.7 Hiah-Freauencv Radiation Associated with Return Strokes

Brook and Kitagawa (1964) reported a delay between 60 to

100 ¿us between the start of a return stroke and the occurrence

of large RF radiation. They also reported that strong VHF

radiation preceded subsequent strokes, but ceased 50 to 150 /¿s

before the start of the stroke. Takagi (1969), based on

measurements at 60, 150, and 420 MHz, reported radiation

starting between 5 and 500 jus after the onset of the return

stroke. Le Vine and Krider (1977) mentioned that largest RF

radiation occurs tens of microseconds after the onset of the

return stroke. Brook and Kitagawa (1964) suggested that the

occurrence of radiation 60 to 100 /lcs after the start of the

return stroke was caused by the electrical breakdown of air in

the cloud at the top of the lightning channel. They concluded

that the source of HF radiation was primarily associated with

streamer formation in the cloud. Le Vine and Krider (1977)

suggested that branches were the primary sources of RF

radiation just after first return strokes. Le Vine et al.

(1986) explained the delay in the occurrence of the RF

radiation after the return stroke in the context of

conventional transmission line theory. They showed that the

effect of the earth is to predominantly attenuate RF radiation

originating from points close to the ground, therefore

preventing the RF radiation from1 being detected until several

microseconds later when the radiation is emanating from a

point higher on the channel. Cooray and Lundquist (1983) also
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studied the effects of propagation on the attenuation of RF

radiation from return strokes. They showed the dependance of

rise times and attenuation of the initial peaks for different

distances and ground conductivities.

We recorded wideband dE/dt from return strokes at

distances between 150 m and 9 km. These data were used to

test if the RF radiation from close lightning discharges

occurred along with the onset of the return stroke, or if

there was a delay between the start of the return stroke and

the peak RF radiation. The dE/dt return stroke and step

leader data collected on day 242 were digitally bandpass

filtered to simulate receivers at several frequencies between

2 and 20 MHz. The amplitude at the output of the receivers

was then measured to determine the time when the largest RF

radiation occurred. The result of subjecting some of the

dE/dt waveforms described in section 5.1 to this analysis is

shown in the following figures.

Figure 5.19 shows the output of a digitally simulated

receiver centered at 10 MHz with a 2 MHz bandwidth when event

24200018 is used for excitation. This event was a first

return stroke at a distance of 5.5 km. The figure shows the

dE/dt waveform and the envelope of the radiation at 10 MHz.

Large HF radiation pulses can be seen at 15, 22 and 25 /¿s

after the onset of the return stroke.

Event 24200149, which struck ground 7.5 km, away

exhibited its largest radiation at 10 MHz during the stepped
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Figure 5.19. Output of a digitally simulated envelope
detector receiver centered at 10 MHz with a

2-MHz bandwidth. The response is to an
excitation by return stroke 24200018. Also
shown is the corresponding wideband dE/dt
record. The onset of the return stroke is
at t=30 ¡is.
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Figure 5.20. Output of a digitally simulated envelope
detector receiver centered at 10 MHz with a

2 MHz bandwidth. The response is to an
excitation by stepped leaders from flash
24200149. Alsó shown is the corresponding
wideband dE/dt record.
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Figure 5.21. Output of a digitally simulated envelope
detector receiver centered at 10 MHz with a

2 MHz bandwidth. The response is to an
excitation by the chaotic leader activity
preceding flash 24200260. The onset of the
return stroke is at t=54 ¡is. Also shown is
the corresponding wideband dE/dt record.
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leader region, as shown in figure 5.20. Similar results were

observed for the chaotic behavior region of event 24200260,

where the strongest radiation at 10 MHz occurred before the

return stroke as shown in figure 5.21. The HF radiation was

observed to be very impulsive, and coincidental with the dE/dt

pulses.

The waveform corresponding to the dE/dt activity

preceding the onset of the return stroke of event 24200148,

which struck at a distance of 150 m, resembled very high

frequency noise with amplitude increasing monotonically with

time. When this record was bandpass filtered at 10 MHz, we

obtained the waveform displayed on figure 5.22. The 10 MHz

envelope continued to increase in amplitude with time, however

some lower frequency pulsing, about one pulse per jus, was

noticeable in the 10 MHz envelope waveform. We found in

section 4.6 that the impulsive behavior observed in narrowband

receivers can be caused by the rapid variations of the

spectral components of the wideband signal. The HF radiation

produced by this flash ceased rapidly after the return stroke.

In order to determine when the occurrence of HF radiation

peaked, 33 return stroke waveforms from lightning at known

distances were used as sources for receivers centered at

frequencies ranging from 2 to 20 MHz. These digital receivers

were designed to have a 2 MHz bandwidth, and they had

identical characteristics except for their center frequency.

The 33 events were divided into four groups, according to the
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Figure 5.22. Output of a digitally simulated envelope
detector receiver centered at 10 MHz with a

2 MHz bandwidth. The response is to an
excitation by the continuous dE/dt
oscillations preceding flash 24200148. The
onset of the return stroke is at t=39 ¡is.
Also shown is the corresponding wideband
dE/dt record.
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Figure 5-23. Average energy at the output of 2-MHz wide
receivers centered at 10 and 12 MHz. The

output is a result of the excitation of the
receivers with cloud-to-ground dE/dt
radiation from’flashes at distances between
2.5 and 5 km. The return stroke occurred at
t=3 0 ¡is.
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Figure 5.24. Average energy at the output of 2-MHz wide
receivers centered at 10 and 12 MHz. The
output is a result of the excitation of the
receivers with, cloud-to-ground dE/dt
radiation from''flashes at distances between
50.~m and 2.5 km. The return stroke occurred
at t=3 0 ns.
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distance from the striking point to the measuring station.

The first group consisted of events at distances smaller than

2.5 km. The second group contained records from strikes

between 2.5 and 5 km. Group III included strikes at distances

between 5 and 7 km, and the last group consisted of strikes at

distances between 7 and 9 km. Figure 5.23 shows the average

energy at the output of three receivers centered at 10 and 12

MHz for the second group of return stroke records. Each

receiver output plot includes 30 jus before the onset of the

return stroke, and 100 jlís following it, for a total duration

of 130 /its. At 10 MHz, the maximum HF energy occurs about 20

Ms after the return stroke. At 12 MHz, large HF radiation is

present from 3 /¿s through 25 ys after the time of the strike.

The analysis, when repeated on the close lightning strikes

included in the first group, always shows the maximum average

energy concentrated at the time of the return stroke, as

depicted in figure 5.24. HF radiation persists for a few tens

of microseconds after the return stroke, although the energy

content is smaller in relation to the energy at the time of

the return stroke. Similar results were obtained for strikes

in groups III and IV, that is, on lightning strikes at

distances between 5 and 9 km. In general, the HF radiation

persisted for a few tens of microseconds following the start

of the return stroke for records'in all four groups. However,

we found that in most cases, the maximum HF energy is

contained in times within 1 ns of the onset of the return
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stroke. This is a misleading result caused by the averaging

of receiver outputs from several receivers. All outputs

contain some energy at the exact time of the return stroke.

Therefore, once they are averaged, this energy appears to be

much larger than the average of HF radiation of almost random

occurrence which happens after the return stroke. This

happens even though in individual events this latter HF

radiation can be larger than the HF radiation produced at the

onset of the return stroke. To circumvent this problem,

another set of graphs was generated where the energy 1.5 jus

before and 1.5 ¡is after the onset the return stroke was masked

out.

Figures 5.25 through 5.28 show the HF radiation at 6, 8

and 10 MHz for strikes in groups I, II, III, and IV

respectively. The very close lightning strikes of group I

exhibited a peak in the HF radiation about 12 jus after the

return stroke, while this HF radiation was measurable for a

total time of about 40 jlis. For events in group II, the

maximum HF energy peaked about 20 jus after the stroke and also

lasted for several tens of jus, as shown in figure 5.26. HF

radiation from events included in groups III and IV also

lasted several tens of microseconds, as illustrated in figures

5.27 and 5.28.

In our analysis of individual events, we have observed

that the HF radiation sometimes reaches its maximum a few tens

of microseconds after the return stroke, while in some cases
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Figure 5.25. Average energy at the output of 2-MHz wide
receivers centered at 6, 8, and 10 MHz. The
output is a result of the excitation of the
receivers with cloud-to-ground dE/dt
radiation from flashes at distances between
50 m and 2.5 km. The energy 1.5 ¡is before
and after the dnset of the return stroke was

marked. The return stroke occurred at t=30
lis.
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Figure 5.26. Average energy at the output of 2-MHz wide
receivers centered at 6, 8, and 10 MHz. The
output is a result of the excitation of the
receivers with cloud-to-ground dE/dt
radiation from flashes at distances between
2.5 and 5 km. The energy 1.5 /¿s before and
after the onset of the return stroke was
masked. The return stroke occurred at t=30
jUS .
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Figure 5.27. Average energy at the output of 2-MHz wide
receivers centered at 6, 8, and 10 MHz. The
output is a result of the excitation of the
receivers with cloud-to-ground dE/dt
radiation from flashes at distances between
5 and 7 km. The energy 1.5 ¡jls before and
after the onset of the return stroke was

masked. The return stroke occurred at t=30

/xs.
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Figure 5.28. Average energy at the output of 2-MHz wide
receivers centered at 6, 8, and 10 MHz. The
output is a result of the excitation of the
receivers with cloud-to-ground dE/dt
radiation from flashes at distances between
7 and 9 km. The energy 1.5 fj.s before and
after the onset of the return stroke was

masked. The return stroke occurred at t=30
¡JLS .
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it completely disappears immediately after the strike. For

lightning strikes at distances closer than 500 m, we found

that the main source of HF radiation is in the chaotic noise

preceding the return stroke. In Chapter 6, we will present a

frequency analysis of the waveforms studied in this chapter.

5.8 Effects of HF Attenuation on a Baseband TOA System

The characteristics of the dE/dt record corresponding to

a return stroke can be affected by the frequency response of

the system used to measure it. The maximum dE/dt amplitude

and its time of occurrence can vary when the signal loses some

of its higher frequency components due to attenuation caused

by propagation over an imperfectly conducting ground. This

could pose a serious problem when multiple receiving stations

are used to simultaneously measure the wideband dE/dt

radiation, as is the case of a time-of-arrival system. In the

case of a TOA system, receivers spaced several kilometers from

each other are used to measure either E-fields or dE/dt

radiation. The time of arrival of this radiation at each

station is measured, and then based on the differences in

these times, the location of the source of the radiation is

determined. In order to find the differences in the time of

arrival, a common feature must be identified in each record

corresponding to each measuring'station. The fastest way is

to measure the time of occurrence of the peak of the largest
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pulse, since this is a simple operation that can be conducted

in real-time.

We analyzed the effect that lowpass filtering would have

on the estimation of the time of occurrence of the largest

dE/dt pulse, using the return stroke waveforms recorded on day

242 as sources for the simulation. Each return stroke

waveform was lowpass filtered at different cutoff frequencies

and the point of occurrence of the maximum dE/dt pulse along

with its amplitude were recorded.

Table 5.2 presents a summary of the effect of lowpass

filtering on event 24200018. The attenuation of the filter

was 50 dB at a frequency 10% higher than the nominal lowpass

frequency. The exception was at frequencies under 5 MHz,

where the 50 dB attenuation was achieved at 500 kHz above the

nominal lowpass frequency. The peak amplitude of the dE/dt

pulse dropped 3 dB when the signal was filtered with a 2 MHz

lowpass filter. This is an indication that this waveform had

smaller high frequency components, since otherwise the drop in

amplitude would have occurred when using a lowpass filter at

a much higher cutoff frequency. The effect of the filtering

on the measuring of the time of arrival of the peak dE/dt was

less than 7.5 ns even when the return stroke signal was

filtered down to 3 MHz. This indicates that if the TOA system

was capable of receiving signals from all stations with a

bandwidth larger than 3 MHz, the outcome of the estimation of

the time of arrival would have been within 7.5 ns, providing
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Table 5.2. Peak dE/dt values obtained when filtering
the wideband record of flash 24200018.
The amplitude and time errors are computed
using the time of occurrence of the peak
and the peak dE/dt amplitude at 140 MHz
lowpass as a reference.

Cutoff Free. Max, value Max, point Amplitude Time error

(V/m/jus) (2.5ns/pnt) (rel.to 140 MHz)

[ns]

1 MHZ 229 1959 0.35 67.5
2 MHz 441 1981 0.69 12.5
3 MHZ 520 1986 0.82 0

4 MHZ 591 1989 0.93 7.5
5 MHZ 610 1988 0.96 5.0
6 MHz 627 1988 0.98 5.0

7 MHz 632 1988 0.99 5.0

8 MHZ 635 1988 1.00 5.0
9 MHZ 632 1987 0.99 2.5

10 MHz 631 1987 0.99 2.5

12 MHz 628 1987 0.99 2.5
15 MHz 626 1987 0.98 2.5
18 MHz 624 1987 0.98 2.5
20 MHz 623 1987 0.98 2.5
25 MHz 626 1988 0.98 5.0
30 MHz 625 1988 0.98 5.0

35 MHZ 624 1989 0.98 7.5
40 MHz 628 1988 0.99 5.0

45 MHz 628 1988 0.99 5.0
50 MHZ 631 1988 0.99 5.0
60 MHZ 633 1987 0.99 2.5
70 MHz 634 1987 1.00 2.5
80 MHZ 629 1989 0.99 7.5
90 MHz 641 1986 1.01 0

100 MHz 640 1986 1.00 0

110 MHz 636 1986 1.00 0

120 MHZ 636 1986 1.00 0
130 MHz 638 1986 1.00 0

140 .MHz 637 1986 1.00 0
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that the return stroke signal did not lose frequency

components at and below 3 MHz due to propagation effects. A

similar analysis was carried out on event 24200026. In this

case, the -3 dB frequency was reached at 4 MHz, as presented

in Table 5.3. The difference in the time of occurrence of the

peak was smaller than 15 ns even when the signal was filtered

down to 7 MHz. Even at 1 MHz, the error was only 67.5 ns. We

should point out that the effective lowpass filtering caused

by propagation effects is not necessarily as sharp as the

filters we used.

A problem can arise when measuring events that contain

several impulses, such as stepped leaders. Table 5.4 presents

the results of filtering event 24200149, which contained

several impulses, some of those with comparable amplitudes.

Between 20 and 25 MHz, the maximum dE/dt amplitude switched

from one pulse to another, causing an abrupt change in the

estimation of the time of occurrence of the largest dE/dt

pulse. Although the relative differences in the time of

occurrence of the largest pulse were smaller than 30 ns in

both the 3-20 and 25-140 MHz ranges, identifying the incorrect

pulse would result in a large error in the location of the

source. Even though different receivers can be build to have

the same characteristics, lowpass filtering caused by

propagation effects can result "in the identification of the

incorrect peak pulse.
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Table 5.3. Peak dE/dt values obtained after filtering
the wideband record of flash 24200026.
The amplitude and time errors are computed
using the time of occurrence of the peak
and the peak dE/dt amplitude at 140 MHz
lowpass as a reference.

Cutoff Free. Max, value Max, point Amplitude Time error

(V/m//xs) (2.5ns/pnt) (relative to 140 MHz)

1 MHz 252 1972 0.31 -127.5
2 MHz 403 2002 0.50 -52.5
3 MHz 449 2007 0.56 -40.0
4 MHZ 563 2011 0.70 -30.0
5 MHz 622 2012 0.78 -27.5
6 MHz 686 2015 0.86 -20.0
7 MHz 717 2017 0.90 -15.0
8 MHZ 749 2019 0.94 -10.0
9 MHz 758 2019 0.95 -10.0

10 MHZ 761 2019 0.95 -10.0
12 MHz 760 2019 0.95 -10.0
15 MHZ 759 2019 0.95 -10.0
18 MHz 760 2019 0.95 -10.0
20 MHz 762 2019 0.95 -10.0

25 MHZ 764 2019 0.95 -10.0
30 MHZ 765 2019 0.95 -10.0
35 MHz 764 2019 0.95 -10.0
40 MHz 763 2019 0.95 -10.0

45 MHz 762 2020 0.95 -7.5
50 MHz 762 2019 0.95 -10.0
60 MHz 759 2017 0.95 -15.0
70 MHz 766 2017 0.96 -15.0
80 MHz 763 2018 0.95 -12.5
90 MHZ 791 2018 0.99 -12.5

100 MHZ 789 2023 0.99 0

110 MHZ 802 2023 1.00 0

120 MHZ 807 2023 1.01 0

130 MHz 806 2023 1.01 0

140 MHz 801 2023 1.00 0
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Table 5.4. Peak dE/dt values obtained after filtering
the wideband record of flash 24200149.
The amplitude and time errors are computed
using the time of occurrence of the peak
and the peak dE/dt amplitude at 140 MHz
lowpass as a reference.

Cutoff Free. Max, value Max, point Amplitude Time error

(V/m/^s) (2.5ns/pnt)(relative to 140 MHz)

1 MHz 90 4717 0.18 6488

2 MHZ 188 4744 0.38 6555

3 MHZ 221 4748 0.44 6565

4 MHz 258 4750 0.52 6570

5 MHZ 273 4751 0.54 6573
6 MHz 282 4750 0.56 6570

7 MHz 290 4749 0.58 6568

8 MHz 308 4746 0.62 6560

9 MHz 320 4746 0.54 6560

10 MHz 327 4746 0.65 6560

12 MHz 340 4745 0.68 6558

15 MHz 340 4744 0.68 6555

18 MHZ 343 4742 0.69 6550

20 MHZ 352 4741 0.70 6548

25 MHz 415 2121 0.83 -2.5

30 MHZ 461 2122 0.92 0

35 MHz 475 2122 0.95 0

40 MHz 482 2122 0.96 0

45 MHz 489 2122 0.98 0

50 MHz 492 2122 0.98 0

60 MHZ 497 2122 1.00 0

70 MHZ 502 2122 1.00 0

80 MHz 502 2122 1.00 0

90 MHZ 496 2122 0.99 0

100 MHZ 501 2122 1.00 0

110 MHz 498 2122 1.00 0

120 MHZ 498 2122 1.00 0

130 MHz 500 2122 1.00 0

140 MHZ 500 2122 1.00 0
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5.9 Discussion

We have analyzed dE/dt and E-field radiation occurring

several tens of microseconds before and after return strokes.

Lightning flashes striking at distances between 50 m and 9 km

were studied and the most interesting results were described.

5.9.1 Chaotic Leaders

Weidman (1982) mentioned the occurrence of chaotic

leaders on a flash occurring at a distance between 1.5 and 2

km, whereas we have observed them at distances closer than 500

m. Our measurements indicate that for lightning at distances

longer than 1 km, leader pulses occurred at intervals between

5 and 20 ¡J.s. However, closer lightning events did not exhibit

regular stepping. Willett et al. (1989) pointed out that the

pronounced noise preceding the main peak of the dE/dt waveform

is a characteristic feature of the chaotic leader.

We have not seen any evidence of chaotic behavior on

lightning striking at distances greater than 2 kilometers

away. However, we have established that the chaotic noise

increased as the distance to the lightning strike decreased,

turning into a continuous high frequency noise for lightning

strikes within a few hundred meters. We believe that the

chaotic noise could be caused by very small radiators,

possibly upward going streamers. This radiation from a

multitude of small streamers could add to significant and

measurable values when occurring near the measuring station,

while being undetectable and obscured by larger radiators,
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such as the stepped leader themselves, when measured at

greater distances. The continuous noise-like signal measured

on strikes closer than a few hundred meters away could be

caused by corona discharges from objects in the ground, such

as trees or the ground plane. Radiation from individual

corona points could add together and cause the noise-like

waveforms. Further discussion is presented in section 7.8.

5.9.2 HF Noise After Return Strokes

The occurrence of HF radiation after the return stroke

was also investigated in section 5.3. Le Vine and Krider

(1977) presented results that show a delay between the onset

of the return stroke and the time when the HF reached it

maximum value. They noted that at 3 MHz, the HF radiation was

present during both the stepped leader and the return stroke,

having its largest amplitude after the stroke. They noted

that large HF radiation happened tens of microseconds after

the return stroke. In our analysis we were not able to

simulate the behavior of the HF radiation at frequencies above

20 MHz, since usually the radiation at these frequencies was

close to the noise level. However, simulation of receivers at

frequencies between 2 and 20 MHz indicates that there is a

delay between the onset of the return stroke and the time when

the HF radiation reaches its maximum value, this fact being

true even for close lightning strikes a few kilometers away.

Furthermore, we have found that this radiation persisted for

several tens of microseconds after it reaches its peak value.



206

Our results agree with those presented by Le Vine and Krider

(1977) as far as the delayed occurrence of HF noise after the

start of the return stroke. Several researchers (e.g., Le

Vine et al., 1986; Cooray and Lundquist, 1983) have attributed

this delay to propagation effects. Our measurements conducted

on lightning striking at distances closer than 2.5 km have

also shown a delay between the onset of the return stroke and

the occurrence of the maximum HF radiation. We believe our

data were not subject to extreme attenuation, especially since

the propagation path was either over salt water or over a salt

marsh with conductivity close to that of salt water. We

conclude that the absence of strong RF radiation immediately

after the return stroke is an inherent characteristic of

return strokes, and not exclusively a consequence of

attenuation due to propagation. Brook and Kitagawa (1964)

suggested there was a delay of 60 to 100 [is between the onset

of the return stroke and the occurrence of UHF radiation.

Since we were not able to measure UHF frequencies, we can not

verify their assertion. It is possible that radiation at UHF

frequencies starts earlier than the 60-100 ¡jls mentioned in

their paper, but attenuation of high frequencies radiating

from a channel so close to the ground were severely attenuated

as compared to radiation emanating from a higher section of

the lightning channel.
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5.9.3 Effects of HF Attenuation on a TOA System

The effects of the frequency response of the measuring

system was related to the effectiveness in locating the

sources of radiation produced by return strokes using a

wideband electric field time-of-arrival system. An analysis

of the occurrence of peak dE/dt radiation was done by

simulating different lowpass cutoff frequencies on wideband

dE/dt records. Since a TOA system uses stations located

several kilometers apart from each other, the same signals

arriving at them can have different characteristics when the

propagation paths are different. High frequency components

will be attenuated faster than lower frequencies, especially

when the propagation is over a poorly conductive ground. This

signal degradation could cause variations in the estimation of

the real time of arrival, therefore introducing errors in the

location of sources. Our analysis suggests that for cloud-to-

ground activity, the errors in the estimation of the time

where the peak value occurs becomes significant when the

cloud-to-ground radiation is subject to filtering below a few

MHz. Based on data we analyzed, a baseband TOA system should

have a bandwidth of at least 7 MHz to minimize errors in the

estimation of the time where the peak dE/dt occurs.

The existing literature describes the use of VHP

receivers in TOA systems (e.g., Proctor, 1971; Proctor, 1981;

Proctor et al., 1988). However, the use of baseband dE/dt

records is not documented in the published literature. In a
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related experiment currently under way, we have installed a

TOA system which operates on either electric field or dE/dt

waveforms. Results obtained in this analysis will assist us

in optimizing the response of our baseband receivers and

telemetry links so that timing errors can be minimized.



CHAPTER 6
FREQUENCY DOMAIN ANALYSIS

This chapter describes the frequency domain analysis

performed on the narrow bipolar pulses obtained in 1989 and

1990 and on the cloud-to-ground activity recorded on day 242,

1990. Examples of simulated data will also be presented to

help illustrate the procedures used for the analysis.

6.1 Theory

This chapter presents the frequency spectra of bipolar

pulses found in two different ways: 1) Using Fast Fourier

Transforms (FFT) and 2) Using narrowband receivers to estimate

the spectrum. Since records of cloud-to-ground activity were

found to drop into the noise level of the recording system at

frequencies in the 20-30 MHz range, estimation of the

frequency spectra using narrowband receivers was not attempted

for those processes. Only FFT results are presented for the

leaders and return stroke waveforms.

6.1.1 Fast Fourier Transform

FFT's have been widely used by researchers. Serhan et

al. (1980) presented spectra up to several hundred kHz for

return strokes obtained from performing FFT's on wideband

electric field records. A subsequent paper by'Preta et al.

209
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(1985) presented some corrections on the results published by

Serhan et al. (1980). Weidman et al. (1981) obtained spectra

for stepped leaders and return strokes also using FFT's on

wideband records. Their spectra covered the interval from 100

kHz to 20 MHz. Similar studies using fast Fourier transforms

have been reported by Willett et al. (1990).

Given a finite time series x(n) , its spectrum X(k) is

given by:

N-1

X{k)=^x(n)
n=o

where

-jJJL
WN=e N

and the frequency is given by:

where N is the number of samples and fs is the sampling

frequency.

6.1.2 Spectrum Using Narrowband Receivers

Signals recorded from the output of narrowband receivers

have been used over the past several decades to estimate the

frequency spectrum of lightning. Different approaches have

been taken, depending on assumptions made by researchers
"■i

regarding the physical characteristics of the RF radiation

under study. An analysis by Le Vine (1977) concluded that
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the magnitude of the spectrum of the electric field at a

frequency f0 could be found by:

where ep is the peak value of the signal out of the receiver,
B is the bandwidth of the receiver, and G is the gain of the

system. This equation applies only when the time between

pulses is long compared to the impulse response of the system.

That is, if individual pulses overlap, the equation does not

hold true anymore. The other special case considered by Le

Vine was when the input signal is a noise like, random

process. That is, the signal consists of pulses of random

amplitude and random arrival times. In this case, the

magnitude of the spectrum can be found from the RMS value of

the output signal divided by the square root of the bandwidth

and twice the system gain:

r

2G-jB

where 2T is the total duration of the waveform under analysis.

Narrowband receivers were generated and frequency

spectra, using our data as a source signal, were estimated

using the two equations just described. Two different'

i

receiver bandwidths-were selected: l and 5 MHz, with center

frequencies between 10 and 145 MHz, in 1 MHz increments. The



212

resulting narrowband spectra will be compared with the

frequency spectra obtained using Fourier transforms on the

wideband signals.

6.2 Testing of the Simulated Narrowband Receivers

The operations described in section 6.1.2 were tested

with impulses and with random signals. The spectra were

computed using FFT's and narrowband receivers, while assuming

that the test signals were sampled at a 400 MS/s rate. Five

test signals were generated, as follows:

a) Single unit impulse,

b) A few random amplitude, random location impulses,

c) Several random amplitude, random location impulses,

d) Random noise, and

e) White Gaussian noise.

The five test waveforms are shown in figure 6.1. Fast

Fourier transforms and narrowband estimations of the frequency

spectrum were calculated for frequencies ranging from 10 MHz

to 145 MHz for each test waveform. Figure 6.2 shows the

results of performing an FFT operation on the single unit

impulse test waveform. Figure 6.3 shows the frequency spectra

estimated from the output of the narrow band receivers. Both

figures 6.2 and 6.3 present the results using a linear

frequency axis and a logarithmic amplitude axis.

Analyzing the resulting frequency spectra obtained for

the single unit impulse, we observe that both 1 MHz and 5 MHz
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Figure 6.1. Test signals used to test the digitally
simulated narrowband receivers, (a) Single
unit impulse, (b) a few random amplitude,
random location pulses, (c) several random
amplitude, random location pulses, (d) random
noise, (e) white gaussian noise.
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Fast Fourier transform of the test signal
shown in figure 6.1 (a).

Figure 6.2
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Figure 6.3. Frequency analysis performed on a test
waveform consisting of the single unit
impulse shown in figure 6.1(a).
(a) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW normalization.
(b) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW05 normalization.
(c) Amplitude spectra obtained by using 5-MHz
wide receivers, 1/BW normalization.
(d) Amplitude sp'ectra obtained by using 5-MHz
wide- receivers, 1/BW05 normalization.
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wide receivers gave the correct result within a fraction of a

dB when the normalization was done as 1/BW. The theoretical

result would have been a uniform spectrum at a level of -172.5

dB. However, when the normalization was done as 1/(BW)05 the

1 MHz wide receiver produced a spectrum about 4 dB below

expected, and the spectrum estimated with the 5 MHz wide

receiver resulted in a difference of about 2.5 dB. These

results corroborate the theoretical estimations presented

earlier, where for a single impulse, its frequency spectrum

can be estimated from the peak amplitude of the impulse

response of the receiver.

In a similar way, figures 6.4 and 6.5 illustrate the

results of the operation performed on the second waveform,

while figures 6.6 and 6.7 shows the spectra computed for the

third test waveform. For the case of the few isolated

impulses of the second test waveform, the spectrum estimated

using the peak amplitude of the receiver's output was about 1

dB below the spectrum obtained with the FFT. The spectrum

obtained using the RMS method was about 3 dB below that of the

FFT when using the 1 MHz wide receiver, and about 1.5 dB below

when using the 5 MHz wide receiver. The results for the third

test waveform, which had a larger number of impulses, showed

that when compared to the spectrum obtained with FFT's, the

estimation obtained with the peak amplitude method was between

7 and 8 dB below. When compared with the spectrum obtained by

using the RMS method, the later was close to 3 dB below the
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Test signal 2

-164.034

Figure 6.4. Fast Fourier transform of the test signal
shown in figure "6.1 (b) .
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Figure 6.5. Frequency analysis performed on a test
waveform consisting of a few impulses as
shown in figure 6.1(b).
(a) Amplitude spectra obtained by using
1-MHz wide receivers, 1/BW normalization.
(b) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW05 normalization.
(c) Amplitude spectra obtained by using 5-MHz
wide receivers, 1/BW normalization.
(d) Amplitude sp'ectra obtained by using 5-MHz
wide, receivers, 1/BW05 normalization.
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Fast Fourier transform of the test signal
shown in figure 6.1 (c).

Figure 6.6.
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Figure 6.7. Frequency analysis performed on a test
waveform consisting of several impulses as
shown in figure 6.1(c).
(a) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW normalization.
(b) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW0,5 normalization.
(c) Amplitude spectra obtained by using 5-MHz
wide receivers, 1/BW normalization.
(d) Amplitude sp'ectra obtained by using 5-MHz
wide- receivers, 1/BW05 normalization.
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spectrum found using a FFT. This shows that the results

obtained with the peak amplitude method deteriorate rapidly

when the excitation input is not narrower than the impulse

response of the receivers. On the other hand, results

obtained with the RMS method seem to be close to those

obtained with the use of FFT's.

The tests conducted using random and white Gaussian noise

showed that the RMS method gave results which were between 1

to 3 dB of those obtained performing fast Fourier transforms.

However, results obtained with the peak amplitude method were

as far off as 12 to 15 dB. These results are shown in figures

6.8 and 6.9 for the random noise test waveform, and figures

6.10 and 6.11 for the Gaussian noise waveform.

6.3 Narrow Bipolar Pulses

Frequency spectra were calculated for the 99 narrow

bipolar pulses analyzed from day 259. The frequency spectra

were calculated by using FFT analysis and by using simulated

narrowband receivers as described in section 6.1.

6.3.1 Broadband Spectrum

When we calculate the transform of a signal where the

observation window is of finite duration, the spectrum that

results is the convolution of the transform of the signal with

the transform of the observation window. The resulting

spectrum shows leaks into adjacent frequencies due to the

sidelobes of the transform of the observation window. A
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Figure 6.8 Fast Fourier transform of the test signal
shown in figure 6.1 (d).
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Figure 6.9. Frequency analysis performed on a test
waveform consisting of the random noise shown
in figure 6.1(d).
(a) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW normalization.
(b) Amplitude spectra obtained by using 1-MHz
wide receivers, 1/BW05 normalization.
(c) Amplitude spectra obtained by using 5-MHz
wide receivers, 1/BW normalization.
(d) Amplitude sp'ectra obtained by using 5-MHz
wide, receivers, 1/BW05 normalization.
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Test signal 5
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Figure 6.10. Fast Fourier transform of the test signal
shown in figure 6.1 (e).
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Figure 6.11. Frequency analysis performed on a test
waveform consisting of the Gaussian noise
shown in figure 6.1(e).
(a) Amplitude spectra obtained by using 1-
MHz wide receivers, 1/BW normalization.
(b) Amplitude spectra obtained by using 1-
MHz wide receivers, 1/BW05 normalization.
(c) Amplitude spectra obtained by using 5-
MHz wide receivers, 1/BW normalization.
(d) Amplitude spectra obtained by using 5-
MHz- wide receivers, 1/BW05 normalization.
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rectangular window has relatively large sidelobes. Several

windows are commonly used in digital signal processing to

smooth the edges of the sampled waveforms. We chose to use a

Hamming window for our analysis. This window is defined by:

w(n) = 0.54 + (0.46) cos (2nn/N) , i n¡ s {N-1) /2

w(n) = 0 , otherwise

The FFT analysis was performed on the numerically

integrated dE/dt records. FFT spectra records for each of the

five narrow bipolar pulses that we are studying in detail are

shown in figures 6.12 through 6.16. Each figure shows the

spectrum obtained by performing an FFT on a 10 /¿s long

numerically integrated dE/dt record, and the spectrum of the

background and digitizing noise. Comparing both spectra

assures us that the results we obtained are real and not a

consequence of the analysis of noise. The spectra of all five

pulses decrease rapidly after about 150 MHz, due to the

limited frequency response of the recording system, while

frequencies at 125 MHz are attenuated by -6 dB as they pass

across the fiber optic link, the amplifiers and the digitizing

system.

Willett et al. (1989) presented power spectra for narrow

bipolar pulses originating at a thunderstorm possibly located

about 45 kilometers away over' the ocean. Their spectra

dropped as 1/f, becoming flat after 20 MHz. They attributed

the flattening of the spectrum above 20 MHz to the effects of
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Too trace: 259AB076.FR1 Botton trace: noise level

20 30
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Figure 6.12. Fast Fourier transform of narrow bipolar
pulse 25900076. Also shown is the amplitude
spectrum of the background and digitizing
noise.
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Top trace: 259AB444.FR1 Botton trace: noise level
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Figure 6.13. Fast Fourier transform of narrow bipolar
pulse 25900444. Also shown is the amplitude
spectrum of the background and digitizing
noise.
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Top trace: 259AB534.FR1 Botton trace: noise leve1

20
Frequency

200

Figure 6.14. Fast Fourier transform of narrow bipolar
pulse 2590053,4. Also shown is the amplitude
spectrum of the background and digitizing
noise.
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Top trace: 259AB594.FR1 Bottcm trace: noise level

20

Frequency
200

Figure 6.15. Fast Fourier transform of narrow bipolar
pulse 25900594." Also shown is the amplitude
spectrum of the background and digitizing
noise.
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Top t race 259AB709.FR1 Botton trace: noise level

20
Frequency

200

Fast Fourier transform of narrow bipolar
pulse 25900709." Also shown is the amplitude
spectrum of the background and digitizing
noise.

Figure 6.16.
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aliasing, and not to the effects of reaching the noise level

of the system.

The spectra of all five pulses we have analyzed in detail

drop at a rate of close to 1/f for frequencies up to almost

100 MHz. Event 25900076 dropped at a rate closely following

1/f up to 80 MHz, and decreased abruptly at 120 MHz. Event

25900444 dropped as 1/f up to the -6 dB point of our system,

125 MHz. This is a significant increase in the frequency

range covered as compared to previously published literature.

The spectrum for this event exhibited a 10 dB dip at around 40

MHz. The spectrum of event 25900534 dropped at a rate close

to 1/f up to 20 MHz, became flat between 20 and 55 MHz,

presented a sharp dip at 55 MHz, and continued to drop as l/f

until about 120 MHz. The spectrum of pulse 25900594 followed

a 1/f decrease up to about 110 MHz, and dropped faster above

that frequency. The spectrum of pulse 25900709 dropped at a

rate slightly lower than 1/f up to 140 MHz.

In order to analyze the possibility that the frequency

spectra obtained by Willett et al. (1989) had been compromised

by aliasing during the digitizing of the bipolar pulses, as

they stated, we decimated our data by a factor of four to

simulate an effective sampling rate of 100 MS/s instead of 400

MS/s. Since we had found frequency components extending up to

close to 150 MHz, the decimation'in time will definitely cause

aliasing on the frequency spectrum of the decimated signals.
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This operation was performed by using the data from only one

of the four channels used for digitizing.

Frequency spectra were obtained by performing FFT's on

the numerically integrated, 100 MHz-sampled dE/dt waveforms.

The resulting spectra of the decimated waveforms are shown in

figures 6.17 through 6.21. Because of the introduction of

aliasing components, the resulting spectra tended to increase

as we approached the new Nyquist frequency of 50 MHz. The

spectra of pulses 25900076 and 25900709 became essentially

flat at about 22 MHz, and started to increase slightly above

42 MHz. The spectra of pulses 25900444 and 25900594 decreased

up to about 40 MHz, and became flat above that frequency.

Event 25900534 became essentially flat at 6 MHz. These

results are consistent with the spectrum obtained by Willett

et al. (1989) .

6.3.2 Spectrum Errors Using Narrowband Receivers

The narrowband receivers described in section 6.1.2 and

tested in section 6.2 were used to estimate the frequency

spectrum of the bipolar pulses. Normalization was done by

using either a 1/BW or a 1/(BW)05 relationship. This operation

was executed on the five narrow bipolar pulse waveforms

analyzed in this thesis, and the results are presented in

figures 6.22 through 6.26. The four traces on each graph

display the frequency spectra from 10 to 145 MHz. From top to

bottom are shown:
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2591a076.bec

Figure 6.17. Amplitude spectra obtained by performing a
fast Fourier transform on the decimated-by-
four wideband record of event 25900076.
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2591a444.bec

Figure 6.18. Amplitude spectra obtained by performing a
fast Fourier transform on the decimated-by-
four wideband record of event 25900444.
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2591a534.bec

Figure 6.19. Amplitude spectra obtained by performing a
fast Fourier transform on the decimated-by-
four wideband record of event 25900534.
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2591a594.bee

Figure 6.20, Amplitude spectra obtained by performing a
fast Fourier transform on the decimated-by-
four wideband record of event 25900594.
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2591a709.bec

Figure 6-21. Amplitude spectra obtained by performing a
fast Fourier transform on the decimated-by-
four wideband record of event 25900709.
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Figure 6.22. Frequency analysis performed on event
25900076. (a) Amplitude spectra obtained by
using 1-MHz wide receivers, 1/BW
normalization, (b) Amplitude spectra
obtained 1-MHz wide receivers, 1/BW05
normalization, (c) Amplitude spectra
obtained by using 5-MHz wide receivers,
1/BW normalization, (d) Amplitude spectra
obtained by uáing 5-MHz wide receivers,
1/.BW05 normalization.
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Figure 6.23. Frequency analysis performed on event
25900444. (a) Amplitude spectra obtained by
using 1-MHz wide receivers, 1/BW
normalization, (b) Amplitude spectra
obtained 1-MHz wide receivers, 1/BW05
normalization, (c) Amplitude spectra
obtained by using 5-MHz wide receivers,
1/BW normalization, (d) Amplitude spectra
obtained by using 5-MHz wide receivers,
1/BW0-5 normalization.
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Figure 6.24. Frequency analysis performed on event
25900534. (a) Amplitude spectra obtained by
using 1-MHz wide receivers, 1/BW
normalization, (b) Amplitude spectra
obtained 1-MHz wide receivers, 1/BW05
normalization, (c) Amplitude spectra
obtained by using 5-MHz wide receivers,
1/BW normalization, (d) Amplitude spectra
obtained by usdng 5-MHz wide receivers,
1/BW0,5 normalization.
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Figure 6.25. Frequency analysis performed on event
25900594. (a) Amplitude spectra obtained by
using 1-MHz wide receivers, 1/BW
normalization, (b) Amplitude spectra
obtained 1-MHz wide receivers, 1/BW05
normalization, (c) Amplitude spectra
obtained by using 5-MHz wide receivers,
1/BW normalization, (d) Amplitude spectra
obtained by us-ing 5-MHz wide receivers,
1/BW0,5 normalization.
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Figure 6.26. Frequency analysis performed on event
25900709. (a) Amplitude spectra obtained by
using 1—MHz wide receivers, 1/BW
normalization, (b) Amplitude spectra
obtained 1-MHz wide receivers, 1/BW05
normalization, (c) Amplitude spectra
obtained by using 5-MHz wide receivers,
1/BW normalization, (d) Amplitude spectra
obtained by usáng 5-MHz wide receivers,
1/BW05 normalization.
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a) Frequency spectrum estimated with a 1 MHz wide receiver,

1/BW relationship.

b) Frequency spectrum estimated with a 1 MHz wide receiver,

1/ (BW)0-5 relationship.

c) Frequency spectrum estimated with a 5 MHz wide receiver,

1/BW relationship.

d) Frequency spectrum estimated with a 5 MHz wide receiver,

1/(BW)0-5 relationship.

It is evident in all five pulses that the spectrum

estimated using the peak amplitude method, that is, using a

1/BW normalization, fell up to 10 dB below the spectrum

obtained using fast Fourier transforms. This is shown in

figures 6.22 through 6.26, traces a and c for 1 and 5 MHz

bandwidth respectively. The reason why the narrowband spectra

fell below the spectra obtained with the broadband FFT

analysis is because the signals at the output of the

narrowband receivers were not single impulses, but a sequence

of impulses whose individual shapes were determined by the

impulse response of the receiver. The spectrum estimated

using the RMS method, that is using a 1/BW05 normalization,

tended to be within 3 to 6 dB both above and below the

spectrum obtained using FFT's, as shown in traces b and d for

1 and 5 MHz bandwidth respectively. For pulse 25900534, the

spectrum obtained using the 5-Mflz wide receiver with the RMS

method, matched almost exactly the spectrum obtained by

calculating the FFT. The spectrum obtained for pulse 25900444
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using the 5-MHz wide receivers and the RMS method was within

1 dB of the spectrum obtained with FFT's at several

frequencies.

Comparison of the wideband spectra obtained with FFT's

and with the 1-MHz wide receiver, peak amplitude method, for

the pulse 25900534 revealed that at some frequencies their

spectral values were within 1 dB (i.e. 67 MHz) while at other

frequencies the difference was up to 7 dB (i.e. 62 MHz) . This

result might suggest that the same bipolar pulse waveform can

have an envelope which resembles a single impulse at some

frequencies, while having multiple impulses at others. The

envelopes corresponding to the outputs of 62 and 67 MHz, 1-MHz

wide receivers were plotted and the hypothesis was proved

correct. Figure 6.27 shows the envelope of the 62 MHz

receiver on top, and the 67 MHz envelope on the bottom.

After analyzing in detail the signals at the output of

the digitally simulated receivers, it was found that the

waveshape of the output signal changed considerably when the

center frequency was changed. In summary, radiation at all

frequencies did not peak simultaneously. Furthermore, peaks

at some frequencies sometimes coincided with null outputs at

other frequencies. Some output waveforms exhibited single

pulses, while others consisted of multiple pulses.
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Figure 6.27. Envelope obtained from the output of two
narrowband receivers, (a) 62 MHz receiver,
(b) 67 MHz receiver.
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6.4 Cloud-to-Ground Activity

The leader and return stroke waveforms presented in

Chapter 5 were also analyzed using broadband FFT techniques to

determine their frequency content.

6.4.1 Analysis Technique

The frequency spectra were obtained by using FFT's smoothed

by a Hamming window. In the case of return strokes, the FFT's

were obtained for 2.5-/JS windows centered at the time of the

onset of the return stroke. For leaders and chaotic noise,

the spectra were obtained for several 2.5-/xs long sections of

activity preceding the return stroke. Results of this

frequency analysis are presented in the following sections,

starting with the more distant events, and ending with the

strikes within a few hundred meters. A comparison of our

results with those in the literature is presented 7.6.

6.4.2 First Return Stroke Spectra

Figure 6.28 presents the frequency spectrum computed for

event 24200018, along with the spectrum of the background

noise. This event was a first return stroke which occurred at

a distance of 5.5 km. The spectrum drops as 1/f up to 3 MHz,

1/f2 from 3 to 4 MHz and about 1/f4 above 4 MHz until reaching

the noise floor at about 12 MHz. Event 24200026, also

corresponding to a first return stroke at 5 km produced a

spectrum that dropped as 1/f frbm 2 to 4 MHz, 1/f2 from 2 to

7 MHz, and as 1/f6 from 7 until 12 MHz, where it reached the

noise level. This spectrum is depicted in figure 6.29. The
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Figure 6.28. Amplitude spectrum of return stroke
24200018. The distance to the flash was

5.5 km. Also shown for comparison is the
amplitude spectrum of the background and
digitizing noi'se.
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Top trace: 242flB026.FR! Botton trace: noise leuel

20

Frequency
200

Figure 6.29. Amplitude spectrum of return stroke
24200026. The distance to the flash was
5.0 km. Also shown for comparison is the
amplitude spectrum of the background and
digitizing noi’se.
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sharp drop in the spectrum at 7 MHz can be observed in this

figure. *

The spectrum of event 24200040 is presented in figure

6.30. The return stroke spectra falls as l/f from 2 to 3.5

MHz, l/f2 from 3.5 to about 12 MHz, and as l/f3 from 12 through

15 MHz. The spectrum of this event drops slower than the

spectra of the two events shown earlier.

6.4.3 Stepped Leader Spectra

Event 24200149 contained several stepped leader pulses.

The frequency spectra were computed for several 2.5 jus

sections of the electric field preceding the return stroke.

The frequency spectrum of the return stroke was not calculated

since the dE/dt records saturated the digitizer at the start

of the return stroke. Figure 6.31 displays the frequency

spectrum of stepped leader activity between 10 and 7.5 /¿s

before the onset of the return stroke. Figure 6.32 shows the

spectra for the 2.5 ¡is immediately preceding the start of the

stroke. The spectrum shown in figure 6.31 drops as l/f2 from

2 MHz until 20 MHz. It shows a rapid increase at 20 MHz, and

an abrupt drop at 30 MHz. The spectrum of the section

immediately preceding the stroke drops as l/f from 2 until 5

MHz, and as l/f2 from 5 MHz until 30 MHz where it reaches the

noise floor of the system. The spectrum of these leader

pulses extends much higher than those of the return strokes

mentioned earlier. Notice however the abrupt drop in the

spectrum at 3 0 MHz. This drop was noticed to be a common
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Top t race 242flB04a.FR1 BottoM trace: noise leve1

20

Frequency
200

Figure 6.30. Amplitude spectrum of return stroke
24200040. The distance to the flash was
4.2 km. Also shown for comparison is the
amplitude spectrum of the background and
digitizing noise.
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Figure 6.31. Amplitude spectrum of stepped leader
activity happening between 10 ¡jls and 7.5 ¡jls
before the onset of the return stroke of
event 24200149. The distance to the flash
was 7.5 km. ’
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Top trace: 24208149.FRO Botton trace: noise level

Figure 6.32. Amplitude spectrum of stepped leader
activity happening in the last 2.5 ¡jls
before the onset of the return stroke of
event 24200149. The distance to the flash
was 7.5 km. "
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feature in the several 2.5 ¡jls long sections analyzed from this

lightning event.

Frequency spectrum was also computed for stepped leader

pulses from event 24200301. The spectrum for the 2.5 /us right

before the return stroke is presented in figure 6.33. The

spectrum decreases as 1/f from 2 to 5 MHz, and as 1/f2 from 5

until 20 MHz.

6.4.4 Chaotic Leader Spectra

The spectra of the activity preceding a closer return

stroke are shown in figures 6.34 through 6.37. Event 24200266

struck at a distance of 1.5 km. This stroke was preceded by

a leader displaying chaotic behavior. The four figures

present the spectra for four consecutive 2.5 /us long records,
with the last record ending immediately before the start of

the return stroke. The first three spectra are very similar

from 2 MHz until 12 MHz, where they reach noise level. The

main difference is caused by peaks in the spectrum at 6 and 9

MHz in the second 2.5 /lis long section. The spectrum

corresponding to the 2.5 /us right before the strike decays

much more rapidly, and reaches the noise level at 7 MHz.

The spectrum of event 24200106 was computed for five 2.5-

jus sections of numerically integrated dE/dt before the start

of the return stroke. All five spectra had similar

characteristics, except for exhibiting different peaks at

different parts of the spectrum between 8 and 30 MHz.

Overall, the spectrum fell off as 1/f from 2 to 4 MHz, and as
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Too t race: 242AB301.FR4 Botton trace: noise level

20

Frequency
200

Amplitude spectrum of stepped leader
activity happening in the last 2.5 /xs
before the onset of the return stroke of
event 24200301. The distance to the flash
was 1.8 km.

Figure 6.33.
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Top trace: 242AB266.FR1 Botton trace: noise level

8 9 10 20 30

Frequency (MHz)
200

Amplitude spectrum of chaotic leader
activity happening between 10 /is and 7.5 /is
before the onset of the return stroke of
event 24200266. The distance to the flash
was 1.5 km.

Figure 6.34.
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Figure 6.35. Amplitude spectrum of chaotic leader
activity happening between 7.5 ns and 5 /xs
before the onset of the return stroke of
event 24200266. The distance to the flash
was 1.5 km.
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Top t race 242AB266.FR3 Botton trace: noise level

7 8 9 10 20 30 40 50

Frequency (MHz)
lOO 200

Amplitude spectrum of chaotic leader
activity happening between 5 /is and 2.5 /is
before the onset of the return stroke of
event 24200266. The distance to the flash
was 1.5 km.

Figure 6.36.
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Top trace: 242AB266.FR4 Botton trace: noise leve1

20

Frequency
200

Figure 6.37. Amplitude spectrum of chaotic leader
activity happening in the last 2.5 ¿¿s
before the onset of the return stroke of
event 24200266. The distance to the flash
was 1.5 km.
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Top trace 242flBJ.47.FR3 Botton trace: noise level

20

Frequency
200

Figure 6.38. Amplitude spectrum of chaotic leader
activity happening between 5 ¡jls and 2.5 /¿s
before the onset of the return stroke of
event 24200149. The distance to the flash
was 7.5 km.
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1/f2 from 5 until 20 MHz. The spectrum tended to flatten

between 20 and 30 MHz. A surprising similarity with the

spectrum of event 24200149 was the sudden drop of the spectra

at about 32 MHz. Figure 6.38 illustrates the spectrum for a

2.5 fis long section between 5 and 2.5 ps before the start of

the return stroke.

Calculations of the spectra for the activity prior to the

return stroke in event 24200147 rendered results similar to

those presented for event 24200149. However an analysis of

the low frequency content of the pre-strike chaotic behavior
showed a peak in the spectrum at frequencies between 1 and 2.5

MHz. Figure 6.39 shows a plot of the spectra for five
consecutive 8 jus long sections before the start of the return

stroke. The frequencies where the peaks occur are probably

related to the frequency of occurrence of the chaotic pulses

in the time domain waveform.

Another event that exhibited chaotic behavior before the

return stroke is event 24200260, whose time domain waveform is

shown in figure 5.12. The spectra corresponding to four

consecutive 2.5/xs long sections right before the start of the

return stroke are shown in figures 6.40 through 6.43. The

spectrum corresponding to the first section (10 to 7.5 jus

before the stroke) shown in figure 6.40 decays somewhat slower

than 1/f2 from 2 until 12 MHz/ were it almost reaches the

noise floor. At 20 MHz the spectrum exhibits a rise which

peaks at 25 MHz and decays rapidly above 30 MHz. Figure 6.41
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Figure 6.39. Amplitude spectrum of the chaotic behavior
exhibited by event 24200147 prior to the
return stroke. Shown is the spectra of the
dE/dt radiation for five consecutive 8 /¿s-
long sections "preceding the return stroke,
starting from the top. The distance to the
flash was 300 m.
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Top trace: 242AB260.FR1 Botton trace: noise level

20

Frequency
200

Figure 6.40. Amplitude spectrum of chaotic leader
activity happening between 10 /xs and 7.5 /is
before the onset of the return stroke of
event 24200260. The distance to the flash
was 300 m. '



264

Top trace: 242AB260.FR2 Botton trace: noise level

20

Frequency
200

Amplitude spectrum of chaotic leader
activity happening between 7.5 jus and 5 /zs
before the onset of the return stroke óf
event 24200260. The distance to the flash
was 300 m. 4

Figure 6.41.
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Top trace: 2420B260.FR3 Botton trace: noise level

-110

20

Frequency
200

Amplitude spectrum of chaotic leader
activity happening between 5 ¡jls and 2.5 ¡is
before the onset of the return stroke of
event 24200260. The distance to the flash
was 300 m.

Figure 6.42.
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Figure 6.43. Amplitude spectrum of chaotic leader
activity happening in the last 2.5 jtis
before the onset of the return stroke of
event 24200260. The distance to the flash
was 300 m. ■>
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shows that the spectrum corresponding to the next section (7.5

to 5 /xs before the stroke) exhibits a much larger high

frequency content, with the spectrum falling off at a rate of

close to 1/f1-5 up to 125 MHz where it reaches the noise level.

There was no peak in the spectrum in the 20 to 30 MHz range as

exhibited by the spectrum of the first 2.5 jxs section. The

third section presented in figure 6.42 also reached noise

level at 125 MHz after dropping off at a rate of 1/f1-6 The

spectrum of this section presented a peak in the 20 to 30 MHz

region. The spectrum of last section shown in figure 6.43,

corresponding to the 2.5 ¡is immediately preceding the start of

the return stroke, decreased as 1/f2 from 3.5 to 20 MHz, and

as 1/f3 from 30 to 50 MHz where it reached noise level. We

observe a time dependance of the spectrum, as it varies on

consecutive 2.5 jus-long sections of the chaotic activity. The

peculiar increase in the spectrum in the 20-30 MHz range

observed in this and other flashes suggests that its origin

can be from a different source, probably resonances in the

ground plane. This resonance effect is discussed further in

section 7.9.

6.4.5 Time Variation of the Spectra for the Activity

Preceding a Ground Flash at 150 m

Two flashes that occurred at very close distances and

that contained continuous high frequency noise were described

in section V. The spectrum of this continuous noise was also

calculated. The continuous noise preceding event 24200148,
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Top trace: 242flB148.FR! Botton trace: noise level

20

Frequency
200

Figure 6.44. Amplitude spectrum of chaotic leader
activity happening between 10 jus and 7.5 jus
before the onset of the return stroke of
event 24200148. The distance to the flash
was 150 m.
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Top trace: 242AB148.FR2 Botton trace: noise level

20
F requency

200

Amplitude spectrum of chaotic leader
activity happening between 7.5 ¡is and 5 ¡jls
before the onset of the return stroke of
event 24200148. The distance to the flash
was 150 m. <

Figure 6.45.
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Tod trace: 242AB148.FR3 Botton trace: noise level

Frequency CMHz)

Figure 6.46. Amplitude spectrum of chaotic leader
activity happening between 5 /¿s and 2.5 fis
before the onset of the return stroke of
event 24200148. The distance to the flash
was 150 m. ’
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Figure 6.47. Amplitude spectrum of chaotic leader
activity happening in the last 2.5 fis
before the'onset of the return stroke of
event 24200148. The distance to the flash
was 150 m. '■*'
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whose time domain waveform is shown in figure 5.13 was studied

for 10 ¡is before the return stroke. This event exhibited an

almost monotonically increasing high frequency noise. Figure

6.44 shows the spectrum of the noise radiated from 10 to 7.5

lis before the stroke. This noise falls off from 2 to 12 MHz

as l/f1-5 and it about reaches noise level at 12 MHz. The

spectrum exhibits a surprising increase in energy that peaks

at 30 MHz where it is 20 dB above noise level. The spectrum

drops rapidly close to noise level at 40 MHz. The next 2.5 /xs

long section is presented in figure 6.45. As we explained

before, the time domain waveform showed an increasing noise

level with time. The frequency spectra corresponding to the

second section increased for all frequencies, except for the

20 to 3 0 MHz range where if there was any increase it was

hardly noticeable. The spectrum in this record remained above

noise level for up to frequencies approaching 80 MHz. The

third section, which contains the activity from 5 to 2.5 ¡xs

before the return stroke showed a further increase in the

amplitude spectra, as illustrated in figure 6.46. Again an

increase in the 20-30 MHz range was not apparent. The spectra

dropped as l/f1-5 for frequencies up to 120 MHz. The last

section, which included the last 2.5 jus of noise before the

onset of the return stroke, had an even larger amplitude

spectra, falling off as l/f1-4 up to 125 MHz. The peak in the

amplitude spectra in the 20-30 MHz range, although still

visible, was not as outstanding as in the first three
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sections. Furthermore, its amplitude remained essentially the

same throughout the four sections. The spectrum corresponding

to this last section is presented in figure 6.47. We observe

again a time dependance of the spectrum of the activity

preceding the return stroke. The fact that the amplitude

spectra in the 20-30 MHz range remained constant during all

four sections again suggests that its origin is of a different

nature, probably resonances in the ground plane.

6.4.6 Time Variation of the Spectra for the Activity

Preceding a Ground Flash at 50 m

The closest flash recorded was event 24200181, which

struck ground within 50 meters of the recording station. We

analyzed 15 /¿s of data before the return stroke, by separating

it into six 2.5 fj.s long sections. The frequency spectra of

these six consecutive sections are presented in figures 6.48

through 6.53. We decided to present all six spectrum plots in

order to point out some significant features. Figure 6.48

presents the spectrum corresponding to the section occurring

from 15 to 12.5 /is before the start of the return stroke.

Referring to figure 5.13, which shows the time domain event,

we notice that the amplitude of the continuous noise increases

with time and reaches its maximum value a few microseconds

before the return stroke. The frequency spectrum of the first

section shows a signal that is bárely above noise level at all

frequencies, except for the 20 to 30 MHz range where it peaked

and reached about 16 dB above the noise floor. The second
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Top trace: 242fiBl.81.FRl Botton trace: noise level

20

Frequency
200

Figure 6.48. Amplitude spectrum of chaotic leader
activity happening between 15 /xs and 12.5
¡is before the onset of the return stroke of
event 24200181. The distance to the flash
was 50 m. ''
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Top trace: 2420B181.FR2 Botton trace: noise level

20

Frequency
200

Figure 6.49. Amplitude spectrum of chaotic leader
activity happening between 12.5 ns and 10
ns before the onset of the return stroke of
event 24200181. The distance to the flash
was 50 m.
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Top trace: 2420B181.FR3 Botton trace: noise level

20

Frequency
200

Amplitude spectrum of chaotic leader
activity happening between 10 /js and 7.5 ¡jls
before .the onset of the return stroke of
event 24200181. The distance to the flash
was 50 m. 4

Figure 6.50.
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Top trace: 242AB181.FR4 Botton trace: noise level

20

Frequency
200

Amplitude spectrum of chaotic leader
activity happening between 7.5 /is and 5 /is
before the onset of the return stroke of
event 24200181. The distance to the flash
was 50 m.

Figure 6.51.
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Tod trace: 242AB181.FR5 Botton trace: noise level

20

Frequency
200

Figure 6.52. Amplitude spectrum of chaotic leader
activity happening between 5 /us and 2.5 /us
before the onset of the return stroke of
event 24200181. The distance to the flash
was 50 m.
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Amplitude spectrum of chaotic leader
activity happening in the last 2.5 /xs
before the onset of the return stroke of
event 24200181. The distance to the flash
was 50 m. ’

Figure 6.53.
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section (from 12.5 to 10 /xs before the strike) shows an

amplitude spectrum about 2 dB higher than in the first

section. Frequencies under 4 MHz start to appear above the

noise level. The third record already contains higher energy.

The spectrum can be seen to drop as 1/f2 from 2 to 10 MHz

where the noise level is reached. However, the same peak from

20 to 30 MHz was noticed. The fourth section (7.5 to 5 jus)

shows the amplitude spectrum to be about 10 dB higher than in

the third section, while the peak in the 20-30 MHz range only

increased by about 3 dB. The fifth section (5 to 2.5 jus)

shows a spectrum that falls as 1/f2 up to about 80 MHz.

Although overall the spectrum increased by about 2 dB, the

peak in the 20-30 MHz range did not have a noticeable
increase. The last record, containing the 2.5 jus of data

immediately before the return stroke, resulted in a spectrum

that dropped as 1/f16 for frequencies up to about 125 MHz. The

amplitude spectrum of this last section was about 5 dB higher
than the previous section. However, the magnitude of the

radiation in the 20-30 MHz remained essentially the same.

The overall behavior of the frequency spectra of event

24200181 vs. time is summarized in Table 6.1, using the

section corresponding to 15-12.5 jus before the onset of the

return stroke as a 0 dB reference.

Although the ground plane" was grounded at its edges,

imperfect connections could have been caused by difference in

potential between different metals. The lack of perfect
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Table 6..1. Spectral amplitude of flash 24200181
relative to section 1 (15-12.5 ¡is before
the onset of the return stroke).

Section Relative spec, amplitude Rel. 20-30 MHz peak

1 0 dB 0 dB

2 2 dB 1 dB

3 7 dB 4 dB

4 13 dB 9 dB

5 17 dB 9 dB

6 22 db 9 db

*
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grounding could result in resonances in the ground plane, with

results consistent with those presented in Table 6.1. This

subject is discussed further in section 7.9.

6.4.7 Subsequent Return Stroke Spectra

The spectrum of a subsequent stroke, 24200152, seemed to

decrease much faster than those of first return strokes shown

earlier. Figure 6.54 shows the spectrum falling off as 1/f

from 2 to 3 MHz and then rapidly falling as 1/f6 from 4 until

8 MHz where the noise level was reached. Similar results were

obtained for the subsequent strokes 24200160 and 24200171.

6.5 Summary

The frequency spectra of narrow bipolar pulses were found

using broadband FFT analysis on the wideband electric field

and dE/dt records. An error analysis of the errors associated

with estimating the spectra by means of narrowband receivers

was also conducted. For this error analysis, we digitally

simulated a collection of 136 narrowband receivers, comprising

the frequency spectrum from 10 MHz to 145 MHz in 1 MHz

increments. Two sets of receivers were generated, one set

with a 1-MHz bandwidth, and the other with a 5-MHz bandwidth.

The outputs of these receivers were then used to estimate the

frequency spectra by Using either the peak amplitude of the

output signal and a 1/BW normalization, or by using the RMS

value of the output signal and a 1/BW05 normalization, where

BW refers to the bandwidth of the receivers. The spectra
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Top t race: 2420B152.FRi Botton trace: noise level

20

Frequency
200

Figure 6.54. Amplitude spectrum of subsequent stroke
24200152. The distance to the flash was
2.9 km. Also shown for comparison is the
amplitude spectrum of the background and
digitizing noifee.



284

obtained by using a 1/BW05 normalization on the outputs of the

receivers with 1 and 5 MHz bandwidth compared within 3 to 6 dB

with the spectrum obtained using broadband FFT techniques.

The spectra obtained by using the 1/BW normalization tended to

fall sometimes more than 10 dB below the broadband spectra.

The frequency analysis performed on five bipolar pulses

showed a frequency spectra which in some cases dropped at a

rate slower than 1/f for frequencies up to 125 MHz, the -6 dB

point of our digitizing system.

The effects of aliasing were tested by decimating the

composite waveforms by a factor of four. This way, an

effective sampling of 100 MS/s was obtained. Frequency

spectra obtained this way exhibited the effects of aliasing,
and sometimes became flat after about 20 MHz. The results

obtained with the decimated waveforms exhibited patterns

consistent with the frequency spectra published by Willett et

al. (1989).

The frequency analysis on the cloud-to-ground activity

showed evidence of high frequencies extending beyond 125 MHz

being generated by lightning striking within a few hundred

meters. The electric fields from some stepped leaders were

found to contain frequency components up to 30 MHz.

The frequency spectra we obtained for narrow bipolar

pulses cover the widest range in< the literature, the previous

upper limit being the spectra published by Willett et al.
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(1989), whose spectra became flat after 20 MHz. A detailed

comparison with their results are presented in section 7.1.

The frequency spectra of first and subsequent strokes

were consistent with results published by Willett et al.

(1989) and Weidman et al. (1981) . However, our spectra fell

about 10 dB below the spectra published by Weidman and Krider

(1986). Analysis of lightning strikes at distances of a few

km, and with propagation paths over salt water, did not show

an increase in the measurable high frequency components when

compared to other published results from thunderstorms tens of

km away. We conclude that the lack of strong radiation above

about 20 MHz is an inherent characteristic of first and

subsequent strokes. The results we obtained are compared with
other published results in section 7.2.

The frequency spectra of normal stepped leaders were also

normalized to 50 km. The spectra of chaotic leaders and of

the continuous high frequency noise preceding return strokes

at distances closer than 300 m were not normalized, since both

the chaotic behavior and the continuous noise appear to occur

only on strikes at much shorter distances. A discussion

regarding the spectra of pre-stroke activity is presented in
section 7.8.



CHAPTER 7
DISCUSSION

This chapter highlights and discusses the most important

findings and results obtained in this dissertation, as well as

compares our results with those published in the scientific

literature.

7.1 Possible Propagation Effects in the Narrow Bipolar

Pulse Data of Willett et al. (1989)

Narrow bipolar pulses were extensively analyzed and

characterized in both time and frequency domains in Chapters

4 and 6. These pulses have been described by Le Vine (1980),

who recorded them while monitoring fast electric field changes

associated with strong HF to VHF radiation. He found that

these short pulses consistently had stronger RF radiation than

return strokes. The first detailed characterization of these

pulses was presented by Willett et al. (1989), who recorded

narrow bipolar pulses from a thunderstorm possibly 45 km away.

Willett et al. (1989) also reported that these bipolar pulses

were strong RF radiators.

During 1989 we recorded narrow bipolar pulses using a

bandwidth similar to that used by Willett et al. (1989) .

Since there were several thunderstorm cells active at the

time, and we do not know where the bipolar pulses originated,

286
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we were not able to normalize our results to a given distance.

Nevertheless, we were able to compare certain parameters such

as pulse widths and rise times with those obtained by Willett

et al. (1989). Our sample size was larger (102 pulses vs 18

and 6) than that of Willett et al.'s (1989). We found a very

good agreement between the width at half maximum of the

initial peak reported by Willett et al. (1989) and the width

obtained by us. However, the half width of the overshoot peak

that we found was 2.78 /is mean vs 8.9 /¿s mean found in their

analysis. We did not attempt to characterize the behavior of

the dE/dt radiation since there were obvious signs of aliasing

in our wideband data, and doing so would have produced

inherently wrong results.

Characterization of the data recorded in 1990, sampled at

400 MHz and containing an anti-aliasing filter, showed the

dE/dt activity to be much faster than what had been previously

reported. Half widths of 7.5 to 10 ns were common for the

largest positive and negative dE/dt pulses. These values are

much shorter than the 33 - 49 ns half widths that Willett et

al. (1989) reported for dE/dt.

Based on measurements obtained with the TOA system

installed at KSC, we have found bipolar pulses to occur at

heights of about 11-12 km. From a source at this height, the

main mode of propagation within- about 200 km is by a direct

wave. Figures 7.1 and 7.2 show the attenuation of a 300 MHz

signal at different distances and various source heights, for
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1 10 loo 1000
Distance, statute miles

Field strength vs. distance for a 300 MHz
signal and for different antenna heights.
Propagation is over soil with conductivity
of 0.01 mhos/m. (Adapted from Reed and
Russell, 1964)

Figure 7.1.
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Distance, statute miles

Field strength vs. distance for a 300 MHz
signal and for different antenna heights.
Propagation is over sea water with
conductivity of 5 mhos/m. (Adapted from
Reed and Russell, 1964)

Figure 7.2.
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propagation over soil (.01 mhos/m) and sea water (4 mhos/m)

respectively. For a source at a height of 12 km (40,000 ft),

and for propagation over soil, the signal strength drops

rapidly at distances greater than about 150 km. The rapid

drop starts at about 200 km when propagating over salt water.

The signal strength at distances shorter than 120 km

approaches that of free space propagation, even when the

propagation is over soil. We cannot conclusively establish
that the data obtained by Willett et al. (1989) was subject to

attenuation of their high frequency components as the

attenuation charts presented in figures 7.1 and 7.2 do not

support this hypothesis.

The five narrow bipolar pulses were lowpass filtered at

different cutoff frequencies as presented in section 4.5. The

objective was to determine the effects of high frequency

degradation on the dE/dt pulse and peak amplitude. We found

that lowpass filtering one of our pulses at a 40 MHz cutoff

frequency produced a dE/dt waveform similar to the

representative narrow bipolar pulse waveform used by Willett
et al. (1989).

Our spectra of NBP's agreed within 6 dB with the spectra

published by Willett et al. (1989) up to 20 MHz as will be

discussed in section 7.2.Í. The dE/dt-peak to E-peak ratios

we obtained when lowpass filtering our wideband data to 20

MHz, as shown in Table 4.11, were similar to those published

by Willett et al. (1989).
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7.2 Frequency Spectra of Narrow Bipolar Pulses

The frequency spectra of narrow bipolar pulses were found

using FFT analysis on wideband electric field and dE/dt

records. A different approach to estimating the frequency

spectra were taken by analyzing the outputs of digitally-

simulated narrowband receivers, comprising the frequency range

from 10 MHz to 145 MHz in 1 MHz increments. This test was

described in section 6.3.2, where two sets of receivers were

generated, one set with a 1-MHz bandwidth, and the other with

a 5-MHz bandwidth. The outputs of the receivers were then

used to estimate the frequency spectra by using either the

peak amplitude of the output signal and a 1/f normalization,
or by using the RMS value of the output signal and a 1/f0-5
normalization.

7.2.1 Broadband Frequency Spectra of Narrow Bipolar Pulses

In section 6.3.1, we showed that the frequency analysis

performed on five bipolar pulses exhibited a frequency spectra

which in some cases dropped close to 1/f for frequencies up to

125 MHz, approaching the upper limit of our digitizing system.

We have observed dE/dt records containing pulses having

risetimes approaching the impulse response of the recording

system. Therefore, we believe that these narrow bipolar

pulses could contain still higher frequency components than

those reported in this dissertation.

Willett et al. (1989) presented frequency spectra for

narrow bipolar pulses. Other researchers (e.g., Le Vine,
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25950076.fri

Amplitude spectrum of narrow bipolar pulse
25900076. The spectrum is normalized to 50
km. The dotted line represents the spectra
of bipolar pulses reported by Willett et al.
(1989).

Figure 7.3.
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1980; Cooray and Lundquist, 1985) mentioned the measurements

of bipolar pulses, but did not perform any spectral analysis.

The frequency spectra of the five narrow bipolar pulses

we studied were normalized to a distance of 50 km in order to

allow the comparison of our results with those reported by

Willett et al. (1989). The spectra published by Willett et

al. (1989) included the average of 18 narrow bipolar pulses,

therefore the resulting spectra are smoother than the spectrum

of individual pulses. Figure 7.3 shows the frequency spectrum

of pulse 25900076 along with the spectra obtained by Willett

et al. (1989). Their spectra became suspiciously flat after

20 MHz. The flatness in the spectra could not be attributed

to reaching the noise level of the digitizing system since

they recorded dE/dt, which when integrated would have resulted

in the noise level falling off as 1/f instead of becoming

flat. Willett et al. (1989) mentioned the possibility that

aliasing could have caused that effect by adding frequency

components above their 50 MHz Nyquist frequency to the

frequency spectra in the 20-50 MHz range. There is a

possibility, which was raised by Willett et al. (1989) that

resonances in the trailer where they had their antennas

mounted could have enhanced frequencies above 20 MHz,

therefore creating an apparent flatness in the spectrum.

However, such resonances would hhve probably introduced peaks

in the spectrum rather than causing a flattening on it.

Interference between direct and reflected paths could have
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also enhanced or decreased the intensity of the electric field

at certain frequencies. This is especially true when the

receiving antenna is located above ground. The variation of

the resultant field strengths depend on the distance and

height of the source, the height of the receiving antenna and

on the frequency of interest (Crombie, 1991). However, it is

unlikely that this effect would have resulted in a flattening

of the spectrum. Instead, it would have probably introduced

peaks and valleys in the spectrum.

Comparison of a smoothed spectrum with the spectra of

individual pulses is not straightforward since the later has

larger variations. However, comparison of our normalized

spectra of narrow bipolar pulses with the average spectrum of

18 pulses reported by Willett et al. (1989) showed an

agreement within 6 dB for most frequencies up to 20 MHz. Our

spectra continued beyond 20 MHz, up to at least 125 MHz where
the gain of our recording system was down 6 dB.

An analysis of the frequency spectrum of different

portions of the bipolar pulses was conducted in order to

investigate the time dependance of the spectrum. We presented

the amplitude spectra of four consecutive 1-jus-long sections

of pulse 25900076 in figures 4.25 through 4.28, where we

observe the rapid variation of the peaks in the spectrum. In

a microsecond, significant differences in the frequency

components are noticed. These rapid changes in the frequency

spectrum result in waveforms such as those presented in figure
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4.23, where peaks at different bands are noticed to develop at

different times. The analysis of the spectra of l-/xs long

sections of the five bipolar pulses did not show any

conclusive spectral tendencies, as the occurrence of radiation

at different frequencies was dissimilar in all NBP's.

7.2.2 Effects of Aliasing on the•Frequency Spectra

As mentioned earlier, the data we collected in 1989 were

compromised by the effects of aliasing. The data recorded in
1990 corroborated this suspicion by establishing that the

narrow bipolar pulses contained measurable frequency

components even beyond 125 MHz. The effects of aliasing were

tested by decimating the wideband dE/dt waveforms recorded in

1990 by a factor of four, thus obtaining an effective sampling
rate of 100 MS/s, while maintaining frequency components at

the input far exceeding the new 50 MHz Nyquist frequency. The

spectra of our decimated waveforms reflected the effects of

aliasing, and sometimes exhibited a flatness above 20 MHz,

consistent with the frequency spectra published by Willett et

al. (1989).

The dE/dt-peak to E-peak ratios we obtained when using
the decimated waveforms were at worst 20% lower than the

ratios obtained with the wideband data. These ratios are

still five times larger than those reported by Willett et al.

(1989).
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7.2.3 Spectrum Errors Using Narrowband Receivers

Narrowband receivers have been used for decades to

estimate the frequency spectra of lightning (e.g., Brook and

Kitagawa, 1964; Horner and Bradley ,1964). Results from

narrowband measurements published in the literature vary

considerably and are sometimes 40 dB from each other at the

same frequencies. Oh (1969) published a compilation of

frequency spectra obtained by different researchers and

normalized the results for comparison purposes. A review of

the RF spectrum was also published by Le Vine (1987) and

covered the frequencies from 1 kHz to 1 GHz. For bandwidths

of less than 10 kHz, the peak response of the receiver to

lightning pulses was assumed to be directly proportional to
the bandwidth of the receiver. For bandwidths greater than 10

kHz, the peak response was assumed to be directly proportional
to the square root of the bandwidth. The 10 kHz crossover

frequency was selected under the assumption that a lightning

impulse duration was 100 /ns. However, the total duration of

a typical narrow pulse is about 10 /ns, while the duration of

the initial peak can be as short as one microsecond. We

selected receivers with 1 and 5 MHz bandwidths for our

simulation because receivers with smaller bandwidths could not

be readily simulated due to the limitations in the order of

the filters we could generate: Results published in the

literature regarding the estimation of the frequency spectra

using narrowband receivers were obtained with receivers with
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bandwidths ranging from a few hundred Hertz (e.g., Horner and

Bradley, 1964) to 1.5 MHz (e.g., Brook and Kitagawa, 1964).

We should point out that narrowband receivers have been used

to estimate the spectrum of typical lightning discharges and

not of narrow bipolar pulses.

In section 6.2 we determined the frequency spectra of

narrow bipolar pulses by measuring the RMS value of the signal

at the output of the receivers and normalizing by the square

root of the bandwidth. These spectra were usually within a 3-

6 dB of the spectra obtained by performing an FFT on the

wideband waveforms. The spectrum obtained by measuring the

peak output of the receivers and normalizing by the bandwidth

usually fell up to 10 dB below the spectrum obtained by means

of FFT. Although the slope of the spectrum was similar when

using both kinds of normalization, measuring the RMS value and

normalizing by the square of the bandwidth resulted in a more

accurate spectrum. For comparison, the published spectra

obtained with narrowband receivers on typical lightning

discharges appears to fall off as l/f up to about 100 MHz,

which is a much slower drop than the drop of our spectrum

obtained from FFT analysis. The spectra obtained with

receivers with very short bandwidths (250 Hz) could not

separate different events in a flash because of the lack of

temporal resolution. It is possible that a single record tens

of milliseconds long could have contained multiple events,

such as leaders and first and subsequent strokes, which when
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added together accounted for the apparent increase in the

spectral energy on the VHF/UHF range. This hypothesis is

supported by the fact that measurements taken at 400 MHz by

Horner and Bradley (1964) with a receiver having a 250 Hz

bandwidth resulted in a spectral amplitude about 30 dB larger

than the spectrum obtained by Brook and Kitagawa (1964) who

used a receiver with a 1.5 MHz bandwidth at the same center

frequency.

The inconsistency of the results compiled by Oh (1969)

can be explained in several ways. The nature of narrowband

receivers is such that individual events in a lightning flash

cannot be discerned from one other if the impulse response of

the system is slower than the time between individual events.

For example, measurements of radiation from return strokes

taken in a 250 Hz bandwidth would include radiation occurring

at least 1.5 milliseconds before and after the onset of the

return stroke. These measurements could have included

different processes besides the return stroke, thus producing

an enhanced spectrum primarily at high frequencies. This

point of view is supported by published narrowband spectra

that appear to give larger estimates compared with the spectra

obtained from wideband measurements. In contrast to our

results, we show that the spectrum estimated with simulated

narrowband receivers tends to underestimate the actual

spectrum, that obtained using FFT analysis.
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Narrow bipolar pulses tend to be very impulsive signals

lasting up to 10 /xs, while having tens of individual dE/dt

pulses per /xs. The bandwidth of the receivers must be large

enough to discriminate the narrow bipolar pulses from other

events that might be happening simultaneously. This suggests

that if narrowband receivers are to be used to estimate the

spectra, the method of measuring the RMS value of the output

signal and normalizing according to the square root of the

bandwidth will provide the most accurate result for the

spectra of narrow bipolar pulses.

7.3 Effects of the Characteristics of Waveforms

on TOA Systems

We discussed in section 4.8 the effects of the

characteristics of the waveforms on the accuracy of the

determination of the differences in the time of arrival of

signals in a TOA system. Our analysis involved digitally

simulating receivers and using them to find the time

differences. A TOA system in which the difference in the time

of arrival is determined solely based on the time where the

peak of a pulse occurs was found to give larger errors than a

TOA system using cross-correlation methods. The time of

occurrence of the peaks in the output waveforms of the 5 MHz

wide narrowband receivers sometimes changed up to 1 /xs when

the frequency was varied just l MHz at a time. The

differences in time when using cross-correlations were usually
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within 30 ns for a 1 MHz frequency shift. We have conducted

an analysis of location errors caused by timing uncertainties

on the TOA system we are currently operating at the Kennedy

Space Center. The analysis shows that in order to obtain

location errors smaller than 50 meters within a 10 km radius

from the center of the network, timing uncertainties must be

shorter than about 100 ns.

When a source generating the VHF pulse is moving at a

107 m/s or faster, it can give rise to frequency shifts in the

order of several MHz. Even when all the receivers in a time-

of-arrival network are identical, the propagating source

regions can cause VHF signals to have different waveshapes at

different receiver locations (Thomson and Medelius, 1992).

The effect is a result of dilations or contractions that are

a function of the velocity and the relative position of the

source and the receiving station. This effect results in an

effective frequency shift at the receivers. We observed the

rapid variation of the peaks in the spectrum in figures 4.25

through 4.28, where in a microsecond, significant differences

in the frequency components were noticed. These rapid changes

in the frequency spectrum resulted in waveforms such as those

presented in figure 4.23, where peaks at different bands were

observed to develop at different times. Differences in the

apparent duration of the VHF ¿mises received at different
stations can produce errors that result in apparent speeds of
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propagation exceeding the speed of light (Thomson and

Medelius, 1992.)

We found that changing either or both the bandwidth and

the center frequency of the receivers can result in timing

errors greater than several hundred nanoseconds. Proctor

(1981) has reported RF diameters of radio sources in the order

of 600 meters as determined from his TOA system. The system

Proctor (1981) used consisted of receivers with a 10 MHz

bandwidth and centered at 223 MHz. However, the telemetry

links that were used to transmit the signals from the remote

receivers to the center location were limited to a 5 MHz

bandwidth. The result of a simulation of receivers with 5 and

10 MHz bandwidths was presented in figures 4.34 and 4.35

respectively. The difference in the time of occurrence of

large peaks between the 5 and 10 MHz bandwidth receivers

centered at the same frequency was as long as 250 ns. Such an

error in the estimation of the time of arrival could have

caused location errors as large as 250 m in our TOA system

within a 10 km radius.

7.4 Search for the Existence of a Basic Component

of Narrow Bipolar Pulses

Several tests were conducted to attempt to identify a

basic component at the start bf the narrow bipolar pulse

radiation. These tests consisted of performing a

deconvolution of the electric field and were presented in
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section 4.7. Using cepstrum techniques, different sections of

the pulses immediately following the start of dE/dt radiation

larger than 2 standard deviations of the background noise were

examined, as well as different record lengths. Our testing

failed to identify a wavelet, that is, a basic component of

lightning radiation at the start of the narrow bipolar pulses.

The term "wavelet" was used to define a basic waveform that

can occur at any time and can have different amplitudes, and

should not be confused with that of a basic function that can

be subjected to dilations and contractions in time.

The existence of a basic pulse had been proposed by

Labaune et al. (1990) , and was described as a pulse with a

risetime of approximately 5 nsec which repeated at a rate of

1 to 20 per microsecond. They suggested that the basic

structure which generates VHF/UHF radiation during lightning

discharges consists of pulses with a very steep leading edge

which originate in the fundamental mechanism associated with

a discharge in the air. This fast pulse was proposed by

Labaune et al. (1990) as occurring during the transition

between a streamer phase and a leader phase. The streamer

phase as described by Labaune et al. (1990) is where "The

electron avalanche phenomenon followed by an increase in the

density of charged particles, under the effect of the external

field, leads to the formation df a glow discharge plasma in

which space charge effects dominate," while in the leader
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phase collisions cause a transfer of energy to heavy

particles, heating the air and reducing its resistivity.

Such a basic pulse would be related to the initiation of

the bipolar pulse and not to the large currents, perhaps

thousands of amps, probably associated with it. A typical

pulse presented by Labaune (1990) was shown in figure 4.29.

We have not seen such pulses in any of our records at the

start of the narrow bipolar pulses. Any streamer-type

activity, which could have occurred before the NBP, would

probably have been obscured by the background noise, thus

preventing us from identifying a wavelet. The dE/dt and

electric field radiation we have measured at the start of the

NBP activity is not as simple as the pulse presented in figure

4.29. We believe that if a pulse with such characteristics

existed at the start of the narrow bipolar pulses, we would

have been able to detect and identify it with our analysis.

However, we cannot rule out the existence of a typical basic

pulse related to streamer activity preceding the NBP. It it
also possible that the physical mechanism responsible for the

narrow pulses does not involve the kind of breakdown process

proposed by Labaune (1990).

Visual analysis of nanosecond scale records at the start

of the NBPs also failed to identify pulses with

characteristics like those reported by Labaune et al. (1990).

For the most part, dE/dt records appeared to be composed of

many pulses with random shapes, duration and amplitude, and
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never of isolated, short duration impulses with a single,

distinctive shape.

7.5 Origin of Narrow Pulses

A distinctive feature of the narrow pulses that we

detected was their lack of association with more typical

lightning. Le Vine (1980) suggested that these pulses are

cloud processes and could be caused by a short duration recoil

streamer. Willett et al. (1989) noted that "NPBPs are not

usually associated with cloud-to-ground flashes, K changes in
intracloud flashes, or other identified lightning processes."

Our data suggest that these pulses are not associated with

lightning, although we have seen about 10% of them to occur

during a lightning discharge. This raises the possibility

that the origin of the pulses is some sort of subcritical

discharge that is distinctive from lightning. The pulses are,

however, associated with thunderstorms and therefore related

to electrified clouds. Occurrence of such subcritical

lightning has been predicted by Griffiths and Phelps(1976) who

termed the phenomenon an "embryonic lightning stroke." They

compared the electric fields needed to promote positive
streamer development with those required to initiate corona

from various types of hydrometeors and concluded that corona

streamer systems may be initiated that do not reach the

"critical degree" requisite to the production of lightning.

An electrification model developed by Hager et al.(1989) also
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predicts the occurrence of "both tiny breakdowns that transfer

negligible charge and occasional large breakdowns that

correspond to lightning." Hager et al.(1989) relate the

occurrence of the "tiny breakdowns" to the density of the main

thunderstorm charge generator. If this relationship is valid,

then the characteristics of the narrow pulses may give some

insight into the nature of the main thunderstorm charge

generator.

The electric field of close to 99% of the narrow bipolar

pulses we have observed have the same initial polarity,
followed by an opposite polarity overshoot. This initial

polarity is opposite that produced by return strokes lowering

negative charge to ground. The fact that 99% percent of the

pulses have the same polarity suggests that the movement of

charges must be predominantly vertical. If the movement had
been horizontal, polarities corresponding to charges moving

towards and away from us would have resulted in an almost

equal distribution of initial positive and negative pulses.

Therefore, there is a possibility that the vast majority of

these pulses either lower positive charge or raise negative

charge. Since the total duration of the pulse is in the order
of 10 fis, the maximum extent this vertical movement could have

is about 3 km, that is, if the charge moves at the speed of

light. This is an upper bound for the propagation distance,
since it is likely that the speed of propagation is slower

than the speed of light. The large amplitude of the electric
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fields produced by bipolar pulses, which is comparable to the

amplitude of return strokes from the same thunderstorms,

suggests that the bipolar pulses are associated with a large

current flow, probably several thousand amperes. Le Vine

(1980) had suggested that the bipolar pulse might be caused by

an occassional, very fast K-change, caused by a discharge

between an upper positive charge and a lower negative charge.

By assuming that the channel is in the order of 1 km, Le Vine

(1980) concluded that the velocity of propagation must be on

the order of 108 m/s. Preliminary analysis conducted on NBP's

with the TOA system we are currently operating at the Kennedy

Space Center has enabled us to locate in 3-D both the initial

peak and the overshoot peak. Results indicate a predominantly

downward movement, with the vertical extent ranging from about

200 m to 500 m. Since the mean time difference between the

initial peak and the overshoot peak is about 4 /zs, the

velocity of propagation must be in the order of 5 x 107 to

1.25 x 108 m/s. About 99% of the bipolar pulses we have

observed have an initial polarity opposite to that of return

strokes lowering negative charge, therefore these NBP's must

lower positive charge.

7.6 Cloud-to-Ground Discharges

The published literature includes wideband electric field

and dE/dt data that has been recorded at a sampling rate as

fast as 100 MS/s. The experiments we conducted in 1989
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consisted of measurements of dE/dt and E-fields sampled at 100

MS/s. In 1990, similar measurements were conducted, except

the bandwidth of the recording system was increased to 150

MHz, while sampling was performed at a 400 MS/s rate.

In section 5.5 we analyzed strikes than exhibited chaotic

behavior preceding the onset of the return stroke. This

chaotic behavior was mentioned by Weidman (1982), who noticed

it in some lightning strikes which occurred at a distance of

1.5 to 2 km. The "chaotic" term derives from the fact that

the electric field radiation preceding some return strokes

exhibit a chaotic appearance instead of a regular stepping.

Willett et al. (1990) also reported the observation of

subsequent strokes at distances of 28 and 31 km exhibiting the

same chaotic behavior. Willett et al. (1990) reported that

there were no significant differences in the shape of the

spectra for different kinds of subsequent strokes, including

those with chaotic appearance. This sharply disagrees with

our results, where we have found different spectra for normal

leaders, chaotic leaders, and continuous high frequency noise

that was measured preceding strikes within a few hundred

meters.

7.6.1. Stepped Leaders

We obtained the spectra for stepped leaders in events

24200149 and 24200301, shown previously in figures 6.31 and

6.33 respectively. The spectrum of the leader pulses

occurring between 10 and 7.5 /¿s before the onset of the return
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stroke of event 24200149 was found to decay as 1/f2 from 2 to

20 MHz. At 20 MHz, the spectrum showed a rapid increase,

followed by a sharp drop at 30 MHz. The spectra corresponding

to the last 2.5 jus immediately preceding the start of the

return stroke fell off as 1/f2 from 5 to 30 MHz, where the

noise level of the recording system was reached. The spectra

of the stepped leader activity in the last 2.5 jus before the

start of the return stroke of event 24200301 was found to

decrease as 1/f2 from 5 to 20 MHz.

Weidman et al. (1981) reported the frequency spectra of

stepped leaders from lightning recorded at distances from 20

to 47 km and with a propagating path over salt water. Their

spectra dropped as 1/f up to about 1 MHz, as 1/f2 from 2 to

about 10 MHz, and as l/f5/2 above 10 MHz. Later measurements

reported by Weidman and Krider (1986) showed the spectral

amplitude of stepped leaders decreasing as 1/f up to 6 MHz,

and as 1/f2 from 6 to about 20 MHz.

The spectra we presented of event 24200149 drops slower

above 10 MHz than the spectra reported by Weidman et al.

(1981), and slower above 20 MHz than the spectra presented by

Weidman and Krider (1986). Figure 7.4 shows the frequency

spectra of event 24200149 normalized to a distance of 50 km

along with the spectra presented by both Weidman et al. (1981)

and Weidman and Krider (1986). * The differences between our

spectra and the published spectra could be attributed to high
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24250149.frO

Frequency (MHz >

Figure 7.4. Amplitude spectrum of stepped leaders from
record 24200149. The noise level was reached
at 34 MHz. The spectrum has been
normalized to 50 km. The dotted line
represents the ápectra reported by Weidman et
al. ..(1981) . The dashed line represents the
spectra presented by Weidman and Krider
(1986).
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frequencies being attenuated by propagation effects and will

be discussed further in section 7.6.6.

7.6.2 Chaotic Leaders

In section 5.5.1 we discussed the occurrence of chaotic

leader activity. Chaotic leaders were observed by Weidman

(1982) on a lightning event at a distance between 1.5 and 2

km. Weidman (1982) did not present frequency spectra on the

chaotic leader. Willett et al. (1990) computed the frequency

spectra for 15 chaotic leaders recorded from lightning at

distances less than 35 km. These spectra dropped as 1/f from

1 to 3 MHz, as 1/f2 from 1 to 10 MHz, and as 1/f4 up to about

15 MHz. Our analysis resulted in a frequency spectrum that

dropped at a slower rate than the spectra presented by Willett
et al. (1990) . The spectra we computed for the chaotic

leaders preceding event 24200106 dropped as 1/f from 2 to 4

MHz, as 1/f2 from 5 until 20 MHz, tended to become flat

between 20 and 30 MHz, and dropped sharply at 32 MHz. The

normalized spectrum of event 24200106 is shown in figure 7.5,

along with the spectra of chaotic leaders presented by Willett
et al. (1990). The source of the flatness in our spectrum in

the 20-30 MHz range could be attributed to resonances on the

ground plane, which are discussed in section 7.9. The origin
of the chaotic leaders is discussed in section 7.8.

We should note that Willett et al. (1990) reported the

measurements of chaotic leaders from lightning at distances up
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24250106.fr5

Figure 7.5. Amplitude spectra of the chaotic leaders
corresponding to event 24200106. The noise
level was reached at 42 MHz. The frequency
spectrum is normalized to a distance of 50
km. The dotted .(line represents the spectra
reported by Willett et al. (1990).
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to 35 km. Weidman (1982) reported the occurrence of the

chaotic leader on a flash at a distance between 1.5 and 2 km.

We have not observed any evidence of chaotic activity in

flashes striking at distances larger than 1-2 km.

7.6.3 Continuous dE/dt Noise Preceding Close Lightning

Strikes

A continuous high frequency noise was measured preceding

lightning strikes at distances shorter than 200 m. This high

frequency noise increased in amplitude until the onset of the

return stroke, after which it abruptly ceased. We have not

seen anything in the literature regarding this phenomena.

The frequency spectra of the high frequency noise was

analyzed in sections 6.4.5 and 6.4.6. We found that frequency

components remained above the noise level even at frequencies

higher than 125 MHz. Some peaks in the spectra were observed
in the 20-30 MHz region, possibly caused by resonances in the

ground plane. The origin of the peaks is discussed in section
7.9. A discussion on the origin of the high frequency noise

is presented in section 7.8.

7.6.4 First Return Strokes

The spectra for first return strokes 24200018 and

2420002 6, which struck at a distance of 5.5 and 5 km

respectively, were normalized to a distance of 50 km, to allow

comparison with results published by Willett et al. (1989).

Figure 7.6 shows both spectra as well as the spectra obtained

by Willett et al. (1990) and Weidman et al. (1981) In
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Figure 7.6. Amplitude spectra of first return strokes
24200018 and 24200026. The noise level was

reached at 15 MHz. The spectra are
normalized to 50 km. The dotted line
represents the spectrum obtained by Willett
et al. (1990). The dashed line corresponds
to the spectrum’reported by Weidman et al.
(19&1).
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general, the spectra that we obtained for individual events

tend to follow within a few dB the results obtained by both

Willett et al. (1990) and Weidman et al. (1981). Since we

reached the noise level at about 12 MHz, we cannot compare the

spectra above that frequency.

Given the short distances to the striking points of

events 24200018 and 24200026, where the propagation was mainly

over salt water or salt marsh, we believe that the absence of

measurable frequency components above 12 MHz was a real effect

and not an artifact produced by the attenuation of higher

frequencies due to propagation effects.

7.6.5 Subsequent Return Strokes

The spectra that we obtained for two subsequent strokes,

24200160 and 24200171, are presented in figure 7.7. These —

subsequent strokes occurred at distances of 3.1 and 2.4 km

respectively. These spectra were normalized to 50 km to allow

comparison with other published results. At 2 MHz our

normalized spectral amplitude falls within one dB of the

spectra reported by Willett et al. (1989) for subsequent

return strokes. However, our spectra drop faster above that

frequency and reaches noise level at about 8 MHz. Again, we

do not believe that the high frequencies were significantly

attenuated by propagation, since the distance to the striking

points were just within a few kilometers.
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24230171.FRt

Figure 7.7. Amplitude spectra of subsequent strokes
24200160 and 24*200171, normalized to 50 km.
The. noise level was reached at 18 MHz.
The dotted line shows the spectra reported
by Willett et al. (1990).
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7.6.6. Propagation Effects on the Electric Fields from

Leaders and Return Strokes.

The problem of attenuation has been addressed by Cooray

and Lundquist (1983) and Cooray (1987) who studied the

attenuation of electric fields when propagating over a non-

perfectly conducting ground. Cooray and Lundquist (1983)

studied the effect of the ground conductivity on the rise

times of waveforms for different distances. Slower rise times

were observed as the conductivity was decreased. In a similar

way, slower rise times were obtained as the propagating

distance increased. Cooray (1987) compared his theoretical

results with experimental data obtained by other researchers,

and a good agreement was found between them. The slower rise

times were caused by attenuation of the higher frequency

components. The attenuation due to propagation effectively

lowpass filters the original radiated waveform, thus causing

a faster drop on the frequency spectra. The attenuation of

high frequencies is more severe when the source is close to

the ground, as the field at the receiving sensor is due

primarily to a surface-wave field.

Willett et al. (1990) had reported appreciable

attenuation of lightning signals at frequencies below 20 MHz

when propagating over more than 35 km of salt water. The

propagation path for the stepped leaders from event 24200149

and the chaotic leaders from event 24200106 was entirely over

either salt water or a salt water marsh, and struck at
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distances of 7.5 km and 500 m respectively. We believe the

waveforms we recorded were not as severely affected by

attenuation as the data presented by Weidman et al. (1981) and

Weidman and Krider (1986) , thus accounting for the slower drop

in the frequency spectra as seen in figures 7.4 and 7.5.

When both a transmitting source and a receiver are

located close to or on the ground, the field at the receiving

antenna is due to a surface-wave field. The attenuation in

signal power of the surface wave is nearly proportional to the

inverse of the fourth power of the distance separating the

source and the receiver (Collin, 1985). The attenuation also

depends on factors such as the conductivity and permittivity

of the ground.

Figure 7.8 shows the surface wave attenuation at 1.6 MHz

for different distances and conductivities. At this

frequency, propagation over ground with a conductivity of

0.001 mhos/m and over a distance of 16 km (10 miles) results

in a 27 dB loss compared to the free space signal strength.

The attenuation for the same distance, when the propagation is

over salt water, is less than a fraction of a dB. A 1.6 MHz

signal can get attenuated 10 dB after propagating just 2.5 km

over ground with a conductivity of 0.001 mhos/m.

Figure 7.9 shows the attenuation as a function of

frequency, distance and conductivity. The attenuation for

frequencies ranging from 150 kHz to 5 MHz are presented. The

attenuation at higher frequencies increases rapidly with
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Figure 7.8. Ground-wave field strength plotted against
distance. Computed for 1.6 MHz. Dielectric
constant = 15. Ground-conductivity values
are in millimhos/m. (Adapted from Remley et
al.,1991)



319

miles miles

Figure 7.9. Strength of ground wave as a function of
distance, frequency, and soil conductivity.
(Adapted from Terman, 1955)
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distance, especially when the propagation is over poorly

conducting ground.

Cloud-to-ground activity happening close to ground level

will suffer the greatest attenuation, as the propagation will

be predominantly by means of a surface wave. However, the

stepped leaders and return strokes we recorded propagated

mainly over the Indian River or the adjacent salt marsh, where

the conductivity is 2 mhos/m. Extrapolating from results

published by Reed and Russell (1964), a 30 MHz surface wave

signal will attenuate about 10 dB after propagating 30 km

over salt water. The spectra we obtained for stepped leaders

and return strokes dropped to the noise level at frequencies

between 10 and 30 MHz and were recorded from activity up to 9

km away. The attenuation at these frequencies would have been

about 1-2 dB for 9 km, and a fraction of a dB for 1-2 km.

These results reaffirms our statement that our data have not

been seriously affected or distorted by propagation. This is

consistent with the fast drop above 10 MHz in the stepped

leader spectra published by Weidman et al. (1981) , who

recorded electric fields which propagated over less than 50 km

over salt water. The same is true for the spectrum of chaotic

leaders presented by Willett et al. (1990) which were obtained

from events 31 km away and with propagation path over salt

water. Their spectrum dropped rapidly above 12 MHz.
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7.7 Comparison of the Spectra of Narrow Bipolar Pulses

with the Spectra of Return Strokes

The spectra of narrow bipolar pulses was normalized to 50

km by assuming that the pulses were generated close to the

center of an active thunderstorm located about 10 - 20 km

south of our recording station. Figure 7.10 shows the

normalized spectrum for pulse 25900076 and the spectrum of

return stroke 24200018. The spectrum is stronger than that of

return strokes at frequencies above 12-15 MHz. Similar

results were obtained after normalizing the other four narrow

bipolar pulses. Results published by Willett et al. (1989)
are consistent with those obtained in our analysis up to 20

MHz, where Willett's spectrum became flat while our spectra

continued dropping as 1/f up to frequencies approaching 125

MHz. As discussed in section 7.2, we believe that the

flatness in the spectra obtained by Willett et al. (1990) was

an artifact and not a real effect.

Since the frequency spectra of the electric fields

generated by return strokes reached the noise level at

frequencies near 10 to 2 0 MHz, we could not do a comparison of

their spectra above those frequencies. However, we conclude
that the narrow bipolar pulses are the strongest source of HF

radiation in the region above 10 - 15 MHz.
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25950076.frl

Figure 7.10. Amplitude spectrum of narrow bipolar pulse.
25900076. The spectrum is normalized to 50
km. The dotted line represents the spectrum
of the return stroke 24200018.
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7.8 Origin of the Chaotic Behavior and Continuous High

Freguencv Noise Preceding Close Return Strokes

Measurements of lightning discharges at distances closer

than 500 m were reported in sections 5.5 and 5.6. Return

strokes at these and closer distances have been observed to be

preceded by a chaotic noise. Strikes at distances closer than

200 m were noticed to produce a continuous high frequency

radiation, which increased in amplitude until the start of the

return stroke after which the high frequency noise ceased

abruptly.

It is possible that the chaotic behavior observed in

flashes striking at distances in the order of 500 m can be

caused by radiation emitted by several small upward going

streamers, some of them possibly close to the recording

station. The number of pulses observed, about one per

microsecond, would require a large number of upward going

streamers to produce the electric field waveforms we measured.

Photographic evidence does not support this density of upward

going streamers. However, Berger (1967) pointed out that

positively charged upward going streamers are typically faint
and difficult to photograph, so that there may be many shorter

unphotographed connecting leaders.

The continuous noise found to occur before strikes at

distances closer than 200 m is"of a different nature. The

impulsiveness seen in the chaotic leaders was not noticed

anymore. The high frequency noise totally eclipsed any
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chaotic behavior that could have otherwise been detected. The

frequency spectra normalized to 50 km showed that this high

frequency noise contained stronger frequency components than

return strokes for frequencies above 10 MHz. This noise,

which has never been detected preceding lightning strikes at

distances greater than 300 meters, could be caused by a

multitude of corona discharge points from objects on the

ground due to the high intensity electric fields present just
before a lightning strike. The sum of all these small

discharges would result in noise like signals such as those

reported in Chapter 4. This hypothesis is supported by the

fact the amplitude of high frequency noise increases with time

until the onset of the return stroke, when it abruptly

disappears. This is consistent with the increase in corona

discharge points as the electric field escalates as the leader

tip approaches the ground.

7.9 Possible Effects of Resonances on the Ground Plane

In sections 6.4 we showed the spectrum we obtained for

lightning discharges at various distances. Lightning strikes
at distances shorter than about 2 km exhibited a peculiar peak

in the spectrum at frequencies between 20 and 30 MHz. This

peak in the spectrum could have been caused by resonances in
the ground plane used for the flat plate antennas. The ground

plane consisted of a 16' by 16' wire mesh about 1 feet above

ground, which was grounded by eight lightning rods located 3
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feet from the edge of the wire mesh. Copper wire was used to

connect the galvanized wire mesh to the ground rods.

The resonant frequencies of such a ground plane would

include those whose half wavelengths are:

16/<l<16/v/2"

which correspond to frequencies between 21.5 and 30.7 MHz.

There is a distinct possibility that this peak in the

spectra could have been caused by reflections on the ground

plane, even though the ground plane was grounded at its edges.

Imperfect ground connections could have been caused by a

difference in potential between the different metals that were

part of the ground plane, as well as differences in potential
between the ground rods and the ground. A good ground

connection would have been obtained only when the voltages

between different metals (e.g., galvanized iron - copper)

exceeded their junction breakdown potential. In addition, the

conductivity of the salt marsh was not that of a perfect

conductor. This hypothesis is supported by the fact that a

point was reached where an increase in the overall amplitude

spectrum was not accompanied by an increase in peak in the 20-

30 MHz region, as was shown earlier in table 6.1.

We consider of utmost importance the continuation of

experiments designed to measure yith even greater accuracy the

time and frequency domain characteristics of close lightning

strikes. In order to avoid any problems associated with a

potentially resonant ground plane, sensors which do not
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require a ground plane should be utilized.' Additional

experiments which could enhance our knowledge of lightning

related phenomena are proposed in Chapter 8.

7.10 Summary

The unique and novel contributions obtained in this

dissertation are summarized in this section, where they are

briefly reviewed in each paragraph.

In this study, we have extended the limit on the

frequency spectra of narrow bipolar pulses. The spectra

reported by Willett et al. (1989), according to the authors,

were suspicious above about 20 MHz. We have obtained

frequency spectra that drop as 1/f up to about 125 MHz and do

not exhibit the flattening effect Willett et al. (1989) noted

after 20 MHz. Analysis of wideband dE/dt waveforms in the

time domain indicates that some dE/dt impulses are as fast as

the impulse response of the system, thus suggesting the

possibility that the frequency spectra could extend even

further. The widths at half maximum of the largest dE/dt

pulses we recorded were considerably shorter than those

reported by Willett et al. (1989) , as was shown in section

4.3. We measured large dE/dt pulses with a mean half width of

7 ns, while Willett et al. (1989) had reported a mean half

width of 49 ns.

Wideband records of dE/dt radiation from lightning

strikes at distances smaller than 7.5 km were also analyzed in
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this dissertation. Our results regarding the frequency

spectra of first and subsequent return strokes were comparable

to those reported by Weidman and Krider (1986) and Willett et

al. (1990) . The frequency spectra of stepped and chaotic

leaders were found to extend higher than that noted in

previous reports. Weidman and Krider (1986) presented

frequency spectra for leader steps up to 20 MHz. We obtained

frequency spectra for leader steps as shown earlier in figures

6.31 and 6.32. The spectrum shown in figure 6.31 dropped as

1/f2 from 5 to 20 MHz, had a rapid increase at 20 MHz, and an

abrupt drop at 30 MHz before hitting the noise level. The

spectrum showed in figure 6.32 dropped as 1/f2 from 5 MHz

until 30 MHz where it reached the noise floor. The possible

origin of the intensification of the spectrum in the 20 to 30

MHz range could have been resonances in the ground plane used

for the flat plate antennas, as discussed in section 7.9.

More remarkable were the spectra obtained for the high

frequency activity that preceded return strokes at distances

closer than 150 m. We have not seen reports in the literature

regarding the frequency spectra of lightning strikes at such

close distances. The spectra, which were calculated for

different sections of the activity preceding the return

stroke, sometimes reached 125 MHz. We believe that the origin

of this high frequency activity could have been a multitude of

corona discharge points from objects on the ground, caused by

the high electric fields present just before a lightning
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strike. This effect was discussed in section 7.8. Additional

experiments to analyze further the origin of this activity are

suggested in section 8.2, and include using differential

sensors which do not require a ground plane. This would allow

us to conclusively determine if our results were affected in

any way by the ground plane.

The digital simulation of narrowband receivers yielded

results that were immediately applied to the time-of-arrival

system currently installed at the Kennedy Space Center. We

studied in section 4.8 the effects that a shift in the center

frequency of a simulated receiver had on the output waveforms,

where the waveshapes and the time of occurrence of peaks

varied as the center frequencies of the receivers were

altered. When a source generating the VHF pulse is moving at

a 107 m/s or faster, it can give rise to frequency shifts in

the order of several MHz. Even when all the receivers in a

time-of-arrival network are identical, the propagating source

regions can cause VHF signals to have different waveshapes at

different receiver locations (Thomson and Medelius, 1992).

This effect is a result of dilations or contractions that are

a function of the velocity and the relative position of the

source and the receiving station, and results in an effective

frequency shift at the receivers. Differences in the VHF

waveshapes received at different stations can produce errors

that result in apparent speeds of propagation exceeding the

speed of light (Thomson and Medelius, 1992). To eliminate
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problems created by these frequency shifts, our time-of-

arrival system was designed to use baseband electric field and

dE/dt sensors.

The existence of a single process responsible for VHF

radiation from lightning, such as that proposed by Labaune et

al. (1990), was tested in section 4.7 using deconvolution

(Cepstrum) methods on the NBP waveforms. The assumption was

than the dE/dt waveform was a composite signal created by the

finite summation of a basic component, and the task was to

determine the waveshape of the basic component. Our analysis

failed to identify a single basic component in these pulses.

In agreement with other reports in the literature (e.g,

Le Vine and Krider, 1977) , HF radiation following return

strokes peaked 20-30 ¡jls after the onset of the return stroke,

and persisted for several tens of microseconds after the peak.

However, the short propagation path (less than 7.5 km) over

salt water does not support the widely accepted hypothesis

that the delayed peak arises as a result of propagation

effects, and leads us to believe that the absence of strong RF

radiation immediately after the return stroke is an inherent

characteristic of return strokes. The occurrence of HF

radiation following return strokes was discussed in section

5.9.2.
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CHAPTER 8
SUGGESTIONS FOR FUTURE RESEARCH

In this dissertation we have conducted extensive analysis

of the time and frequency behavior of waveforms generated by

lightning. Studies of narrow bipolar pulses and of cloud-to-

ground discharges were conducted and the results were

discussed and compared with analysis published by other

researchers. Among other achievements, we have conducted the

most comprehensive characterization of narrow bipolar pulses

to date. Specifically, we have derived statistics on the most

important characteristics of the electric field and dE/dt

waveforms. We have also determined the frequency spectra of

cloud-to-ground strikes at distances as close as 50 m, along

with their time domain behavior. As a consequence of our

analysis, new questions have been raised. These questions

open the door for experiments that should be conducted to

further expand our knowledge of the phenomena covered in this

dissertation. This chapter presents suggestions for future

research we believe should be conducted to achieve this goal.

8.1 Investigation of the Existence of a Basic Wavelet

Even though we- were not successful in determining the

existence of a basic component of the electric field radiation

from lightning using the data recorded in 1990, additional
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experiments could be conducted to further test if a wavelet

really exists, as proposed by Labaune et al. (1990) . When a

current pulse propagates along an extending channel, it

generates an electric field change. If the current turns on

and off as the channel propagates, a succession of electric

field pulses is generated. The shape and amplitude of the

electric field pulse received at a station on the ground

depends on the length of each step, the waveshape of the

current, the speed of propagation, and the relative angle of

the channel with respect to the location of the receiver. In

the analysis conducted in this dissertation, we assumed that

all wavelets were identical in shape, but occurred at

different times and could have different amplitudes. We

should also look for the existence of wavelets that can also

be dilated or contracted in time, using wavelet analysis

techniques as described by Rioul and Vetterli (1991).

Our tests for the existence of a wavelet were conducted

on wideband data which had a frequency content extending up to

150 MHz. It is possible that at any given time we were

receiving pulses originating at more than one location, such

as when a propagating channel splits into multiple branches

with different orientations. If this is true, it would result

in an electric field waveform with unidentifiable individual

pulses, since a multitude of pul'ses would be overlapped, thus

creating a large and complex waveform. There is also a

possibility that a much shorter wavelet could exist, which
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could have been missed by the limited frequency response of

our recording instrumentation.

These two possibilities could be further investigated.

The electric field derivative waveforms could be digitized at

a higher sampling rate, perhaps 1 or 2 GS/s. Currently

available technology permits sampling and storing signals at

this rate. These signals could then be digitally highpass

filtered at different cutoff frequencies to remove the slower

varying components. The higher frequency components could

then be processed using cepstrums to determine if a wavelet

really exists.

In order to prevent signals radiating from multiple

channels from simultaneously reaching a receiver, thus

overlapping to form a complex waveform , a set of very

directional antennas, i.e. parabolic reflectors could be used

for the measurements. Several antennas aiming at close but

different angles could possibly provide measurements of the

radiation from a single extending channel instead of the sum

of multiple electric field pulses. The output of these

receivers could be independently digitized and each one

individually analyzed. Obviously, not all flashes, and

probably not even a single complete flash would fall within
the scope of the radiation pattern of the directional antenna.

However, the radiation that originates at points that are

within the angle of reception of the antennas could provide
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additional insight as far as the existence of a wavelet is

concerned.

8.2 Wideband Electric Field and dE/dt Measurements

During the 1990 experiment, we digitized electric field

derivative signals from close lightning at a rate of 400 MS/s.

The useful bandwidth due to the limitations of the components

of the recording system was limited to 125 MHz, where the gain

of the system was down -6 dB. The analysis conducted in this

dissertation has shown that lightning generated signals

contain strong high frequency components for some lightning

processes, such as the narrow bipolar pulses. We believe that

the actual frequency content of these processes extends much

further beyond the 150 MHz limit of our system. Wideband

waveforms were observed where risetimes were consistent with

the step response of the digitizing system.

An experiment is suggested where signals are sampled at

a much higher rate. Extreme care has to be taken in the

selection of the sensors, since uniform response over the band

of interest is extremely important. The sensors should be

placed over a very good conducting ground to avoid attenuation

of the high frequency components due to losses inherent to

wave propagation over poor conductors. The size of the

sensors is important, since they will have to be much smaller

than a wavelength at the higher frequency of interest. The

small size of the sensors, and the fact that high frequencies
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get attenuated faster with distance, might limit the operation

of the system to the recording of close lightning.

If data were recorded at high digitizing rates at two or

more stations, it could be used for the simulation of

lightning location systems such as all the different versions

of interferometers and time-of-arrival systems. A multi¬

station, high speed system would provide wideband data which

could be used to determine the best location method based on

the digital simulation of the location systems. A method

should be devised to assure simultaneous triggering of all the

receiving stations, so all waveforms recorded correspond to

the same events. Locations could be determined using

digitally simulated receivers tuned at a variety of

frequencies. This would allow us to test if radiation at

different frequencies originates or follows the same paths, or

if there are regions of activity that radiate predominantly at

certain frequencies. A system could be devised such that the

locations of regions of activity that radiate mainly in

VHF/UHF range (i.e. radiation from the preliminary breakdown

of air) could be found at the same time as regions radiating

mainly in the LF/HF range (i.e. return strokes). This time
domain analysis would facilitate the gathering of information

on the activity related to lightning by allowing the analysis

of simultaneous but independent"phenomena.

This system should start recording early in the

thunderstorm formation, since radiation at some frequencies
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could occur at this stage. If evidence is found that pre¬

thunderstorm radiation exists, a valuable tool for forecasting

potential thunderstorms could be obtained.

The same system could be used to record high frequency

radiation from lightning strikes at very close distances.

During the analysis conducted in this dissertation, we

demonstrated that nearby lightning strikes contain frequency

components that extend at least through 125 MHz. It would be

ideal to utilize a digitizer with at least a 10 or 12 bit

resolution. However, currently available digitizers that

operate in the 1-2 GHz range are only capable of providing 8

bit accuracy. An experiment could then be conducted where

instead of measuring dE/dt, we would measure d2E/dt2. This way

we would eliminate the large amplitude, lower frequency

radiation which could be measured with a simpler digitizer.

This would allow us to increase the sensitivity of the ultra

fast digitizer while preventing it from being saturated by the

large amplitude, lower frequency emissions.

A peak in the spectrum at frequencies between 20 and 30

MHz, was detected especially when measuring relatively close

lightning strikes. There is a possibility this could have

been caused by resonances in the ground plane we used for our

flat plate sensors. To avoid this problem, differential

sensors which do not require a ground plane should be used.

This experiment would help us determine if the peak in the

spectrum in the 20-30 MHz range is real or if it was a
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consequence of resonances on the ground plane used in the

experiment.

The high frequency content found in the very close

lightning strikes is of particular interest as far as

protecting electronic equipment on the ground from

electromagnetic interference. The experiment proposed here

would provide additional insight regarding the nanosecond and

sub-nanosecond behavior of the chaotic and continuous noise

found to precede nearby lightning return strokes.

8.3 Occurrence of Narrow Bipolar Pulses in Relation

to Other Lightning Processes

We have carefully studied and characterized several

narrow bipolar pulses. However, more research should be done

to investigate their frequency of occurrence, especially in

relation to other lightning processes. We have found that

these pulses tend to occur independently of any other

lightning activity. However, if complete thunderstorm records

are obtained, we could document their rate of occurrence as

the thunderstorm progresses. It would be interesting to

determine when these pulses start occurring. Since these

pulses 'are apparently not related to other lightning

phenomena, it should not be surprising if they start sometime

before cloud-to-ground activity begins. Recording of the

receiver outputs should start when the thunderclouds are
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beginning to form, in order to ensure that early electric

field radiation is recorded.

8.4 Characteristics of Lightning During Different

Stages of a Thunderstorm

In this dissertation we have determined the frequency

spectra of several narrow bipolar pulses. However, as further

research, it would be interesting to determine if the

frequency characteristics of these pulses and other lightning

phenomena are in any way dependant on the stage of the

thunderstorm. Higher frequency content might indicate the

predominant occurrence of shorter breakdown steps. Electric

field derivative waveforms, digitized with the system

described earlier in this chapter, could be analyzed to

determine their frequency spectra. A comparison between

pulses recorded at different stages should then be made to

determine if the frequency content of individual pulses is in

any way related to the stage of the thunderstorm activity.

8.5 Time-of-Arrival System

In this dissertation we have presented a characterization

of narrow bipolar pulses. Additional information would be

necessary to properly establish a model for the process that

generates these pulses. A time-of-arrival system could locate

the origin of these pulses, and furthermore, it could

determine their direction of movement. A TOA system would
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also allow us to locate active thunderstorm cells, thus

facilitate an analysis to determine the relation between the

stage of activity of the thunderstorm cell and the occurrence

of bipolar pulses.

As mentioned in Chapter 4, the proper determination of

the differences in the time of arrival of a radiated signal at

a group of ground stations can be affected by several factors.

It is important to maintain the same frequency and phase

responses at all stations. If this is not feasible, the

impulse response of each station, along with their respective

wideband transmission link must be obtained. Once the impulse

response is known, the recorded signals can then be digitally

processed to recover the original waveform.



APPENDIX
COMPUTER PROGRAMS

1 CQNV1990.C

/*
This program performs a convolution between a binary data file
and a Monarch impulse response file. It is used to perform
lowpass, bandpass and highpass filtering. The filter file is
of order 511. The data file is 14 K points long */

/include <stdlib.h>
/include <stdio.h>
/include <conio.h>
/include <process.h>
/include <string.h>
/include <dir.h>
/include <math.h>

extern unsigned _stklen = 60000U;
float trash,inputbuf[14336],filter[511];
int i, j, max_x, max_y, handle, bytes, points, streami-
char line[l], inputfile[30]="", outputfile[30]="";
FILE *in, *inl, *out;
void convolution(void);
void openfile(void);
void readfile(void);
void process(void);

void main(int argc, char *argv[])
{
int count,flags;
sscanf(argv[1],"%s",&inputfile);
sscanf(argv[2],"%s",&outputfile);
openfile();
readfile();
inl=fopen("lpf.imp", "rt");
for(i=0; i<6; i++)
{
while((int)line[0] != (int)10)
{
fread(&line, 1, 1, ini);
}
line[0]=(char)64;
}
for(j=0;j<511;j++)

{

339
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fscanf(inl, "%g %g", &trash, &filter[j])
>

fclose(inl);
printf("%s %s\n",inputfile, outputfile);
convolution();
writefile();
exit(0);

void openfile()
{
if ((in = fopen(inputfile, "rb")) == NULL)
{
perror("Error:");
exit(1);
}

void readfile()
{
fread(&inputbuf, 4, 14336, in);
}

void convolution()
{
float outputbuf[14848],sum;
for(i=255; i<14591; i++)
{
sum=0;
for(j=510; j>=0; j—)
{
sum=sum+inputbuf[i+256-j]*filter[j];
}
outputbuf[i]=sum;

>
for(i=0;i<14336;i++)
{
outputbuf[i]=outputbuf[i+255]*4;
}
out = fopen(outputfile, "wb");
fwrite(outputbuf, sizeof(float), 14336, out)
fclose(out);

>
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2 PROJECT FFTMUX

/* This group of programs is used to determine the correct
interlacing of the four channels of the digitizer used in the
experiment conducted in 1990. The correct interlacing in
found by performing fast Fourier transforms on waveforms
reconstructed using different interleave correction delays.
The combination that gives the lowest energy in the high end
of the spectrum is selected as the correct combination. The
theory behind this method is explained in Chapter 3.
*/

A.2.1 MUX.C

/* Generates multiplexed records with different interleaving
delays */

/include <dos.h>
/include <math.h>
/include <stdlib.h>

void mux(datal, data2, data3, data4, file5)
float datal[2048], data2[2048], data3[2048], data4[2048];
char file5[35];
{
float muxdata[2048];
int i,j,k,l,m;

for(i=l; i!=6; i++)
{
for(j=l; j!=6; j++)

{
for(k=l; k!=6; k++)
{

for(1=1; lí=6; 1++)
{

if ((max(i,max( j ,max(k, 1))) -min(i,min(j,min(k, 1)))) >=4)
{
for (m=l; ml=256; m++)
{
muxdata[4*m-3]=datal[m+520+i];
muxdata[4*m-2]=data2[m+520+j];
muxdata[4*m-l]=data3[m+520+k];
muxdata[4*m]=data4[m+520+1];
}
for(m=1020; ml=1024; m++)
{
muxdata[m]=0;
}
prfftmux(muxdata,i,j,k,1,files);

>
>
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}
}
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2.2 PACK.C /* Reads the raw data */

/include <math.h>
/include <stdio.h>
/include <conio.h>
/include <dos.h>
/include <dir.h>
/include <stdlib.h>
/include <string.h>

int i,j,k,l;
int direction,scale, handlel, handle2, handle3, handle4;
long length;
char buffer[10];
char filel[35],file2[35],file3[35],file4[35], file5[35];
char
inputfile[35],InputFileNamel[35],FileNamePrefix[70],IFPrefix
1 [ 3 5 ] ;
unsigned char temp[2048];
float datal[2048], data2[2048], data3[2048], data4[2048];
void readfile(void);
extern unsigned _stklen = 44000U;
FILE *outl;
void InitDRFFT()
{

direction = 1;
scale = 2;

}

main(argc,argv)
char *argv[];
{

int Quit, FuncKey, Ydex, PYdex;
char Ch;
strcpy(filel, argv[l]);
strcpy(file2, argv[2]);
strcpy(file3, argv[3]);
strcpy(file4, argv[4]);
strcpy(files, argv[5]);
outl=fopen(file5,"wt") ;
fclose(outl);
printf("\f%s \n",filel);
readf ile ();
mux(datal, data2, data3, data4, file5);

void readfile()
{

float sum, avg;
handlel = open(filel, 0_RD0NLY { 0_BINARY);
read(handlel, temp, 1024); /* discard 4K*/
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read(handlel, temp, 1024);
read(handlel, temp, 1024);
read(handlel, temp, 950) ;
read(handlel, temp, 1024);
for(i=l; i1=1024; i++)

{
datal[i]=(float)temp[i];

>
sum=0;
for(i=l;i!=204; i++)

{
sum = sum + datal[i];
>

avg = sum/203;
for(i=l;i!=1024;i++)

{
datal[i]=datal[i]-avg;
}

handle2 = open(file2, 0_RD0NLY ¡ 0_BINARY);
read(handle2, temp, 1024); /* discard 4K*/
read(handle2, temp, 1024);
read(handle2, temp, 1024);
read(handle2, temp, 950);
read(handle2, temp, 1024);
for(i=l; i!=1024; i++)

{
data2[i]=(float)temp[i];

>
sum=0;
for(i=l;i!=204; i++)

{
sum = sum + data2[i];
>

avg = sum/203;
for(i=l;iI=1024;i++)

{
data2[i]=data2[i]-avg;
>

handle3 = open(file3, 0_RD0NLY ¡ 0_BINARY);
read(handle3, temp, 1024); /* discard 4K*/
read(handle3, temp, 1024);
read(handle3, temp, 1024);
read(handle3, temp, 950);
read(handle3, temp, 1024)
for(i=l; i1=1024; i++)

{
data3[i]=(float)temp[i];
}

sum=0;
for(i=l;i1=204; i++)
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{
sum = sum + data3[i];
>

avg = sum/203;
for(i=l;i!=1024;i++)

{
data3[i]=data3[i]-avg;
}

handle4 = open(file4, 0_RD0NLY ¡ 0_BINARY);
read(handle4, temp, 1024); /* discard 4K*/
read(handle4, temp, 1024);
read(handle4, temp, 1024);
read(handle4, temp, 950) ;
read(handle4, temp, 1024);
for(i=l; i!=1024; i++)

{
data4[i]=(float)temp[i];

>
sum=0;
for(i=l;i!=2 04; i++)

{
sum = sum + data4[i];
}

avg = sum/203;
for(i=l;i!=1024;i++)

{
data4[i]=data4[i]-avg;
}

>
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2.3 PRFFTMUX.C /* This section computes the FFT of the
multiplexed signal */

/include <stdio.h>
/include <dos.h>
/include <math.h>
/include <string.h>
/include <alloc.h>
/include <conio.h>

prfftmux(muxdata,ii,j,k,1,file5)
int ii,j,k,l;
float muxdata[2048];
char file5[35];
{
long order= 1024;
int scale=2,Fr=0,Bk=0;
int errorcode,iocode;
long i, n,nd2,nd4,nd34,MBUF,p2test,inv,memavail;
double

datand2,dumy,temp,twopi,twc, tws, tw2c, tw2s, buf lr, buf1 i, buf 2r,
buf2i,tbuf;
struct complex huge *data;
float sum, suml, max;
char

str80[80],infile[40],infilel[40],outfilel[40],outfile2[40];
FILE *fopen(),*fp,*fpcpx,*fpfrq,*out;
void srfft_df();

twopi=8.0*atan(l.0);
errorcode =0;
textattr(Fr + (Bk«4));
MBUF = order/2;
data = (struct complex huge *) farmalloc(MBUF*sizeof (struct

complex)) ;
if (data == NULL)

{
errorcode = 1;

}
else

{
for (i=0; i < MBUF; i++) { data[i] .x=0.0;

data[i].y=0.0;}
}
n=0;
muxdata[0]=muxdata[1 ];
{
do {

if ((n % 2) == 0)
{
data[n/2].x = muxdata[n];

}
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else
{
data[(n+1)/2-1].y = muxdata[n];

}
n++;

> while (n < order);

if (errorcode == 0)
{
—n;
temp=log((double)n)/log(2.0) ;
p2test=(long)temp;
if (( (double)p2test - temp) != 0.0)

n=(long)pow(2.0,(double)(p2test+l));
nd2 = n/2;
nd4 = n/4;
srfft_df(inv,nd2,data-l);
{
temp = twopi/(double)n;
for (i=l; i < nd4; i++)

{
dumy = temp * (double)i;
two = cos(dumy); tws = sin(dumy);
dumy = temp * (double)(nd2-i);
tw2c = cos(dumy); tw2s = sin(dumy);
buflr = (data[i].x + data[nd2-i].x);
bufli = (data[i].y - data[nd2-i].y);
buf2r = (data[nd2-i].y + data[i].y);
buf2i = (data[nd2-i].x - data[i].x);
data[i].x = 0.5*(buflr+buf2r*twc+buf2i*tws);
data[i].y = 0.5*(bufli-buf2r*tws+buf2i*twc);

data [ nd2 - i ] . x
0.5*(buflr+buf2r*tw2c-buf2i*tw2s);

data[nd2-i].y
-0.5*(bufIi+buf2r*tw2s+buf2i*tw2c);

}
datand2 = data[0].x - data[0].y;
data[nd4].y = -data[nd4].y;
data[0].x = data[0].x + data[0].y;
data[0].y = 0.0;

}
}

sum=0;
suml=0;
for(i=425; i!=511; i++)

{
sum = sum

+(float)(data[i],x*data[i].x+data[i].y*data[i].y);
}

for(i=l; i!=87; i++)
{
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suml=suml+(float)(data[i].x*data[i].x+data[i].y*data[i].y);
>
if(ii==l && j==l && k==l && 1==5)
{
max = 0;
}

printf(”%s %d %d %d %d %e %g
suml/sum, max);
if (max<(suml/sum))
{
out=fopen(files, "awt");
max=suml/sum;
>
fcloseall();

%g\n”,file5,ii,j,k,1,sum,
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3 PROJECT MUX

/* The following programs generate the multiplexed records,
using the correction delays found with the program FFTMUX */

3.1 MUXMUX.C

/include <dos.h>
/include <math.h>
/include <fcntl.h>
/include <sys\stat.h>
/include <stdio.h>

void mux(datal, data2, data3, data4, files)
float datal[1024], data2[1024], data3[1024], data4[1024];
char files[35];
{
int m;
float muxdata[4096];
FILE *handle5;
for(m=0; m!=1024; m++)

{
muxdata[4*m]=datal[m];
muxdata[4*m+l]=data2[m];
muxdata[4*m+2]=data3[m];
muxdata[4 *m+3]=data4[m];
}

handle5=fopen(file5, "ab");
fwrite(muxdata, 4, 4096, handle5);
fclose(handles);
}
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3.2 PACKMUX.C

/include <math.h>
/include <stdio.h>
/include <conio.h>
/include <dos.h>
/include <dir.h>
/include <stdlib.h>

int ii,i,j,k,l;
int scale, handlel, handle2, handle3, handle4;
long length;
char DataDir[40], *windptr, buffer[10];
char filei[3 5] , file2 [3 5] ,file3[35] , file4 [ 3 5 ] ,

file5[35],file6[35];
c h a r

inputfile[35],InputFileNamel[35] ,FileNainePrefix[70] ,IFPrefix
1[35];
unsigned char temp[1024];
float avgl, avg2, avg3, avg4, datal[1024J, data2[1024],
data3[1024], data4[1024];
void readmore(void);
void readfile(void);
extern unsigned _stklen = 44000U;
FILE *in, *outl;
void InitDRFFT()

main(argc,argv)
char *argv[];
{

int Quit, FuncKey, Ydex, PYdex;
char Ch;
strcpy(filel, argv[1]);
strcpy(file2, argv[2]);
strcpy(file3, argv[3]);
strcpy(file4, argv[4]);
strcpy(file5, argv[5]);
strcpy(file6, argv[6]);
outl=fopen(file5,"wt") ;
fclose(outl);
in=fopen(file6,"rt");
fscanf(in, "%s %d %d %d %d", &temp, &ii, &j, &k, &1);
printf(”%s %d %d %d %d\n", temp, ii, j, k, 1);
printf("%s \n",filel);
readfile();
mux(datal, data2, data3, data4, file5);
readmore();

>

void readfile()
{

float sum;
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handle1 = open(filel, 0_RD0NLY j
read(handlel, temp, (unsigned)ii)
read(handlel, temp, 1024);
for(i=0; i1=1024; i++)

{
datal[i]=(float)temp[i];
}

sum=0;
for(i=0;i!=204; i++)

{
sum = sum + datal[i];
}

avgl = sum/204;
read(handlel, temp, 1024);
read(handlel, temp, 1024);
for(i=0; i1=1024; i++)

{
datal[i]=(float)temp[i];
}

for(i=0;i1=1024;i++)
{
datal[i]=datal[i]-avgl;
}

handle2 = open(file2, 0_RD0NLY j
read(handle2, temp, (unsigned)j);
read(handle2, temp, 1024);
for(i=0; i1=1024; i++)

{
data2[i]=(float)temp[i];
}

sum=0;
for(i=0;il=204; i++)

{
sum = sum + data2[i];
>

avg2 = sum/204;
read(handle2, temp, 1024);
read(handle2, temp, 1024);

for(i=0; i1=1024; i++)
{
data2[i]=(float)tempfi];
}

for(i=0;i1=1024;i++)
{
data2[i]=data2[i]-avg2;'
>

handle3 = open(file3, 0_RD0NLY ¡
read(handle3, temp, (unsigned)k),
read(handle3, temp, 1024);

0_BINARY);

0 BINARY);

0_BINARY);



352

for(i=0; i!=1024; i++)
{
data3[i]=(float)temp[i];
}

sum=0;
for(i=0;ii=204; i++)

{
sum = sum + data3[i];
>

avg3 = sum/204;
read(handle3, temp, 1024);
read(handle3, temp, 1024);
for(i=0; i!=1024; i++)

{
data3[i]=(float)temp[i];

>
for(i=0;i!=1024;i++)

{
data3[i]=data3[i]-avg3;
>

handle4 = open(file4, 0_RD0NLY ¡
read(handle4, temp, (unsigned)1)
read(handle4, temp, 1024);
for(i=0; i!=1024; i++)

{
data4[i]=(float)temp[i];
}

sum=0;
for(i=0;i!=204; i++)

{
sum = sum + data4[i];
}

avg4 = sum/204;
read(handle4, temp, 1024);
read(handle4, temp, 1024);
for(i=0; i1=1024; i++)

data4[i]=(float)temp[i];
}

for(i=0;i!=1024;i++)
{
data4[i]=data4[i]-avg4;
>

void readmore()
{
int p;
for(p=l; p!=8; p++)

{

0_BXNARY);
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}

read(handlel, temp, 1024);
for(i=0;i!=1024;i++)

{
datal[i]=(float)temp[i];
datal[i]=datal[i]-avgl;
>

read(handle2, temp, 1024);
for(i=0;i!=1024;i++)

{
data2[i]=(float)temp[i];
data2[i]=data2[i]-avg2;
}

read(handle3, temp, 1024);
for(i=0;iÍ =1024;i++)

{
data3[i]=(float)temp[i];
data3[i]=data3[i]-avg3;
}

read(handle4, temp, 1024);
for(i=0;i!=1024;i++)

{
data4[i]=(float)temp[i];
data4[i]=data4[i]-avg4;
}

mux(datal, data2, data3, data4, file5);

>
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4 NARROW BAND RECEIVERS

The following programs were used to estimate the frequency
spectra using digitally simulated narrowband receivers:

CONV90S: Performed a convolution between a data file and the

impulse response of a bandpass filter in Monarch format. This
is equivalent to the front end of a real receiver.

CONVDETS: Performed the detection function in the digitally
simulated receivers. It also performed a convolution with a
lowpass filter to remove the high frequency components after
the detection process.

SPECRBW: Estimated the spectrum assuming a direct
relationship between the peak amplitude at the output of the
receiver and the energy in the passband. Normalization was
done assuming the peak signal is directly proportional to the
bandwidth of the receiver.

SPECRSQ: Estimated a receiver by measuring the energy
contained in the output waveform from the receiver.
Normalization was done by considering the energy to be
directly proportional to the square root of the bandwidth of
the receiver.

A.4.1 CQNV90S.C

/include <stdlib.h>
/include <stdio.h>
/include <conio.h>
/include <math.h>

extern unsigned _stklen = 50500U;
float trash,inputbuf[8355],filter[511];
int i, j, max_x, max_y, handle, bytes, points, stream;
char line[l], inputfile[30]="" , outputfile[30],
filtername[30];
FILE *in, *inl, *out;
void convolution(void);
void openfile(void);
void readfile(void);
void process(void);

void main(int argc, char *argv[))
{
if(argc!=4)

{
printf("USAGE:

filterfile");
exit(1);

convl990 inputfile outputfile
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}
textmode(C8O);
sscanf(argv[l],"%s",fiinputfile);
sscanf(argv[2],"%s",&outputfile);
sscanf(argv[3j,"%s",&filtername);
printf("%s %s %s\n",inputfile, outputfile, filtername);
openfile();
readfile();
inl=fopen(filtername, "rt");
for(i=0; i<6; i++)
{
while((int)line[0] != (int)10)
{
fread(&line, 1, 1, ini);
}
line[0]=(char)64;

}
for(j=0;j<511;j++)
{
fscanf(inl, "%g %g", &trash, &filter[j]);
}
fclose(inl);
convolution();
exit(O);

void openfile()
{
if ((in = fopen(inputfile, "rb")) == NULL)
{
perror("Error:");
exit(l);
}

void readfile()
{
for(i=0; i<8355; i++)
{
inputbuf[i]=0;

>
fread(&inputbuf, 4, 8100, in);
}

void convolution()
{
float outputbuf[8355],sum;
for(i=255; i<8355;-i++)
{
sum=0;
for(j=510; j>=0; j—)
{
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sum=sum+inputbuf[i+256-j]*filter[j];
}
outputbuf[i-255]=sum;
}
out = fopen(outputfile, "wb")/
fwrite(outputbuf, sizeof(float), 8100, out);
fclose(out);

>
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4.2 CONVDETS.C

/include <stdlib.h>
/include <stdio.h>
/include <conio.h>
/include <io.h>
/include <process.h>
/include <string.h>

extern unsigned _stklen = 5000OU;
float trash,inputbuf[8355],filter[511];
int i, j, handle, bytes, points, stream;
char line[l], inputfile[40]=,M', outputfile[40],
filtername[40];
FILE *in, *inl, *out;
void convolution(void);
void openfile(void);
void readfile(void);
void process(void);

void main(int argc, char *argv[])
{
int count,flags;
if(argc!=4)
{
printf("USAGE: convdet inputfile outputfile filtername");
exit(l);
}
sscanf(argv[1],"%s",Sinputfile);
sscanf(argv[2],"%s",&outputfile);
sscanf(argv[3],"%s",&filtername);
openfile();
readfile();
inl=fopen(filtername, "rt");
for(i=0; i<6; i++)
{
while((int)line[0] != (int)10)
{
fread(&line, 1, 1, ini);

>
line[0]=(char)64;
}
for(j=0;j<511;j++)
{
fscanf(inl, "%g %g", Strash, &filter[j]);

>
fclose(ini);
printf("%s %s\n",inputfile, outputfile);
convolution();
exit(0);
}
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void openfile()
{
if ((in = fopen(inputfile, "rb"))
{
perror("Error:");
exit(1) ;
}

}

void readfile()
{
for(i=0;i<8355;i++)
{
inputbuf[i]=0;
}
fread(&inputbuf, 4, 8100, in);
for(i=0;i<8100;i++)
{
inputbuf[i]=fabs(inputbuf[i]);

>
}

NULL)

void convolution()
{
float outputbuf[8355],sum;
for(i=255; i<8355; i++)
{
sum=0;
for(j=510; j>=0; j—)
{
sum=sum+inputbuf[i+256-j]*filter[j];
}
outputbuf[i-255]=sum;
}
out = fopen(outputfile, "wb");
fwrite(outputbuf, sizeof(float), 8100, out)
fclose(out);
}
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4.3 SPECRBW.C

/include <math.h>
/include <stdlib.h>
/include <stdio.h>
/include <conio.h>
/include <process.h>
/include <string.h>

int i, j, max_x, max_y, handle, bytes, points, stream
char inputfile[80]="", outputfile[80]="";
float power, sum, bw, max, avg, newbuf[8100];
FILE *in, *out;
void plotout(void);
void openfile(void);
void readfile(void);
void process(void);
void writefile();

void main(argc, argv)
char *argv[];
{
strcpy(inputfile, argv[l]);
strcpy(outputfile, argv[2]);
sscanf(argv[3], "%f", &bw) ;
printf(”%s %s %f\n", inputfile, outputfile, bw);
openfile();
readfile();
process();
writefile();
exit(0);

>

void openfile()
{
if ((in = fopen(inputfile, "rb”)) == NULL)
{
perror("Error:");
exit(l);

>
}

void readfile()
{
fread(&newbuf, 4, 8100, in);
}

void writefile()
{
out = fopen(outputfile, "wb");
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fprintf(out, "%s %g %f\n", inputfile,
20*logl0(power));
}

void process()
{
max=0;
for(i=512; i<8100; i++)
{
if(newbuf[i]>max)
{
max = newbuf[i];
}

}
power =/* sqrt(2*3.14159)* */ max/(2*bw);

power,
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4.4 SPECRSO.C

/include <math.h>
/include <stdlib.h>
/include <stdio.h>
/include <conio.h>
/include <process.h>
/include <string.h>

int i, j, max_x, xtiax_y, handle, bytes, points, stream;
char inputfile[80]="", outputfile[80]="";
float power, sum, bw, max, avg, newbuf[8100];
FILE *in, *out;
void plotout(void);
void openfile(void);
void readfile(void);
void process(void);
void writefile();

void main(argc, argv)
char *argv[];
{
strcpy(inputfile, argv[l]);
strcpy(outputfile, argv[2]);
sscanf(argv[3], "%f", &bw);
printf("%s %s %f\n", inputfile, outputfile, bw) ;
openfile();
readfile();
process () ;
writefile();
exit(0);

}

void openfile()
{
if ((in = fopen(inputfile, "rb")) == NULL)
{
perror("Error:");
exit(l);

>
}

void readfile()
{
fread(&newbuf, 4, 8100, in);

void writefile()
{
out = fopen(outputfile, "wb");
fprintf(out, "%s %g %f\n", inputfile,
10*logl0(power));

power,
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>

void process()
{
sum=0;
for(i=512; i<8100; i++)
{
sum = sum + 2.5e-9*(newbuf[i]*newbuf[i]);

>
power=sum/(bw);
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