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A MULTIPLE-CHANNEL SUB-BAND TRANSIENT DETECTION SYSTEM 

David A. Smith 

ABSTRACT 

6 

We have developed a unique multiple-channel sub-band transient detection system to 

record transient electromagnetic signals in carrier-dominated radio environments; the 

system has been used to make unique observations of weak, transient HF signals. The 

detection system has made these observations possible through improved sensitivity 

compared to conventional broadband transient detection systems; the sensitivity 

improvement is estimated to be at least 20 dB. The increase in sensitivity has been 

achieved through subdivision of the band of interest (an 18 MHz tunable bandwidth) 

into eight sub-band channels, each with a 400 kHz bandwidth and its own 

independent detection criteria. The system generates a system trigger signal when a 

predetermined number of channels (typically five) trigger within a predetermined 

window of time (typically 100 ps). Events are recorded with a broadband data 

acquisition system sampling at 50 or 100 Msamplejs, so despite the fact that the 

detection system operates on portions of the signal confined to narrow bands, data 

acquisition is broadband. Between May and September of 1994, the system was used 

to detect and record over six thousand transient events in the frequency band from 3 

to 30 MHz. Approximately 500 of the events have been characterized as paired bursts 
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of radio noise with individual durations of 2 to 10 ps and separations between the 

bursts of 5 to 160 ps. The paired transients are typically 5 to 40 dB brighter than the 

background electromagnetic spectrum between carrier signals. We have termed these 

events SubIonospheric Pulse Pairs (SIPPs) and presently have no explanation as to 

their source. Our observations of SIPPs resemble observations of TransIonospheric 

Pulse Pairs (TIPPs) recorded by the Blackbeard instrument on the ALEXIS satellite; 

the source of TlPP events is also unknown. Most of the recorded SIPP events do not 

exhibit frequency dispersion, implying propagation along a line-of-sight 

(groundwave) path; but seven of the pairs exhibit dispersion characteristic of skywave 

propagation via refraction from the ionosphere. The maximum line-of-sight 

observation range for radio propagation extends as far as 300 km for a source at an 

altitude of 5 km, and 520 km for a source at 15 km. Refraction from the ionosphere, 

however, may allow HF radiation to propagate around the globe. Information about 

the times and locations of sources, in conjunction with regional, weather maps and 

computer models of ionospheric propagation, suggest that some SIPP events originate 

in the vicinity of large-scale thunderstorm complexes. 
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CHAPTER 1 

INTRODUCTION 

Motivation for the development of a highly sensitive electromagnetic transient 

detector was provided by data from the Blackbeard instrument on board the ALEXIS 

(Array of Low Energy X-ray Imaging Sensors) satellite. ALEXIS is a small satellite 

which was launched on April 25th, 1993 into a roughly circular, 800 km, 70" 

inclination orbit with a period of approximately 100 minutes. It carries two scientific 

payloads: Blackbeard, a broadband radio science experiment; and ALEXIS, an X-ray 

telescope experiment. Blackbeard is a fixed-rate 150 Msamplek, 8 bit digitizer which 

takes its input from either of a pair of wideband sub-resonant monopole antennas and 

a single conversion VHF receiver. There are two bands from which Blackbeard can 

sample: a low band from 28 to 95 MHz and a high band from 108 to 166 MHz. 

Sixteen highpass and lowpass analog filters permit further subdivision of either band. 

Details concerning the Blackbeard instrument and subsequent data acquisition are 

described in Holden et al. [ 19951. 

Since November of 1993, Blackbeard has detected and recorded over 700 

broadband VHF pulse pairs of unknown origins. The frequency dispersion of these 

events indicates that they originate beneath the Earth's ionosphere. The pulse pairs, 

which have been dubbed TIPPs (TransIonospheric Pulse Pairs), are typically 20 to 40 

dB brighter than the average background electromagnetic spectrum. The minimum, 
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mean, and maximum separations between the pulses are 10,50, and 120 p, 

respectively. The duration of each pulse within a pair is 2 to 5 p. Figure 1 shows the 

electric field time series and time-frequency spectrogram of a typical TIPP event. The 

spectrogram was formed by dividing the time series into a number of short, 

overlapping time segments (each with a length of 64 points) and performing fast 

Fourier transforms (FFTs) on each successive segment; this technique is often called 

the short time Fourier transform. The resulting estimates of the spectral power were 

mapped to a range of false colors and aligned vertically to show the variations of 

signal frequency content with time. In the spectrogram of figure 1, decibels 

(represented by color) are with respect to the power produced by a 1 V/m electric field 

(0 dB corresponds to 1 V/m). In a spectrogram, communication carriers appear as 

horizontal lines, because they exhibit relatively constant, band-limited power for long 

periods of time. Undispersed transients appear as vertical lines, because they exhibit 

power over a large frequency range for a short period of time (the vertical lines at 

lower frequencies in figure 1 are thought to be on-board spacecraft discharges). HF 

and VHF transients which have interacted with the ionosphere, like the TIPP event in 

figure 1, are characterized by a frequency dependent time of arrival due to dispersion. 

Dispersion and other effects of the ionosphere on transionospheric signals are 

discussed in Appendix A. 

The Blackbeard instrument has detected and recorded over 700 TIPP events in 

the 24 months since the first detection was made in November of 1993; during this 

time the instrument has been armed approximately 18,000 times. Various satellite 
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Figure 1. Voltage time series and time-frequency spectrogram for a transionospheric 
pulse pair (TIPP) recorded by the ALEXIS Blackbeard instrument. The 
spectrogram displays the frequency content of the signal as a function of 
time. 
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operating constraints make it difficult to determine how frequently TIPP events occur 

[Holden et al., 1995; Massey and Holden, 19951; but for records in which a TIPP is 

present, the median time from when Blackbeard is armed to when it triggers is ten 

seconds, suggesting that the phenomena may occur often. TIPP events have been 

recorded over most areas of the globe in both the high and low band modes of 

operation, although low band detection is difficult over much of the Earth due to 

broadcast VHF communication carriers. Event local times, sub-satellite locations, 

and seasonal variations suggest that TIPP events may be associated with large-scale 

thunderstorm complexes [Massey and Holden, 19951. Peak TIPP event occurrence is 

associated with late afternoon and very early morning at the sub-satellite point; these 

maxima correspond to times of peak thunderstorm activity. TIPPs are also detected 

more frequently over land and in the tropics, areas where thunderstorm activity is 

more common. 

In addition to TIPP events, Blackbeard often records radiation associated with 

lightning; such events are identified by their time-frequency character. VHF signals 

from lightning alternate between periods of broadband radiation and quiescence for 

time periods as long as a few seconds [Brook and Kitagawa, 1964; Oetzel and Pierce, 

1969; Krider and Radda, 1975; Le Vine and Krider, 19771; the periods of radiation 

are characterized as series of short pulses typically separated by tens of microseconds. 

Despite a loose correlation between TIPP events and lightning activity, TIPPs very 

rarely occur in the same Blackbeard records as lightning events; Blackbeard records 

are typically 7 to 100 ms in length. 

ct 
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By definition, TIPP events are pairs of pulses. A few single pulses which 

closely resemble the single pulses which make up TIPP events have been recorded. 

Such events have been recorded approximately 100 times less frequently than TIPPs, 

however. For such events, it is possible that a second pulse existed, but fell below the 

sensitivity of the Blackbeard instrument. The fact that nearly all events in this class 

of transients (broadband noise bursts with durations of a few microseconds) recorded 

by the Blackbeard instrument occur as pairs suggests two possibilities: (1) the second 

pulse is a reflection of the first off of the surface of the Earth (the first pulse still 

being of unknown origin); (2) the two pulses originate from separate but coupled 

sources of unknown origin which are related by an unknown mechanism. Figure 2 

illustrates the two possibilities as measured from a ground station; for each case, two 

pulses would also be recorded by a satellite platform. Evidence and statistical 

analyses to date have been unable to conclusively support or reject either hypothesis; 

a thorough study of TIPP phenomenology and evaluations of the one source versus 

two source hypotheses can be found in Mussey and Holden [ 19951. 

Ground-based measurements of TIPP events may provide clues as to whether 

two distinct transients are produced or whether the second is a reflection of the first 

off the Earth. If the second transient recorded by Blackbeard is a reflection, and 

ground-based observation is made along a line of sight from the source; then a single 

pulse is expected. This is because a consistently unusual geometry would be required 

to produce a reflection from the ground delayed by 50 ps. If TIPP events originating 

over the horizon are observed from the ground, however, a pulse pair is expected, 
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whether or not the second pulse is the result of a reflection. This is the case in the 

lower frame of figure 2. Signal dispersion (or lack thereof) will generally indicate 

whether HF signals propagate along a line of sight or from over the horizon. Signals 

which propagate along a line of sight do not experience dispersion; signals which 

originate over the horizon will generally experience dispersion as a result of 

interaction with the ionosphere. Dispersion results from the fact that different 

frequencies follow different paths through the ionosphere; the paths propagate with 

different delays to the receiver. 

In addition to providing information about the number of transients (1 or 2) 

produced by the source, ground-based measurements of TIPPs may also yield 

information about the locations of the source or sources. Blackbeard samples from an 

area which is approximately as large as the continental United States; the sampling 

area of a ground station is much smaller. If TIPP events are recorded along a line of 

sight from a ground station then the source must be above the radio horizon of the 

station. The distance to the radio horizon depends on the height of the source and the 

height of the receiving antenna. For the experimental configurations used for our 

measurements, the radio horizon extends to approximately 300 km for sources at 5 

km and 520 km for sources at 15 km. 

Dispersed events received by a ground station may theoretically originate 

anywhere in the world since distant events can propagate via multiple hops between 

the Earth and ionosphere to the receiver. The details of the dispersion of over-the- 

horizon events, however, may give clues about the location of the source. A number 
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of parameters inferred from the time-frequency spectrogram of an over-the-horizon 

signal can be used to determine the azimuth and range to the source. These 

parameters include the Maximum Usable Frequency (MUF), the number of hops, 

mode splitting, and the time-frequency curves. Appendix B describes some of these 

parameters and their derivations. 

This thesis describes our unique multiple-channel sub-band detection and 

acquisition system, and its application to the search for transionospheric pulse pair 

events from the ground. 

8 



PREVIOUS OBSERVATIONS 

TIPP events are the most powerful transient signals which have been observed 

by the Blackbeard instrument; from the satellite, they appear ten times brighter than 

lightning [Holden et aE., 19951. Because TIPP events and lightning appear to occur in 

similar geographical regions at similar times, and because both are powerful FtF 

(radio frequency) radiators in the HF and VHF, the literature concerning ground- 

based measurements of lightning was searched for references to paired events. . Little 

or no mention of TIPP-like events was found, however. 

Oetzel and Pierce [ 19691 characterized the HF radiation from a lightning flash 

as “a great many short pulses, more or less continuously radiated during the few 

tenths of a second of the flash” and correlated bursts of radiation pulses with various 

processes in the lightning flash. They observed that maximum radiation intensity was 

associated with the formation of leaders to ground, and that radiation from the initial 

and subsequent return strokes was usually followed by a period of quiescence. They 

recorded as many as ten thousand pulses during individual flashes. Thousands of 

pulses occurring in a few tenths of a second suggest an inter-pulse period of many 

tens of microseconds, a time scale on the order of the 50 ps median separation 

between the two pulses of a TIPP event. No specific mention of paired events was 

made by Oetzel and Pierce, however. Interestingly, their figure 7 shows a pair of 
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pulses simultaneously recorded on four narrowband channels at center frequencies of 

10,30,90, and 200 MHz; the pulses are separated by 60 ps. They were included to 

highlight the broadband nature of lightning radiation in addition to the ability of their 

instrumentation to correlate distinct features on multiple channels. The authors made 

no additional comments regarding the pair of pulses. 

Krider and Radda [ 19751 characterized lightning radiation, particularly that 

radiated during the leader process, as bursts of short electromagnetic pulses. Pulse 

durations were 2 to 5 ps. The time between successive pulses was approximately 15 

ps, except during the short period immediately preceding the first return stroke; for 

these pulses, the inter-pulse period averaged 75 ps. Krider and Radda made no 

mention of the occurrence of paired pulses in their measurements or in the 

measurements of others. 

Brook and Kitagawa [ 19641 made observations of UHF radiation fields 

associated with lightning. They used simultaneous recordings of electric field change 

to infer the various lightning processes associated with the radiation. Their figure 2 

shows a distinct pair of radiation events separated by 160 ps; the events were 

produced during the dart leader phase of a flash. The measurements were made at a 

frequency of 420 MHz in a 1.5 MHz bandwidth. The authors made no comments 

suggesting that observations of pairs were common. 
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2.1. POSSIBILITIES CONCERNING LACK OF PREVIOUS T k P  OBSERVATIONS 

It is amazing to think that the most powerful Earth-based transient VHF 

signals measured by Blackbeard from low Earth orbit have not been observed from 

the surface of the Earth. The lack of previous ground-based pulse pair observations 

suggests one or more of the following explanations: 

(1) TIPP events have been observed, but demonstrate a different character when 

recorded from the ground; 

TIPPs are accompanied by extraneous radiation (e.g. lightning) which 

obscures their character; 

TIPP radiation is non-isotropic, favoring measurement from above; 

TIPP events are best-studied with a broadband acquisition system, a tool 

(2) 

(3) 

(4) 

which has been utilized by few researchers. 

A different character for TIPP event radiation recorded from the ground is 

expected if the second pulse in a pair is a reflection of the first off of the surface of the 

Earth. For this case, a single pulse would be expected in a ground-based 

measurement made along a line of sight. Single pulses associated with various 

components of lightning strokes have been reported, but are most often members of 
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long chains of pulses in which no single pulse or pulse pair is especially bright or 

different [Oetzel and Pierce, 1969; Uman, 1969; Rhodes et al., 19941. 

There is a possibility that TIPP radiation could be obscured by lightning 

radiation; the possibility is strengthened by the fact that TIPP events appear to be 

associated with thunderstorm activity. Stepped leader and dart leader processes from 

a single lightning flash can produce multiple intense bursts of RF radiation, each 

lasting tens to hundreds of microseconds; the bursts may occur repeatedly for many 

seconds [Brook and Kitagawa, 19641. It is possible that a single pulse (if the second 

is a reflection) or a pair of pulses within a long burst of radiation would not be 

recognized as anything unusual or distinct. Because TIPPs appear to be the only 

radiation in time windows of many tens of milliseconds in length, however, it appears 

unlikely that TIPP radiation measured from the ground is obscured by simultaneous 

HF and VHF lightning radiation. 

Radiation anisotropy which favors measurement from above could account for 

the lack of ground-based pulse pair observations. If the TIPP source radiation pattern 

is characterized by an Earth-pointing null and a sky-pointing lobe, detection from 

above could be favored. One possible anisotropic radiation mechanism has been 

proposed by Roussel-Dupve' et al. [ 19941. The mechanism involves the formation of a 

runaway electron beam initiated by cosmic rays; such a beam would radiate 

preferentially in a single direction. In a personal communication, Roussel-Dupre has 

indicated that such a mechanism could produce paired electromagnetic transients 

which appear more powerful when measured from above than from below. 

a 
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Broadband measurements of transient phenomena provide information and 

insight which may be unobtainable from narrowband measurements. As an example, 

a narrowband system is unable to resolve individual pulses with separation t unless 

the bandwidth of the acquisition system is at least on the order of llt. Thus in order to 

resolve the two pulses of a typical TIPP event with 50 p s  separation, a receiver with a 

bandwidth of at least 20 kHz is necessary. Broadband data acquisition also permits 

the formation of a spectrogram (as in figure 1). The spectrogram display can provide 

a great deal of insight into the character of transient events, especially ones which are 

dispersed. 
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CHAPTER 3 

A MULTIPLE-CHANNEL SUB-BAND TRANSIENT DETECTION SYSTEM 

3.1. SYSTEM CONCEPT a 

Transionospheric pulse pair events detected and recorded by the Blackbeard 

instrument are broadband events; they radiate across the entire band from 28 to 166 

MHz and show no signs of tapering off on either side of this band. It is useful to 

study such events with a broadband data acquisition system. The spectrogram display 

formed from broadband data provides information about dispersion and other 

variations in signal power with time and frequency. A broadband system also allows 

e 

time resolution of short duration, closely spaced events which may not be resolvable 

from narrowband data. In the development of our ground-based system, we decided 

that, for the reasons stated above, we would utilize a broadband data acquisition 

system. We determined, however, that a broadband detection system would not be 

adequate for the detection of TIPPs from the ground; thus the acquisition and 

detection portions of the system were designed to perform independently. 

Broadband detection of TIPP events from the ground is inadequate for two 

reasons: (1)  the carrier-dominated radio background decreases the sensitivity of a 

broadband detection system; and (2 )  because the individual durations (2 to 5 ps) of 

14 
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two transients which make up a TIPP event are better matched to a narrower 

bandwidth receiver (200 to 500 kHz). A discussion of these two consideration 

fo 110 ws. 

A broadband detection system is ideal for the detection of impulsive signals 

against a background of Gaussian white noise [Taylor, 19951; although TIPP events 

are not true impulses (they are better described as impulse trains or bursts of noise 

since their duration is much longer than their rise times), it is useful to discuss the 

detection of impulses with a broadband system. In general the background radio 

spectrum is not white; interference sources (primarily narrowband communication 

carriers) create a non-stationary radio environment and raise the wideband power of 

the background. The ideal detection scheme for impulses against a noise plus carriers 

background depends on the characteristics of the carriers (frequencies, amplitudes, 

phases, etc.), but in general will not be a wideband scheme. 

For an illustration of the difficulty of wideband detection, refer to figures 3 and 

4. Figure 3 shows a wideband time series and time-frequency spectrogram of a 

transient event against a carrier-dominated background. The spectrogram was formed 

using the same method as that for figure 1, except that power is referenced to a 

different value; in figure 3, as well as in all subsequent spectrograms of ground-based 

data, the color scale corresponds to dB with respect to 1 mW into the 50 !2 

oscilloscope input. The FFT lengths for the spectrograms of the ground-based data 

vary from 64 to 1024 points. The event in figure 3 is undetectable from the time series 

alone; it is visible only in the spectrogram, primarily in spectral regions 

15 



E m - 
0 
Lo 
I 

m m 
I 

0 co 
I 

' U  
L o o L n o L o o  
c(> b b  c o a 3 6 ,  

I I I I I I 

0 
0. m 

0 
0. co 

0 
0. 
h 

0 
0. 
0 

0 
0. 
Lo 

0 
0 
-if 

0 
0. m 

0 
0 cv 

0 
0. 
7 

0. 
0 0 0  
T- 7 

I 

16 

0 
0 
6, 

0 
0 
03 

0 
0 
b 

0 
0 a 

O 
0 
Tf 

0 
0 m 

0 
0 cu 

0 
0 

0 
0 Lo 0 Lo 0 cu F T- 

(ZHL/U) huanba i j  



U 
S a 
II 
a, z 

d- 
7 

0 
0 
0 
T- 

O 
0 cn 

0 
0 
0 

0 
0 
b 

0 
0 a 

O 
0 
d- 

0 
0 m 

0 
0 cv 

0 
0 

0 

17 



between carriers. Such events may be referred to as sub-unity signal-to-noise ratio 

(SNR) events. The figure suggests that wideband detection is not ideal for such 

events and that the probability of detection would be improved if regions of the 

spectrum between carriers were utilized for transient signal detection. Figure 4 shows 

the wideband time series from figure 3 (blue) and the outputs of eight narrowband 

digital filters operating on the same time series (red). The filters have bandwidths of 

400 kHz and center frequencies ranging from 8 to 15 MHz as indicated on the left 

side of the figure. The digital filter frequency response is shown in red in figure 5 .  

The transient event is detectable in a majority of the narrowband channels. 

In order to maximize the probability of detecting broadband transient events, 

it is necessary to minimize the effects of carrier signals by utilizing unused portions 

of the spectrum or portions occupied by fewer and/or weaker carriers. Two 

approaches can be taken to try to match the detector to the carrier plus noise 

background: (1) whitening filters (fixed frequency or adaptive) can be used to 

attenuate carrier signals, allowing application of the broadband detection scheme to 

the whitened signal; or (2) sub-band detection can be utilized, making use of a 

narrower bandwidth filter (or multiple narrower bandwidth filters) on quieter regions 

of the spectrum. Both approaches are similar in that they place detection emphasis on 

regions of the spectrum with weaker or fewer carriers (or ideally, no carriers). Our 

attempts at spectral whitening (applied toward improving the dynamic range of the 

acquisition system as well as the probability of detection) will be described later; the 

rest of this section will focus on sub-band detection. 
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The bandwidths and center frequencies of sub-band channels are important 

considerations in a sub-band transient detection system. Ideally the center 

frequencies should be chosen to avoid noise and interference, and maximize the 

signal power; channel bandwidths should be matched to the characteristics of the 

desired transient signals. TIPP events are best described as pairs of noise bursts or 

impulse trains with each burst in a pair lasting 2 to 5 microseconds. The matched 

filter for one of these bursts has a bandwidth equal to the inverse of its duration, or 

200 to 500 kHz; this is because a receiver acts as an integrator with an integration 

time equd to the inverse of its bandwidth. At this point we can say that an ideal 

detector for detecting one of the pulses of a TIPP event has a bandwidth of 200 to 500 

kHz and a center frequency in a portion of the spectrum where TIPP power is high 

and carrier power is low. 

Because the radio environment is non-stationary, a single, fixed-frequency 

sub-band channel may be inadequate for reliably detecting transient events; new 

carriers or other forms of narrowband interference may appear in the bandwidth of 

the channel, causing system false alarms. Two possible methods of overcoming this 

problem (which may be combined) are (1) the use of automatic frequency control 

(AFC) to adjust the channel center frequency to a quieter spectral region when 

interference becomes a problem, and (2) utilization of multiple channels. For our 

ground-based system we decided to implement multiple channels. A multiple- 

channel sub-band system is described in theory by Taylor [ 19921. Enemark and 

Shipley [ 19941 describe the Los Alamos FORTE (Fast On-orbit Recording of 

a 
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Transient Events) sub-band trigger system and the accompanying improvement in 

trigger sensitivity over a level trigger against a Gaussian noise background. 

A multiple-channel sub-band detection system detects broadband signals and 

reduces false alarms due to narrowband sources by requiring that multiple channels 

with different center frequencies detect a signal simultaneously (or nearly 

simultaneously) in order to trigger the acquisition system. At any given time it is 

assumed that “some” of the channels may be saturated by narrowband interferers, and 

that “some77 of the channels are capable of detecting transient signals. This situation 

is illustrated in figure 4 where the transient signal is detectable in a number of the 

narrowband filtered signals; whereas, it is not detectable in the broadband data. We 

have termed the requirement of coincident detection on multiple channels “quorum 

detection,” quorum being the satisfaction of the requirement that a minimum number 

of channels must trigger in order to produce a system trigger. 

Use of quorum detection allows individual channel detection thresholds to be 

lowered to a point where individual channel false alarms occur frequently (in the case 

of our system, a few per second), because false alarms on individual channels due to 

narrowband sources and noise are assumed to be independent. The assumption of 

false alarm independence due to narrowband sources is true when the sources are 

confined to the bandwidth of single channels. The assumption of independence due 

to noise is true when channel bandwidths do not overlap, because the outputs of filters 

(which do not overlap in frequency) with the same white noise input are uncorrelated 

[Roberts and Mullis, 19871. Individual channel false alarms will cause system false 
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alarms only when a quorum of channels produce false alarms simultaneously. Use of 

low detection thresholds on individual channels increases the sensitivity of the system 

because weak events will be more likely to exceed the thresholds on multiple 

channels, especially channels without interference from carriers. 

A diagram of our sub-band multiple-channel trigger system is shown in figure 

6.  The trigger system utilizes eight independent receiverhrigger channels which can 

be tuned as desired to intermediate frequencies (Fs) across an 18 MHz bandwidth. 

The 18 MHz band can be can be shifted throughout the radio spectrum through 

adjustment of the system local oscillator (LO). For nearly all of our measurements we 

have placed the channels in the HF portion of the spectrum, because it corresponds to 

the band being digitized by the acquisition system and allows us to search for HF 

signals propagating from over the horizon. Each channel has a 400 lcHz bandwidth 

and a comparator circuit which generates a trigger signal when the band-limited 

receiver power exceeds an adjustable threshold. The trigger outputs from the eight 

channels are monitored by an array of logic circuits which generates a system trigger 

when a preset number of channels (a quorum) are excited within a predetermined 

window of time; a typical trigger criterion is the excitation of 5 of the 8 channels 

within a 100 ps time window. When the trigger criterion is satisfied, the data 

acquisition system records the waveform associated with the event; the digitizer is 

configured with a percentage of pre-trigger to allow inspection of the entire event 

(unless it is longer than -1 ms). 
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The event pictured in figures 3 and 4 was recorded with our ground-based 

system. As indicated in figure 4, the channels were tuned to center frequencies of 8 

through 15 MHz with 1 MHz spacing at the time of detection. The frequency 

response of the digital filter used to generate the sub-band time series is shown in 

figure 5 (red) along with the measured responses of the eight channels (blue). At the 

time of detection, the quorum requirement was five of eight channel triggers within a 

100 ps time window. Note that false alarms due to noise or carriers may also 

contribute to satisfaction of the trigger criteria. 

It is difficult to quantify the improvement in sensitivity of our multiple- 

channel sub-band trigger system compared to a broadband system, because it depends 

on the specific carrier background. We can evaluate the performance for a specific 

case, however. The event pictured in figure 3 was calculated to have a signal-to-noise 

ratio of -6 dB by taking the ratio of the energy in the transient to the energy in the 

background over a time window equal to the duration of the transient. To determine 

the minimum detectable signal for a broadband system, it is necessary to make a few 

assumptions. If the probability of detection and false alarm time are assumed to be 50 

percent and 10 minutes respectively (these correspond to estimated performance 

parameters of our multiple-channel detection system), and Ricean (a single carrier 

plus noise) background statistics are assumed, a signal-to-noise ratio of 14 dl3 is 

obtained [North, 1963; Barton, 19641. The same SNR is obtained if Gaussian 

background statistics are assumed [Skolnik, 19901. Thus the estimated improvement 

in sensitivity is 14 - (-6) = 20 dB. The improvement may be an underestimate, since 

24 

a 

e 

0 

a 



the event in figure 3 is not necessarily a minimum detectable signal for the multiple- 

channel system. 

In addition to an improved sensitivity to weak transient events, our multiple- 

channel system has the capability of selectively triggering on events characterized by 

a pre-programmed dispersion. Most impulses detected and recorded by the system are 

from local sources and exhibit no dispersion; because we often wish to search for 

more interesting “chirped” transient events (which originate over the horizon), and 

because these events so rarely trigger our system, it is useful to reject undispersed 

events and selectively trigger on events that follow a pre-set dispersion curve. This 

selectivity is achieved by providing programmable trigger delays in each of the eight 

receiverkrigger channels. 

3.2. SYSTEM DETAILS 

Our multiple-channel sub-band detection/acquisition system has primarily 

been operated in the HF where the acquisition system operates in a baseband mode. 

Because TIPP events exhibit a fairly uniform distribution of power down to the lower 

Blackbeard frequency limit of 28 MHz, we thought it reasonable to expect that they 

would also radiate below this frequency. Operation in the HF gives us the capability 

of receiving signals which originate over the horizon; such signals have refracted 

from the ionosphere. This capability extends the range of our system from a line-of- 
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sight maximum of a few hundred kilometers (300 km for a source at 5 km, 520 km 

for a source at 15 km) to many thousands of kilometers, subject to the constraints of 

the ionosphere. The ionosphere and oblique propagation are the subject of Appendix 

B. 

A block diagram of the triggedacquisition system is shown in figure 6. Since 

operation began in May of 1994, two receiving antennas have been utilized: an HF 5- 

element log-periodic dipole array, and an HF discone. The array provides 5 dBi (dB 

with respect to an isotropic radiator) forward gain from 13 to 30 MHz and is 

horizontally polarized. Its horizontal and vertical beamwidths are approximately 200" 

and 60" respectively. The HF discone is omni-directional in azimuth with 3 dBi gain. 

It is vertically polarized and has an upward-pointing null. Plots of the voltage 

standing wave ratio (VSWR) for the two antennas are shown in figures 7 and 8 

respectively. 

The RF energy from the antenna passes through a 2-way power splitter to the 

data acquisition and trigger systems. The data acquisition system is an 8-bit digital 

oscilloscope which is programmed to sample at either 50 or 100 Msample/s; records 

are either 50 kpts or 1 Mpt in length. The digitizer utilizes a circular buffer, allowing 

inspection of the signal both before and after the trigger time. An analog filter is 

often utilized at the input of the oscilloscope to subdivide the sampled RF bandwidth 

or provide for anti-aliasing of the input signal. The stop trigger for the oscilloscope is 
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The trigger portion of the RF signal is amplified by a 17 dB gain wideband 

amplifier and mixed (by a -1 17 MHz local oscillator for HF operation) to a band 

extending from 120 to 140 MHz for which simple, inexpensive AM receivers are 

readily available (the band is designated for aircraft communications). The mixed 

VHF signal passes through a 6 dB attenuator and a 12 1 to 139 M H z  bandpass filter. 

The attenuator reduces reflections from the filter back into the mixer; the filter 

restricts the input to the 18 MHz bandwidth of interest. The filtered output passes to 

an 8-way power splitter which provides input to the bank of eight aircraft-band AM 

receivers. The receivers have individual volume and frequency controls and 400 kHz 

bandwidths; the measured frequency responses of the eight receivers are shown in 

figure 5. The receivers also have automatic gain control (AGC) which normalizes the 

amplitudes of the outputs and aids in the adjustment of the individual channel 

thresholds; the system has at times been run with AGC disabled. The receivers are 

tuned across an 18 MHz range of frequencies between 121 and 139 MHz. To 

maximize sensitivity to transient events, the individual receivers are often fine-tuned 

to center frequencies with fewer and weaker carriers across their bandwidths. 

The audio outputs of the receivers are monitored by a bank of comparator 

circuits configured to detect transient events. It was determined that an impulse at the 

input of one of the receivers produces a negative unipolar output spike at the receiver 

audio output. Progressively larger input spikes produce progressively larger 

amplitude output spikes for a given audio volume setting. The comparator circuit was 

matched to the impulse response and designed to produce a trigger when the 
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amplitude of the output audio signal falls below the pre-determined negative 

threshold value. The same threshold is provided to each of the eight comparator 

circuits and the volume controls of the individual receivers are used to adjust 

individual receiver audio output amplitudes with respect to the common threshold. 

The outputs of the comparators are monitored by eight light emitting diodes 

(LEDs) which flash in conjunction with channel triggers. The display simplifies 

manual adjustment of the receiver volume controls, because it indicates individual 

channel trigger rates. It is desirable to retain low thresholds on individual channels in 

order to maximize sensitivity to very weak transient signals. High sensitivity as a 

result of low thresholds raises the false alarm rate for individual channels; the false 

alarms on individual channels do not necessarily correspond to system false alarms, 

however, since simultaneous false alarms on multiple independent channels are 

required to produce a system false alarm. Individual channel false alarms are the 

result of random fluctuations of noise, the appearance of new carriers within the 

receiver bandwidths, modulation of carriers, or the constructive interference of two or 

more carriers within the receiver bandwidths; although AGC may reduce false alarms 

due to the latter three sources. Since the channels are tuned to different frequencies 

and their bandwidths do not in general overlap, false alarms due to narrowband 

sources on the eight channels are independent. In order for the system to experience a 

false alarm, a predetermined number (a quorum is typically five) of the eight channels 

must experience false alarms within a short period of time (typically 100 ps). Even 

with a false alarm rate of two per second (a typical number) on each channel it is rare 
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that five of the channels will trigger simultaneously, since each is enabled for only 

100 ps during each trigger; manipulation of table 1 from Taylor [ 19921, yields the 

result that system false alarms are expected to occur 10 times per day under these 

trigger conditions. Our system is characterized by a higher false alarm rate than this 

(a few per hour), perhaps because of imperfect isolation between receiver detection 

circuits or because some events are misclassified as false alarms since they fall below 

the sensitivity of the spectrogram display. 

The outputs of the comparators pass to an array of logic circuits (in addition to 

the bank of LEDs) which can be configured to create desired trigger dispersion 

criteria. Configuration is performed with two potentiometers on each channel which 

permit adjustment of two trigger window parameters. The first parameter is a variable 

delay between the input trigger time (the time when the comparator threshold is 

crossed) and the start of the output trigger window for the channel. This parameter 

permits discrimination of events based on their dispersion by requiring relative delays 

between the times of arrival for various frequency components of transient events. 

The second parameter is a variable trigger window length; the window length is the 

time for which the channel is enabled and can contribute to a system trigger. The 

window must be long enough to allow for the receiver impulse response and jitter in 

the comparator circuit, as well as the acceptable deviation from the pre-set dispersion 

criteria. 

Dispersion selectivity is illustrated in figure 9, which shows a time series and 

spectrogram for a dispersed transient signal. The eight boxes on the spectrogram 
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indicate the system trigger criteria at the time of the trigger. The channels were tuned 

to frequencies 13 through 20 MHz with 1 MHz spacing; five channels of coincidence 

were required. The trigger window lengths were 100 ps, and the relative channel 

delays were as indicated in the figure. In order to satisfy the trigger criteria, the event 

must exceed the trigger thresholds in 5 of the 8 boxes. Dispersion and other aspects 

of oblique propagation are discussed in Appendix B. As is the case for all dispersed 

events recorded to date, there is no evidence of the transient in the time domain 

waveform; a wideband threshold trigger system cuuZd nut have detected the event. 

To permit adjustment of the number of simultaneous individual channel 

triggers required to generate a system trigger, the analog sum of the digital outputs of 

the eight channels is compared to an adjustable threshold. The summing circuit acts 

as an AND gate for which the minimum number of input channel triggers required to 

produce a system trigger can be adjusted. The output of this circuit triggers the digital 

oscilloscope, a GPS clock, and an 8-channel logic analyzer which continuously 

monitors the individual outputs of the eight channels. The oscilloscope and logic 

analyzer are configured to collect and/or display data with percentages of pre-trigger, 

to allow analysis of the time series both before and after the trigger; the pre-trigger 

percentage is typically 25. When the oscilloscope is triggered, a computer records the 

data from the oscilloscope and reads the trigger time from a buffer in the GPS clock. 

GPS timing allows us to time tag events so that we can compare our trigger times to 

those from other databases. The logic analyzer allows observation of channel activity 

before and after the trigger time, permitting initial evaluation of the dispersion of the 
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received signal and determination of the number of channels which were enabled at 

the time of the trigger. Analysis of the oscilloscope time series data is performed at a 

later time. 

The great power received from carriers in the HF spectrum limits the 

sensitivity of the broadband data acquisition system by reducing the amount of 

dynamic range which can be utilized to digitize transient events. The oscilloscope 

used to digitize the time series waveforms has eight bits of resolution which 

correspond to 48 dE3 of dynamic range (20 x 1ogl0(2*) = 48). Often the strongest 

carriers are many tens of dB stronger than the signal from a transient; to prevent 

saturation of these strong carriers, the oscilloscope voltage scale is increased, 

decreasing the scope’s absolute sensitivity. Thus a large fraction of the dynamic 

range is wasted on the digitization of carriers, and sensitivity to transient events is 

reduced. Because the detection and acquisition systems are uncoulpled, the two 

systems may have different sensitivities to transients. Some transient events which 

trigger the detection system may fall below the sensitivity of the spectrogram display 

and will be misclassified as false alarms. Such events are characterized by sub-unity 

signal-to-noise ratio in both the time series display and the time-frequency display. 

Two techniques were implemented in attempts to increase the sensitivity of 

the acquisition portion (as well as the detection portion) of the system by reducing the 

input power in strong carriers: narrowband filtering and analog adaptive pre- 

whitening. Narrowband filtering is the use of analog filters to remove individual 

powerful carriers or frequency bands. This method proved difficult to implement 
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because good filters are difficult to design and build, and they are expensive to 

purchase (with a turn-around measured in months). The only filter which was 

actually implemented was a tunable filter; it produced no measurable improvement in 

sensitivity because it was only a single filter operating over a 1 MHz bandwidth. For 

the technique to be effective, numerous filters, preferably with much narrower 

bandwidths than 1 MHz, would be required to attenuate all of the strongest carriers, 

leaving the spectrum between these carriers unattenuated. This method relies on the 

assumption that the carrier background is constant over time; i.e. that communication 

carriers always utilize the same frequencies and approximately the same power levels; 

in the HF this is generally a poor assumption. For the purposes of the measurements 

described here, the only region of the spectrum for which this technique might have 

been effective is the commercial AM band (535 to 1605 kHz). Despite the fact that 

this region of the spectrum is below the HF portion of the spectrum and our antennas 

do not have high gains at these frequencies, the great power radiated in this band 

often dominates the envelope of the received wideband signal. 

An experimental analog adaptive pre-whitener (APW) developed by Sandia 

National Laboratory was also implemented in at attempt to improve sensitivity to 

transient signals. The system operates by analyzing the spectrum of the incoming RF 

signal every few seconds and continually updating and implementing an appropriate 

analog FIR (finite impulse response) filter to whiten the spectrum. The filter sums 

weighted and delayed versions of the incoming signal to produce its output. The 

method worked well in a test environment with a single carrier against a low-noise 
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background, reducing the power of the carrier by 20 dB with respect to the 

background; but produced no noticeable improvement in sensitivity when 

implemented on an incoming HF signal from an antenna. An APW with more filter 

taps and more gain settings might have produced a noticeable improvement. The HF 

is one of the most difficult region of the spectrum in which to implement such a 

technique because there is such a large number of carriers characterized by a large 

degree of variability. 

Perhaps the most obvious method of overcoming the dynamic range limitation 

imposed by carrier signals is to increase the number of bits used to digitize the analog 

signals. Engineers at Los Alamos are currently working on a high performance, 12- 

bit, 50 Msampleh digitizer which will increase the acquisition system dynamic range 

to approximately 72 dB. 
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OBSERVATIONS 

During 300 hours of observation between May and September of 1994, the HF 

radiation from over six thousand events was recorded. The recorded events fall into 

three categories: false alarms, undispersed (local) transients, and dispersed (distant) 

transients. Within the undispersed and dispersed categories, further distinction has 

been made between TPP-like paired events and unpaired events. 

4.1. FALSE ALARMS 

A false alarm is a fluctuation in noise which is mistaken for a transient event 

by the system and causes the system to trigger. Because many of the events recorded 

by our system are characterized by sub-unity signal-to-noise ratio in the time domain, 

false alarms are identified from time-frequency spectrograms of the recorded signals; 

a false alarm is a trigger for which there is no evidence of transient phenomena at the 

trigger point in the spectrogram of the waveform. False alarms constitute 

approximately ten percent of the recorded events. It is possible that for some false 

alarms, a weak transient triggered the system, but that the spectrogram display of the 

recorded waveforms was not sensitive enough to resolve it (because the detection and 
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acquisition portions of the system are independent and characterized by different 

sensitivities). 

4.2. UNDISPERSED EVENTS 

A large fraction (nearly 90%) of the recorded events are undispersed transients 

from a number of identified and unidentified local sources. For many events the time- 

frequency characteristics of the received radiation give clues as to their sources. 

Identified local sources include lightning, high current switches, power line 

discharges, corona, and man-made electromagnetic pulse (EMP) generators. Other 

potential sources are arc welders, automobile ignitions, and static discharges. A 

discussion of some of the confirmed sources and their characteristic radiation follows. 

The radiation associated with the processes of lightning is one of the most 

powerful wideband radiation sources recorded by the system; it radiates across the 

entire HF and into the VHF and UHF. We have characterized lightning flashes as 

series of bursts of broadband noise-like radiation. A time series and spectrogram for 

an undispersed lightning event are pictured in figure 10. The lack of radiation 

between 4 and 12 MHz is due to poor antenna gain. Our observations of lightning in 

the HF are consistent with previous observations [Brook and Kitagawa, 1964; Oetzel 

and Pierce, 1969; Krider and Radda, 1975; Le Vine and Krider, 19771. 

The transient radiation associated with high current switches in close 

proximity to the receiving antennas has also been recorded. Because the sources are 
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close, there is little range loss, and they appear quite powerful. Two such local 

sources which have been identified are the air conditioners for our RF lab and an 

antenna mast rotator on our antenna range at Los Alamos National Laboratory 

(LANL). These sources radiate when the units are switched on or off; each produces 

a burst or multiple bursts of noise-like radiation lasting between tens of microseconds 

and a few milliseconds. Often the radiation demonstrates peculiar frequency banding 

and deviation over the duration of a burst. Such an event is pictured in figure 1 1 ; this 

event was produced by the antenna mast rotator. We performed simultaneous data 

acquisition with two different antennas (in close proximity to each other) and two 

different digitizers to confirm these interesting results; the effects remain 

unexplained. The phenomena are especially interesting because our laboratory’s 

observations of HF, VHF, and UHF lightning radiation also occasionally demonstrate 

such frequency banding (although much less pronounced). An understanding of the 

source currents required to produce the peculiar man-made events may help to 

characterize the movement of charge in lightning processes. 

Another class of undispersed transients are associated with power line 

discharge phenomena. The events occur in groups lasting up to a few seconds; within 

a group, the time between discharges is 8.3 ms, a period equal to a half cycle of 60 

Hz. The source or sources of these discharges remains undetermined, but the 

periodicity strongly suggests a correlation to the ac power grid. 

Another source of identified local transient phenomena is coronal discharge 

from antennas and structures during thunderstorms. During times of high local 
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electric field strength, charge is shed to the air via corona. Such discharge occurs as 

the static field builds, filling the environment with radio noise. 

The system has also been used to record the RF from a Tesla coil and a number 

of Marx bank generators coupled to antennas. These man-made sources produce very 

short pulses with sub-nanosecond rise times and durations of a few nanoseconds. 

Often such events fail to trigger the system because the receiver impulse responses are 

poorly matched to the rise times of the impulsive transient events. Figure 12 shows a 

spectrogram of an event produced by the Los Alamos Portable Pulser (LAPP), a 

pulsed source which radiates an effective power spectral density of 1 MW/MHz; the 

duration of the radiated pulse is approximately 20 ns. For this event, the source was in 

the near field of the receiving antenna. The absence of carrier signals in the 

spectrogram is due to the fact that a 40 dB attenuator was used in the front end of the 

system to prevent the oscilloscope and trigger systems from saturating. 
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4.3. UNDISPERSED PULSE PAIRS 

Approximately 500 of the undispersed transient events which were recorded 

during five months of study have been characterized as pairs of pulses; these events 

have been dubbed SubIonospheric Pulse Pairs (SIPPs). For this subset of events, the 

median separation is approximately 50 ps and the duration of each pulse is 2 to 10 ps. 

The minimum and maximum separations are 5 and 160 ps respectively; the pulses are 

typically 5 to 40 dB brighter than the average spectral background between carrier 

signals. Figure 13 shows an example of a typical undispersed pulse pair; for this event 

the pulse separation was 25 ps. It is estimated that seventy percent of the observations 

of undispersed pulse pairs were made during known periods of local (within 50 km) 

thunderstorm activity; others were made when no such activity was evident, although 

storms may have been active within a few hundred kilometers. These events are very 

similar in character to TIPP events recorded by Blackbeard, except for their lack of 

ionospheric dispersion and mode splitting effects. 

If the undispersed SIPP observations are, in fact, TIPP events, then the second 

pulse in a pulse pair event is almost certainly not a reflection; it is a separate discharge 

related to the first by an unknown mechanism; the sources of the two discharges would 

remain a mystery, however. 

Despite the fact that the ground-based observations of undispersed pulse pairs 

demonstrate characteristics similar to those of TIPP events, it is not certain that the 
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observations are of the same phenomena. The events are characterized by similar 

median separations, individual pulse durations, and signal-to-noise ratios; but we have 

yet to make a simultaneous observation of a pulse pair event with the Blackbeard 

instrument and the Los Alamos ground station. Also a number of the ground-based 

pulse pair observations have been attributed to an apparently man-made source; some 

of the power line discharges mentioned in the previous section occur inpairs with 5 to 

160 ps separation between the two pulses. The signals are typically 5 to 40 dB 

brighter than the average background between carriers. The delay between pairs 

within a burst is a half a period of 60 Hz (the ac line frequency); bursts may last as 

long as a few seconds. Nearly all such observations were made between 20:OO and 

04:OO local time. It is possible that local phenomena such as these could account for 

the undispersed pulse pair observations; since single-station measurements do not 

permit discrimination between distant, powerful, undispersed radiation events and 

local, weaker events. 

To make estimates of the azimuth and range to radiation sources, we have 

implemented a second HF recording station located 12 km to the southeast of the first. 

When the primary ground station generates a trigger and records data, it broadcasts a 

trigger signal to the remote station. The trigger delay between the stations is constant, 

so it is possible to perform azimuth determinations (with an ambiguity about the line 

between the stations) to the transient sources based on the difference in times of arrival 

of the transient at the two stations. It is also be possible to perform range 

determinations from the relative amplitudes of recorded events. Initial data from the 
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second station indicates that the power line discharges are events local to the primary 

station; there is no evidence of the transient events in the records of the remote station. 

4.4. DISPERSED EVENTS 

During five months of observation, approximately sixty dispersed transient 

events were recorded; their dispersion is indicative of ionospheric skywave 

propagation. Some of the events are long bursts of radiation lasting many 

milliseconds; others are single or double pulses. Some events show evidence of 

refraction from multiple layers of the ionosphere or propagation via multiple hops; 

others are so weak that it is difficult to infer anything about them except that they are 

dispersed. 

Unlike the undispersed transients mentioned in the previous two sections, 

dispersed transients have propagated via skywave; hence they have distant sources 

which are powerful enough to radiate signals which are detectable from distances of 

many hundreds or thousands of kilometers. Aspects and constraints of oblique 

ionospheric propagation are discussed in Appendix B. 

Figure 14 shows the time series and spectrogram for a 150 ps duration 

dispersed burst of radiation that refracted from the ionosphere. The receiving antenna 

was the HF log-periodic dipole array. The duration and character of the radiation 
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resemble those of lightning leader radiation (except for dispersion) measured by 

Rhodes et al. [ 19941 and suggest that the source was distant lightning leader radiation. 

The upper frequency limit of 26 MHz is the maximum usable frequency for the 

transmission path and is a limit imposed by the ionosphere. The lower limit of 13 

MHz corresponds to the lower frequency limit of the log-periodic array. 

Approximately twenty of the sixty dispersed events are characterized by long 

continuous bursts of radiation; these events are associated with distant lightning 

processes. The shortest burst lasts 150 ps; the longest extends beyond both ends of a 

1 ms record. The events are typically 5 to 25 dB brighter than the average 

background between carriers. The Blackbeard instrument has made similar 

observations of long dispersed bursts of radiation associated with lightning; one such 

event is pictured in figure 15. The Blackbeard recordings are characterized by a 

simpler transionospheric dispersion relation where the delay is proportional to the 

inverse of the frequency squared. Figures 10, 14, and 15 show spectrograms for 

similar lightning leader radiation events observed from a line-of-sight path, from a 

pass through the ionosphere, and from a lower-side refraction from the ionosphere 

respectively. 

Approximately 20 events have been recorded which are believed to have 

originated as single transients; included in this category are single events which have 

propagated via multiple paths to produce multiple signals in the received time series 

(such evaluations are based on the time-frequency character of the events). The 

sources of the single pulses are unknown. Some potential sources were listed 
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previously; again, the long propagation distance assures that the sources are powerful. 

Many of the single pulses are sufficiently weak so as to allow the possibility that a 

second weaker pulse was received, but fell below the sensitivity of the acquisition 

system. 

4.5. DISPERSED PULSE PAIRS 

Of the sixty dispersed events which were recorded during 300 observation 

hours over a period of 5 months, there are seven which have been characterized as 

distinct pulse pairs (including the event pictured in figure 9, which upon close 

inspection is made up of multiple transients). These events exhibit characteristics 

similar to TlPP events recorded by the Blackbeard instrument. The mean pulse 

separation for the group is 29 ps; the minimum and maximum separations are 20 and 

57 ps respectively. The durations of the individual pulses range from 6 to 10 ps. The 

events are 5 to 25 dB brighter than the average background between carriers. Five of 

the seven events occurred between 18:OO and 21:OO local time; one was recorded at 

midnight; one was recorded at 09:OO. The trigger times are likely an indication of 

hours of ground station operation as well as common event occurrence times, since 

data acquisition was most often performed in the evenings. Table 1 summarizes the 

characteristics of dispersed pulse pair events as well as those of undispersed pulse 

pairs and transionospheric pulse pairs recorded by Blackbeard. 
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TIPPs Undispersed SIPPs Dispersed SIPPs 
Number of recorded events 700 + -500 7 
Mean separation 50 us 50 us 29 us I 
Minimum semiration 10 us 5 us 20 us I 
Maximum separation 120 ps 160 ps 57 ps 
Individual pulse durations 2 - 5 ~ s  2 -  l o p  6 -  lops 
Power compared to average background 20 - 40 dB 5 -40dB 5 - 2 5 d B  

Table 1. Summary of TIPP and SIPP event characteristics. 

As with TIPP events, we have found evidence to suggest that SIPP events may 

originate in the vicinity of thunderstorm activity; the evidence is provided by the 

following two examples. 

Figure 16 shows a SIPP event with 24 ps separation between the two pulses. 

The event was recorded approximately 50 seconds before the event pictured in figure 

14, an event which we have associated with the leader process of a lightning flash. 

The similarity of the dispersion curves for the events shown in figures 14 and 16 

suggests that the sources lie within a few tens of kilometers of each other (or more 

specifically, that the projections of the sources onto the Earth lie within a few tens of 

kilometers). The close spatial and temporal proximity between the dispersed SIPP 

observation and the dispersed lightning observation suggests that pulse pairs may 

originate in the vicinity of thunderstorm activity. As is the case for nearly all 

Blackbeard TIPP data observations, the SIPP event is the only transient event in the 

record. If pulse pairs do in fact originate in the vicinity of thunderstorms, their 

radiation appears to be temporally isolated from lightning radiation by at least a few 

milliseconds. 
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Figure 17 shows a dispersed pulse pair which was split into ordinary (0) and 

extraordinary (X) modes of propagation; thus there appear to be four distinct pulses, 

two modes for each pulse. The event was recorded at 20: 16 local time (MDT) on 

July 15, 1994. The dispersion indicates that the pulses propagated via a single hop 

from the ionosphere. An additional 2-hop reflection can be seen in the upper right- 

hand corner of the spectrogram (at approximately 17 MHz and 380 ps). TRACKER, 

an ionospheric ray-tracing computer prediction code [Argo, 19941, was used to 

estimate the range to the source origin based on the dispersion curves; the prediction 

was 1450 km. At the time of the event the log-periodic dipole array, a directional 

antenna, was the receiving antenna; it was pointed east-southeast. The predicted 

range and most likely azimuth correspond to an origin in Louisiana or Mississippi. 

Weather maps for the trigger time showed a large-scale thunderstorm complex over 

the predicted source region. This example provides further evidence of an association 

between pulse pair events and thunderstorm activity. 

Close inspection of figure 17 reveals that the two pulse propagation paths are 

characterized by slightly different maximum frequencies; this difference permits 

calculation of the radial distance between the projections (parallel to the ray paths) of 

the two sources (or in the case of a single source plus its reflection, the projections of 

the source and its image) onto the surface of the Earth. The necessary parameters for 

this calculation are the maximum frequencies for the two paths (17.0 and 17.3 MHz, 

obtained from figure 17), the approximate range to the sources (assumed to be 1450 

km, the prediction from TRACKER), and the virtual reflection height (assumed to be 

c 
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300 km, a typical FZ layer value). Flat Earth and ionosphere geometry are also 

assumed to simplify calculations; the error will create a slight underestimate of the 

distance between the two source projections. 

The “secant law,” 

equates an oblique propagation frequency (fo) to the product of its equivalent vertical 

frequency (f;?) and the secant of the zenith angle of the ray path (@o); see figure 18 for 

illustration of these and other variables. The oblique maximum frequencies for the 

two paths of interest are 17.0 and 17.3 MHz and the equivalent vertical frequencies 

are equal; thus 

From geometry (again assuming flat Earth and ionosphere), 

where r is the range to the source and h is the virtual reflection height. Assuming a 

virtual height of 300 km and setting rl equal to 1450 km, r2 is found to be 1480 km. 

Thus the predicted radial distance between the projections of the sources onto the 

surface of the Earth is 30 km. This example indicates that if the second pulse is a 

separate event (i.e. it is not a reflection) then the two pulses do not have a co-located 

origin. The projected radial distance between two sources does not rule out the 

possibility that the second pulse is a reflection of the first, however. 
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CHAPTER 5 

CONCLUSION 

We have designed, built, and implemented a multiple-channel sub-band 

transient detection system to detect transient electromagnetic events in carrier- 

dominated radio environments. Implemented in the HF, the system is 20 dB more 

sensitive than a comparable broadband threshold detection system. It can detect 

transient signals which display no evidence of their existence in their broadband time 

domain waveforms (see figures 3, 9, 11, 13, 14, 16, and 17). 

The improvement in detection system sensitivity is achieved through 

subdivision of a broad 18 MHz input bandwidth into eight narrowband channels, each 

with a 400 kHz bandwidth. The 18 MHz bandwidth can be placed in any region of 

the radio spectrum with an appropriate local oscillator frequency. Independent trigger 

criteria are established for each of the channels and the system is configured to 

produce a trigger signal when a predetermined minimum number of channels (a 

quorum) exceed their respective trigger thresholds within a predetermined window of 

time. The system achieves increased sensitivity to transient events by reducing the 

effects of narrowband interference sources. The system also has the unique capability 

of selectively triggering on transient events which are characterized by a 

predetermined dispersion, a feature which is useful for selecting events which have 

refracted from the ionosphere. This capability is achieved through the insertion of an 
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adjustable delay between the input trigger time and the output trigger time on each of 

the eight channels . 
The trigger system has been used in conjunction with a broadband data 

acquisition system to make unique ground-based observations of transient 

undispersed and dispersed HF radio signals including SubIonospheric Pulse Pairs 

(SIPPs), transient events similar in character to unexplained TransIonospheric Pulse 

Pairs (TPPs) recorded by the Blackbeard instrument on the ALEXIS satellite. 

An average undispersed SIPP is 20 dB brighter than the average background 

spectrum between carriers and has a 50 ps pulse separation; the minimum and 

maximum separations are 5 and 160 ps respectively; each individual transient lasts 

from 2 to 10 ps. Approximately 500 undispersed SPPs were recorded during 300 

hours of observation in five months. If the source of the undispersed pairs is the same 

as that for TIPP events, then the ground-based observations strongly suggest that the 

two pulses which characterize a TIPP event are separate events; i.e. the second pulse 

is not a reflection of the first. 

An average dispersed SIPP is 15 dB brighter than the average background 

spectrum between carriers and has a 29 ps pulse separation; the minimum and 

maximum separations are 20 and 57 ps respectively; each individual transient lasts 

from 6 to 10 ps. Seven dispersed SIPPs were recorded during 300 hours of 

observation in four months. The dispersed events refract from the ionosphere and 

thus must originate at distances of at least a few hundred kilometers (beyond the 

ionospheric skip zone). Because the dispersed pairs are similar in character to TIPP 
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events and because their dispersion indicates that the events have distant origins, 

these events are likely to be the same phenomena as TIPP events. We believe these 

measurements to be the first ground-based measurements of TPP events. 

We have coordinated our research efforts with those of other research groups 

who study transient atmospheric phenomena which may be related to TIPP/SIPP 

events. For example we have been compared our trigger times with those of two 

groups who study the relatively newly discovered phenomena of red sprites and blue 

jets [Sentman, 1995; Lyons, 19941. We have also begun to compare trigger times 

with data from the National Lightning Detection Network which monitors cloud-to- 

ground lightning strokes [ Cummins, 19921. 

Observations of both undispersed and dispersed SPPs provide evidence 

suggesting that the unexplained pulse pairs are associated with thunderstorm activity. 

Most undispersed SIPPs (approximately 70%) were recorded during times of local 

(within 50 km) thunderstorm activity. For dispersed SPPs, event local times and 

azimuth data, in conjunction with propagation modeling and regional weather maps, 

indicate that the source origins lie in close spatial and temporal proximity to lightning 

activity. 

Despite the similarities between TIPP and SPP  event characteristics, a 

simultaneous observation of a single event with the Blackbeard instrument and a 

ground station is necessary to confirm that the observations are of the same 

phenomena. GPS timing, multiple-channel sub-band triggering, and the 
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implementation of multiple ground-based stations may make such observations 

possible in the future. 
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APPENDIX A 

mOPAGATION THROUGH THE IONOSPHERE 

For the frequencies of interest in this thesis (approximately 3 to 300 MHz), an 

understanding of the ionosphere and its effects on the propagation of signals is 

necessary in order to characterize and study the signals of interest. Both propagation 

through the ionosphere and lower-side refraction from the ionosphere are of 

importance; the former is the subject of this appendix, which will give a brief 

introduction to some aspects of transionospheric propagation. 

The primary consideration in the propagation of HF and VHF signals through 

the ionosphere is a frequency dependent group delay (t)  which is given by 

[SI 
R 

t = - i -  
c (f +m2 (4) 

where R is the range from the source to the satellite, c is the speed of light in vacuum, 

k is a constant (numerically equal to 1.34~10-~ when all units are MKS), Ne is the line 

integral of the electron density (often called the total electron content or TEC), f is the 

frequency of interest, and fs is the product of the electron cyclotron frequency in the 

ionosphere and the cosine of the angle B between the ray path and the magnetic field 

(numerically less than -1 MHz) [Massey and Holden, 19951. Other terms, such as a 

correction for refractive bending, are of importance for some applications, but 
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unnecessary for present purposes. Further detail on such matters can be found in 

Lawrence et aE. [ 19641 and Davies [ 1990,2]. 

The first term in equation 4, R/c, is the range delay: the time it would take the 

signal to propagate from point to point if the intervening medium were a vacuum. 

The second term is a dispersive delay resulting from the fact that the intervening 

medium contains free electrons in the presence of a magnetic field. The dispersion 

term can fluctuate over greater than two orders of magnitudes on a daily basis, 

corresponding to delay differences of less than a microsecond to hundreds of 

microseconds across the band from 30 to 300 MHz. The fluctuations are due to 

changes in the TEC, which typically ranges between 10l6 and 3x10’’ m-’ for vertical 

paths. In addition to being proportional to TEC, the dispersion term is inversely 

proportional to the frequency squared. This dependence creates the characteristic 

ionospheric “chirp” demonstrated by the two transionospheric pulses in figure 1 ; the 

event in figure 1 is a TIPP (TransIonospheric Pulse Pair) event recorded by the 

Blackbeard instrument on the ALEXIS satellite. The final variable in equation 4 , f ~ ,  

quantifies the effect of ionospheric mode splitting. When a linearly polarized signal 

passes through a plasma in the presence of a magnetic field, it becomes divided into 

two “modes,” an ordinary (0) mode and an extraordinary (X) mode; each propagates 

with a different delay to the satellite. The degree of mode splitting depends on the 

ionospheric electron cyclotron frequency and the angle between the propagation path 

and the Earth’s magnetic field. Mode splitting and other wave propagation 
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phenomena are described in Budden [ 19851. In figure 1, the X and 0 modes can be 

distinguished below approximately 35 MHz. 
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APPENDIX B 

OBLIQUE IONOSPHERIC PROPAGATION 
e 

Oblique propagation is more complicated than transionospheric propagation. 

In the consideration of transionospheric propagation, most ionospheric effects are 

governed by a single parameter, the total electron content, a measure of column 

electrons along the path of propagation. For oblique propagation, consideration of 

spatial distribution of electron density must also be made; vertical layering must be 

taken into account as well as lateral variations. To begin, a brief description of the 

ionosphere is in order. 

The ionosphere is a layered region of the upper atmosphere where sufficient 

ionization exists to affect the propagation of radio waves. A varying index of 

refraction in the ionosphere permits many signals to refract back toward Earth, 

making propagation over the horizon possible. The frequency range for which this 

particular type of propagation is possible begins below 1 MHz and extends beyond 30 

MHz. Lower frequency signals may also propagate over the horizon, but generally 

utilize different propagation mechanisms. Under unusual ionospheric conditions, it is 

also possible for much higher frequencies to propagate (reports of over-the-horizon 

communication on the 1.25 m, 220 MHz amateur band have been made), but such 

occurrences are quite rare. Over-the-horizon propagation is not restricted to single 

hops from the ionosphere; paths involving multiple hops between the ionosphere and 
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Earth extend the possible range of communication and have even made possible the 

propagation of HF signals around the globe [Rumi, 19751. 

A profile of electron density in the atmosphere shows that the ionosphere is 

made up of a number of layers. The layers are the result of ionization from differing 

energies of solar radiation. Varying electron densities and collision rates cause the 

layers to have different effects on the propagation of radio signals. The primary layers 

are the D , E, and F regions. 

The lowest layer, the D region, typically extends from 50 to 90 km above the 

surface of the Earth and is primarily a region of absorption; thus it mostly hinders, 

rather than assists, oblique radio wave propagation. The absorption coefficient ( K) for 

signals in the HF is given by 

where Ne is the electron density in electrons/m3, vis 

[dBkmI (5) 

the collision frequency in sec-', 

andfis the frequency of consideration in Hz [Duvies, 1990, 11. Because electron 

density in the D region is relatively low (typically 3x109 m-3, compared to 3x10" in 

the higher F region), the region is unable to provide much refractive bending. The 

collision frequency in the D region (typically lo7 sec-', compared to 3x102 in the F 

region), however, is very high. In equation 5 it is shown that absorption in dBkm is 

proportional to the product of the electron density and the collision frequency. Thus 

for the values cited in parenthesis and a frequency of 10 MHz, D region absorption 

may typically be 0.345 dBkm compared to 0.001 dBkm for the F region. Because 
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absorption is proportional to the inverse of the frequency squared, the D region often 

places a lower limit on frequencies that will propagate via oblique propagation. As an 

example, it is not unusual for the product of Ne and v to reach 1017; for this density 

and collision frequency and a wave frequency of 3 MHz, the absorption coefficient is 

12.8 dB/km, resulting in 128 dB of attenuation for a 10 km D region path length (a 

typical path length). The lower frequency limit imposed by absorption is called the 

lowest usable frequency (LUF) and typically ranges between less than 1 MHz and 10 

MHz. 

D region ionization is largely the result of solar high energy X-rays. At night 

when the ionization source is eclipsed by the Earth, recombination of ions with their 

electrons occurs on a time scale of a few hours. Thus absorption in the D region is 

most pronounced during daylight hours. Because of this diurnal difference in 

absorption, the LUF is typically quite low at night (below 1 MHz) and higher during 

the day (typically 5 MHz). For this reason, the range of AM radio broadcasting often 

increases at night (the commercial AM band resides between 535 and 1605 kHz). 

The lowest region of the ionosphere which is useful for oblique propagation of 

radio signals is the E layer, which lies between 90 and 140 km. The collision 

frequency in the E region is low enough and the electron density high enough, that 

refractive effects become dominant over absorptive effects. Thus HJ? radio emissions 

of sufficiently low angle of incidence may be turned back toward Earth. Ionization in 

the E region is excited primarily by low energy solar X-rays. Like the D region 

below, recombination in the E region creates a correlation between the amount of 
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ionization and time of day. Sporadic E (E,) ionization, however (a patchy and 

unpredictable E region phenomena), does not appear to be strongly tied to solar 

photoionization. 

The outer region of the ionosphere is called the F region; it is usually sub- 

divided into two layers, F1 and F2: the F1 layer extends from approximately 140 to 

200 km; the F2 layer extends from 200 km to several Earth radii. Both F region layers 

are similar in profile to the E layer (all exhibiting a sharp rise in electron density at 

the bottom of the layer and a slow decay with increasing altitude), but are 

characterized by higher electron densities and lower collision frequencies. Ionization 

in the F region is due primarily to solar extreme ultraviolet light (EUV radiation). 

The F2 layer usually has the greatest peak electron density of all the layers and is 

generally the most important for oblique propagation of radio waves. Peak electron 

density occurs in the F2 layer between 200 and 300 km. 

Signals received via oblique propagation are referred to as skywave signals, as 

opposed to groundwave signals received along a line of sight from the transmitter. 

For given conditions of the ionosphere, it is not possible for every point on the Earth 

to receive a skywave signal from every other point on the Earth. The locus of points 

which can receive a skywave signal forms roughly an annulus around a given 

transmitter. The inner limit of the annulus (which may actually collapse back on the 

transmitter for low enough frequencies under favorable conditions) is primarily a 

function of the critical angle (4) of the propagation path (see figure 19). The critical 

angle is defined from zenith and indicates the minimum launch angle for which 
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signals will refract (or reflect) back to Earth. Rays leaving a transmitter at angles 

smaller than the critical angle will experience bending, but escape the Earth’s 

ionosphere. The area inside of the annulus is called the skip zone. In the HF during 

the day, the skip zone generally extends to between 300 and 1500 km, with higher 

frequencies around 30 MHz corresponding to the further limit and lower frequencies 

around 3 MHz corresponding to the nearer limit. At night the skip zone extends 

radially; the 3 MHz limit may move to 800 km and 30 MHz may cease to propagate 

at all. The outer limit of the annulus may extend around the world for multiple-hop 

signals, but is often limited by absorption, launch angle, and inadequate ionization. 

In general, when propagation via skywave is possible between two given 

points, there are two distinct possible propagation paths for each layer at a given 

frequency; the two paths are referred to as the low-angle ray path and the high-angle 

ray path (see figure 19). The two paths correspond to reflection from lower and 

higher virtual heights respectively. The virtual height is the height from which a 

simple reflection would have to occur in order to mimic the effects of refractive 

bending. At a frequency known as the maximum usable frequency (MUF), the two 

paths merge and propagation becomes impossible for higher frequencies. 

Figure 20 shows an oblique ionospheric sounding recorded in Los Alamos, 

New Mexico from a transmitter in Key West, Florida, and demonstrates a number of 

aspects of oblique propagation. To generate such a sounding, we receive a 

transmission which begins at 2 MHz and sweeps at 100 kHz/s until it reaches 30 MHz 

(each sweep lasts 280 seconds); the transmitted power is typically between 10 and 
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100 Watts. We mix the received signal with a local sweep oscillator which begins at 

31 MHz and sweeps at -100 kHz/s until it reaches 3 MHz; coordination of the start 

time and sweep rate of our sweep oscillator is achieved with GPS timing. The output 

of the mixer (the high side mix product) maintains a nearly constant frequency of 33 

MHz and passes to a VHF receiver. The receiver mixes the signal down to the audio 

range, where it is sampled at 1 kHz. As long as the ionospheric reflection height 

remains constant, the frequency of the audio output remains constant. However, as 

the height shifts, the path length changes; changes in the path length create delay 

shifts between the two sweep oscillators and the frequency of the audio output varies. 

From the measured frequency variation and the sweep rate of the oscillators, the 

relative delay of the signal as a function of the signal frequency can be determined. 

Frequency is displayed along the independent axis; delay along the dependent axis. 

The delay can be thought of as virtual reflection height, since additional delay results 

from refraction higher in the ionosphere. 

Figure 20 shows paths that have resulted from 1-, 2-, and 3-hop propagation. 

The 1-hop path is characterized by the least delay and the highest maximum usable 

frequency, as is typically the case. The maximum usable frequency (MUF) for the 

one-hop signal is approximately 24 MHz The two traces extending to the left of the 

MUF are the result of propagation via low- and high-angle ray paths. 

As is the case for transionospheric propagation, signals experience a delay 

proportional to the inverse of the frequency squared. This effect is most noticeable in 

the high-angle rays in figure 20. Because these rays penetrate higher into the 
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ionosphere than the low-angle rays, they encounter more free electrons along their 

paths and thus experience more dispersion (as well as more delay due to excess path 

length). 

A final effect of the ionosphere on obliquely propagated signals is mode 

splitting [Budden, 19851. Because the skywave signals propagate through a plasma in 

the presence of the Earth’s magnetic field, two propagation modes are formed; their 

propagation paths are characterized by different delays. Mode splitting is not in 

evidence in figure 20. 
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