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ELECTROMAGNETIC ENVIRONMENT OF NATURAL AND TRIGGERED
LIGHTNING
By
Jason E. Jerauld
May 2003
Chair: Martin A. Uman
Major Department: Electrical and Computer Engineering
This thesis presents a complete description of an automated experiment to measure
the close (within a few hundred meters) electromagnetic environment of natural and
rocket-triggered lightning. The experiment consists of a network of wideband sensors
spread about an area of approximately 0.5 km2 at the International Center for Lightning
Research and Testing (ICLRT), located at Camp Blanding, Florida and is a continuation
of the work presented in (Crawford et al. 2001). This network began operation during
summer 2001 and measured quantities including the vertical electric field at eight
locations, the horizontal magnetic field at two locations, and the optical output of
the bottom hundred meters or so of the lightning channel as observed from two
locations. In 2002, the network was upgraded to include electric field time-derivative
measurements at four locations and magnetic field time-derivative measurements at
three locations. In addition, the induced current was measured in an 14 m grounded
conducting structure. The system is automatically turned on and off by sensing the
ambient electric field amplitude; and is triggered by simultaneous signals from the two
optical sensors viewing the network from opposite corners. In addition to a complete
xiii

description of the sensors and control system, representative data from both natural and
triggered lightning, acquired in 2002, are presented.
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CHAPTER 1
INTRODUCTION
Lightning is one of nature’s most fantastic visual and auditory displays. Lightning
has played a key role in the mythology of many cultures; several of which had specific
gods dedicated to the sky, weather, and lightning. Many of these gods were also
considered gods of destruction, chaos, spite, or mischief. This association is not
coincidental and can be easily concluded by anyone who has witnessed or has fallen
victim to the awesome destructive force of lightning.
Although most people living in the twenty-first century do not attribute lightning
to supernatural forces, they are no less susceptible to its deleterious effects. It is
estimated that about 1000 people are killed from lightning each year around the
world, with approximately 100 of those people living in the United States. Those
who do survive, probably ten times those killed, are sometimes left with debilitating
nerve damage and chronic pain. According to the National Lightning Safety Institute
(NLSI, http://www.lightningsafety.com), lightning is responsible for a major
portion (about 30%) of electrical power outages across the United States, costing tens
of millions of dollars per year with total costs approaching $1 billion. In addition
to damaging the electrical infrastructure, lightning is responsible for forest fires,
fires to man-made structures, explosions of stored flammable substances (such as
petroleum products), aircraft mishaps and upsets, and damage to electronic components.
Most people have lost or have known someone who has lost computer or telephone
equipment as a result of lightning.
In addition to being a destructive force, lightning is also largely responsible
renewing the Earth’s forests. Forest fires started by lightning serve to clear forests and
pave the way for new growth. In addition, many scientists theorize that several billion
1

2
years ago, lightning may have provided the “spark” needed to turn the primordial ooze
into the beginnings of life on Earth; and may have provided the chemical nutrients to
sustain it.
Obviously there are many practical reasons to study lightning. Monumental
progress has been made in the field since the first systematic lightning experiments
were conducted in the 1750s. Despite all that has been learned, there is much about
the lightning discharge process that is poorly understood, and the study of lightning
remains a very active research area. Much that has been learned is the direct result of
rocket-triggered lightning experiments, as discussed in Section 2.1.2.
This thesis presents a description of an experiment intended to measure the close
(withing a few hundred meters) electromagnetic environment of lightning, that was
fielded during the summers of 2001 and 2002. This is known as the Multiple-Station
Experiment (abbreviated MSE in this thesis). The main purpose of this experiment
was to examine natural lightning, although data were also recorded for rocket-triggered
lightning. While not the first experiment of this type, it is the only one to combine
time-domain measurements of electric and magnetic fields (and their time-derivatives),
optical signals, and induced currents from close natural lightning into a single
experiment. Existing and future data obtained from this experiment should provide
a wealth of new information about the physics of natural lightning. The main goals for
this experiment are
•

Characterize first return strokes in natural lightning.

•

Determine whether subsequent strokes in natural lightning are identical to strokes
initiated in rocket-triggered lightning.

Chapter 2 gives a brief review of the literature concerning lightning phenomena
relevant to this thesis. Chapter 3 gives a complete description of the sensors, control
software, fiber-optics, digitizers, and video equipment; as well as how they are
combined to implement the experiment. When applicable, the distinction is made

3
between configurations used in the 2001 and 2002 experiments, since they differed
significantly in some cases. Chapter 4 gives a summary of all data recorded in 2001
and 2002 as well as a selection of waveforms recorded during the 2002 experiment.
Finally, Chapter 5 gives some conclusions and recommendations for future work.
It should be noted that while the author was primarily responsible for organizing
and implementing the 2002 experiment, much of the 2001 experiment was the work
of George Schnetzer (a consultant on the project who is formerly of Sandia National
Laboratories) and Keith Rambo (chief engineer at the Lightning Research Laboratory
at the University of Florida). Their work in 2001 facilitated the implementation of the
2002 experiment immensely.

CHAPTER 2
LITERATURE REVIEW
This chapter presents a brief review of the literature concerning the lightning
phenomena relevant to this thesis. Section 2.1 presents a brief introduction to the
physics of lightning, both natural and artificially-triggered. Section 2.2 gives a
brief overview of the ICLRT. Finally, Section 2.3 presents a review of previous
multiple-station lightning electromagnetic field measurements.
2.1
2.1.1

The Lightning Discharge Process

Natural Lightning

Lightning is an electrical discharge that is responsible for the rapid (within less
than a second or so) transfer of charge between the atmosphere and the Earth or
between different parts of the atmosphere. Large charge centers are located in clouds
termed cumulonimbus, commonly referred to as thunderclouds. In Florida, these clouds
usually exhibit an “anvil” shape and are typically about 10 to 12 km in height with a
lower visual boundary about 1 to 2 km above ground (Uman 1987).
The charge structure of a cumulonimbus can be crudely modeled as a vertical
tripole consisting, in temperate regions, of a positive charge center at a height of
approximately 10 km, a negative charge center at 5 km, and another positive charge
center at 2 km. The two upper charges are usually specified to be equal in magnitude
and therefore form a dipole. The magnitude of the lower positive charge is significantly
smaller than that of the dipole charges. The general locations of ground flash charge
sources observed in summer thunderstorms in Florida and New Mexico and in winter
thunderstorms in Japan (using simultaneous measurements of electric field at several
ground stations) are shown in Figure 2–1.
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General locations of ground flash charge sources observed in summer
thunderstorms in Florida and New Mexico and in winter thunderstorms
in Japan, using simultaneous measurements of electric field at several
ground stations. Adapted from (Krehbiel et al. 1983) and (Rakov and
Uman 2003).

Most lightning discharges occurs within a given cloud. Although intra-cloud
discharges are of particular concern to the aviation industry, cloud-to-ground discharges
are responsible for most lightning-related damage and injury. Hence, the study of
cloud-to-ground lightning discharges has many practical applications.
Cloud-to-ground discharges can be classified into four categories (Figure 2–2).
This classification is based on the polarity of the charge transferred to ground and the
direction of propagation of the initial leader propagation.
1.
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2.
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Lightning cloud-to-ground discharges categorized by leader propagation
direction and polarity of charge transferred to ground. Adapted from
(Berger and Vogelsanger 1966).

Categories 1 and 2 effectively lower negative charge to ground while Categories 3
and 4 effectively lower positive charge to ground. Category 1 comprises about 90%
of all cloud-to-ground flashes. Category 3, while accounting for only about 10% of
cloud-to-ground discharges, is of particular interest because of the large peak currents
involved. Categories 2 and 4 (relatively rare compared to categories 1 and 3) are
most often observed on tall structures or mountain tops. A large portion of lightning
research has focused on downward-negative flashes because of their overwhelming
presence relative to the other three types of cloud-to-ground lightning. However,
many studies have been performed using tall objects (such as towers) that experience
primarily upward lightning.
A downward-negative flash begins with the initiation of a stepped leader from
the negative charge center of the thundercloud. The stepped leader serves to form a
negatively charged plasma channel from the cloud to the ground. It is thought that
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this initiation is preceded by a preliminary breakdown process within the cloud. As
the name suggests, the stepped leader propagates in discrete bursts or “steps” of
extension. The stepped leader travels from cloud to ground at an average speed of
2 × 105 m s−1 with an average step length of tens of meters, and deposits negative
charge along the channel. The length of each step and the time-interval between steps
is a function of height above ground and it has been observed that both decrease as the
leader approaches ground. The stepped leader phase typically lasts for some tens of
milliseconds with each step lasting about 1 µs and with the time between steps being
tens of microseconds (Uman 1987).
As the leader approaches ground, an upward leader, having positive charge, is
initiated from the ground or other grounded objects (e.g., trees or other structures).
Probably several upward unconnected leaders are initiated from different locations. At
some tens of meters above ground, one of these upward leaders will connect with a
branch of the downward stepped leader in a relatively poorly understood phase of the
discharge known as the attachment process.
Once the two leaders have connected, a large surge of current, known as the
first return stroke, travels back up the stepped leader channel neutralizing the charge
deposited by the leader, effectively lowering negative charge to ground. The return
stroke travels at about one third to one half the speed of light with speed decreasing
with increasing height. The return stroke process can also be viewed as a potential
discontinuity traversing the channel since the region ahead of the return stroke front
(the negatively charged leader channel) is at a much higher negative potential (near
cloud potential which is negative several tens of megavolts or more) than the region
behind the front, which is near Earth potential.
Once the return stroke front has reached the cloud charge, a subsequent downward
leader may be initiated. Typically this new leader, known as a dart leader, follows
the path of the previous channel and does not exhibit stepping. In other words, a dart
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leader propagates continuously, not in discrete bursts. Dart leaders travel at an average
speed of 107 m s−1 , or about two orders of magnitude faster than stepped leaders.
Occasionally “dart-stepped” leaders are observed, which begin as dart leaders but
exhibit stepping near ground. As the dart or dart-stepped leader approaches ground,
another upward leader is initiated. Unlike the first return stroke, the attachment process
for subsequent strokes typically occurs when the upward leader is only a few meters
in height. The connection of the two leaders results in another return stroke. The
characteristics of measured currents and fields from first and subsequent return strokes
are statistically different. This leader/return stroke process can occur many times over
the course of a flash, but 3 to 5 strokes is typical.
Downward-positive flashes, which account for roughly 10% of the total
cloud-to-ground discharges, are initiated by a leader process that is similar to that
of negative flashes. The downward leader initiated from the cloud deposits positive
charge along the channel and may or may not exhibit stepping. Positive first strokes
can exhibit a much higher peak current and charge transfer than negative first strokes,
and single-stroke flashes are much more common in positive than in negative flashes.
Upward flashes (Categories 2 and 4) are initiated in a completely different
manner than downward flashes. In an upward flash, the first leader is initiated from
the ground-based object. A current, known as the initial continuous current (ICC),
flows along the channel. Typically this is is a steady current several hundred amperes
in magnitude lasting for several hundred milliseconds and is not unlike the initial
stage current observed in classical rocket triggered lightning, which is discussed in
Section 2.1.2.1. When the upward leader reaches the cloud base, there is a brief
no-current interval followed by subsequent dart leader/return stroke sequences, similar
to subsequent strokes of downward flashes.
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2.1.2

Triggered Lightning

The random nature of lightning makes it a very difficult phenomenon to study,
therefore a technique was developed in the 1960’s to artificially initiate a flash “on
demand.” This most widely used and successful technique involves the launching of
a small rocket trailing a thin metallic wire. Other potential techniques involving, for
example, lasers have been attempted without apparent success. The “rocket and wire”
technique can be divided into two main categories, the classical and altitude triggering
techniques.
2.1.2.1

Classical-triggered lightning

The classical rocket and wire technique is, by far, the most-used technique to
artificially initiate a lightning flash. A small rocket, typically about one meter in
length, is launched upward at an initial velocity of about 200 m s −1 with a thin-gauge
metallic wire trailing behind it. The spool of wire can either be fitted to the rocket
or the launcher itself, but in either case, one end of the wire is attached to the rocket
and the other is attached to launcher. The launcher is attached to the object to be
struck or is grounded. The wire can be made of any conductor, although steel or
Kevlar-reinforced copper have been used most. Reinforcing the copper wire with
Kevlar gives it enough strength to survive the launch without being broken. The UF
lightning research team currently uses spools of 700 m Kevlar-reinforced copper wire
mounted to the base of a 1.15 m long fiberglass rocket, as shown in Figure 2–3. Other
configurations have been used by the UF team in the past.
In order to have any chance of a successful trigger, typically three conditions have
to be satisfied. First, there must typically be a thundercloud overhead. Firing a rocket
into “blue sky” has very little chance of success, although being under the edge of the
storm is occasionally acceptable. Second, in Florida the quasi-static field at ground, as
measured with an electric field mill, must be below −5 kV m−1 , with a value below
−6 kV m−1 being desirable. Third, there must be lightning activity within several
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Figure 2–3.

Fiberglass rocket with a spool of Kevlar-sheathed copper triggering wire
mounted to the base.

kilometers, but only a moderate amount of activity is desirable since an overabundance
of natural lightning in the area may disrupt the triggering process. All of these
conditions are empirically derived and based on years of experience but exceptions
can occur. Furthermore, each metric individually can be potentially misleading, hence
the use of all three increases the likelihood of success. This conservative approach is
necessary due to the expensive nature of the rocket and wire spool configuration. Even
when all of these conditions are satisfied, the success rate for the University of Florida
group is only about 50%.
The sequence of events observed in a typical classical rocket triggered lightning
flash is shown in Figure 2–4. The rocket and wire launch has the effect of quickly
erecting a very tall grounded structure. Assuming the above conditions are met, when
the rocket reaches about 300 m above ground, an upward leader will be initiated from
the tip of the wire due to electric field enhancement there. The polarity of this leader
will be positive if there is a negative charge center overhead, and the leader will be
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Sequence of events observed in a typical classical rocket triggered
lightning flash. Adapted from (Rakov et al. 1998).

attracted to the cloud charge. The movement of charge to the leader tip causes a
quasi-static current to flow along the wire which increases in amplitude as the upward
leader propagates. When a current of a few hundred amperes is flowing through
the wire, the wire explodes, briefly interrupting the current. This interruption lasts
about 10 µs and can be manifested as either a severe drop in current amplitude or a
complete cessation of the current. After the no-current interval, the current is abruptly
reestablished, often with a large pulse, a significant part of the process known as the
initial current variation (ICV). The details of the mechanism by which the current
is cut off and abruptly reestablished are poorly understood. The wire is replaced
by a plasma channel and the reestablished quasi-static current, often superimposed
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with many pulses, continues to flow for several hundred milliseconds. This phase of
the discharge is known as the initial continuing current (ICC). The ICC in triggered
lightning has been observed to be similar to that observed for natural upward flashes
from tall structures. The upward leader, initial current variation, and initial continuing
current together constitute the initial stage (IS) of a triggered lightning flash. The
initial stage is often colloquially referred to as the wireburn stage, since the triggering
wire is destroyed in the process.
By the time the ICC has ended (some hundreds of milliseconds from the initiation
of the upward leader), the upward leader has long since entered the cloud. After the
cessation of the ICC and a no-current interval, a dart or dart-stepped leader, negatively
charged, may be initiated from the cloud and follow the path of the previous upward
leader and vaporized wire. As this downward leader approaches ground, a short
upward leader is initiated from the launcher and probably from other grounded objects,
as in natural lightning. The path to the launcher is at a higher temperature and hence
less dense than the surrounding virgin air and may have higher conductivity. The
downward leader attaches to the upward leader originating from the launcher and,
as with natural lightning, a return stroke is initiated. Zero or over twenty additional
strokes may follow. However, as with natural lightning, 3 to 5 are typical. Figure 2–5
shows a photograph (exposed over several seconds) of classically triggered flash with
multiple return strokes.
A considerable percentage of classically triggered flashes (40% or 16 out of 40
flashes during the 2001 and 2002 seasons at the ICLRT) contain the initial stage only
and have no return strokes. Usually, the intent of a triggered lightning experiment is to
study the return strokes and a wireburn is considered an unsuccessful attempt. There
is, however, significant scientific value in studying the initial stage. Therefore, more
appropriate terms for a wireburn are “classically triggered flash consisting of initial
stage only” or “classically triggered flash with no return strokes.”
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Figure 2–5.

Classically triggered flash S-0116, initiated on July 27, 2001 21:56:06
UT. The vaporized wire channel (initial stage) is on the right with the
individual return stroke channels blown to the left by the wind. The
launcher is located underground.

It should be emphasized that all strokes in classically triggered lightning are
initiated by dart or dart-stepped leaders and that the measured currents and fields
are statistically similar to subsequent strokes in natural lightning. Therefore, the first
stroke, observed in natural lightning discharges, is not present in classical triggered
lightning. It follows that, while extremely useful, the classical rocket and wire
technique cannot be used to study first strokes in natural lightning, which are clearly of
interest.
2.1.2.2

Altitude-triggered lightning

Since the classical rocket and wire technique is incapable of initiating a first
return stroke, an alternative triggering technique known as “altitude triggering” was
developed. While far less efficient and far more unpredictable than classical triggering,
the altitude technique can initiate a a stepped leader while the classical technique
cannot.
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Sequence of events observed in a typical altitude rocket triggered
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The sequence of events observed in a typical altitude rocket triggered lightning
flash is shown in Figure 2–6. Essentially, the same configuration is used for the
altitude technique as for the classical technique. The only difference is that the wire
used for an altitude trigger is not grounded. In one configuration, the first 50 m of the
spool consists of Kevlar reinforced copper wire and is known as the intercepting wire.
The next 400 m consists of only Kevlar and the remainder of the spool is wire. When
the rocket is launched, the wire is unspooled and the result is a length of ungrounded
wire traveling upward. This floating wire is in the presence of a very strong electric
field, resulting in charge separation within the wire. If the rocket and wire technique
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is used with negative charge centers overhead (as in Florida), a positive charge will
accumulate at the top of the wire and a negative charge will accumulate at the junction
of the wire and the Kevlar section. As in the classical technique, an upward positive
leader is initiated from the top of the wire. Several milliseconds later, a downward
negative leader is initiated from the wire/Kevlar junction. There is no plasma channel
or other conducting path to ground due to the Kevlar, so therefore the negative leader
must propagate through virgin air, and hence exhibits stepping.
Ideally, the downward negative stepped leader will attach to an upward positive
leader initiated from the intercepting wire, attached to the launcher. However, since the
stepped leader is not following a pre-conditioned path, it is essentially free to wander
and may be attracted by upward leaders from ground or other grounded structures.
Hence, the strike point is highly unpredictable. As with the classical technique, the
return stroke propagates from ground to cloud along the path of the leader. Moreover,
the return stroke travels three of four orders of magnitude faster than the upward
positive leader initiated from the top of the altitude wire and soon catches up with the
leader tip and the current wave reflects from it. Thus, return-stroke current wave is
only allowed to travel a kilometer or so, which is a fraction of the height of the cloud
charge. Therefore, the current and electromagnetic field waveforms exhibit a peculiar
shape relative to those from a classically triggered flash for which the available channel
length is of the order of several kilometers or more. The current waveforms, measured
at ground, rise sharply to peak and at first decays normally, but then decays rapidly
giving the waveforms a “stunted” appearance. In addition, it is likely that current from
the upward positive leader from the intercepting wire will not destroy it. The return
stroke, however, will destroy any remaining wire and this results in an interruption
in the current (Rakov et al. 1998). This phenomenon is manifested as a double-peak
shape in the current waveform. After these processes, an ICC follows, similar to that in
classical triggered lightning. Several dart or dart-stepped leader/return stroke sequences
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Figure 2–7.

Unintentional altitude triggered flash FPL-0205, initiated on July 9, 2002
16:26:10 UT. The launcher (the intended strike point on the insulating
tower) is pictured in the foreground.

may occur after the ICC. These leader/return stroke sequences are thought to be similar
to those in classically triggered lightning and subsequent strokes in natural lightning.
The success rate of altitude triggering is about 10% for the University of
Florida group, compared to about 50% for the classical technique under the same
thunderstorm conditions. Interestingly, the triggering wire occasionally breaks during
a classical-triggering attempt resulting in an unintentional altitude trigger. In this case,
the Kevlar cable is replaced with an air gap, but the effect is similar. A photograph of
such an event is shown in Figure 2–7.
2.2

Overview of the ICLRT Facility

The International Center for Lightning Research and Testing (ICLRT) occupies
about 0.5 km2 on the National Guard Army base at Camp Blanding, about 5 km east
of Starke, Florida. The facility was constructed in 1993 and initially operated by the
Electric Power Research Institute (EPRI) and Power Technologies Inc. (PTI). In 1994
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the University of Florida lightning research group took over operation of the site.
Figure 2–8 shows a sketch of the ICLRT, as of early 2003.
As currently configured, the ICLRT contains two permanent launching locations.
One launcher is located atop an 11 m high wooden tower and can hold a battery
of twelve rockets. The second launcher, although currently non-operational due to
maintenance needs, is located underground with the top of the launching tubes flush
with the ground and is capable of holding six rockets. A 70 m × 70 m metal mesh
surrounds the hole and is attached to the launcher, in order approximate an infinitely
conducting ground plane within the vicinity of the launcher. When triggering from
the tower launcher, operating personnel are housed in the Launch Control trailer,
approximately 80 m from the tower. The Launch Control trailer houses computers,
video equipment, data acquisition equipment, and the rocket launching system in a
centralized location. Pneumatic hoses run from the Launch Control trailer up to the
launcher at the top of the tower and air pressure is used to activate pneumatic relays,
located at the base of each rocket tube, which are used to fire the rockets. The use of
pneumatics serves to electrically isolate the rocket launcher from the launch control
trailer.
Experiments using the underground launcher are conducted from a trailer known
as SATTLIF, which stands for SAndia Transportable Triggered LIghtning Facility.
SATTLIF was constructed by Sandia National Laboratories in 1990 and has been used
in triggered lightning experiments at the Kennedy Space Center and Fort McClellan,
Alabama, as well as at the ICLRT. SATTLIF has been placed at several locations
around the ICLRT site. It has been at its present location since 1999. Similar to the
Launch Control trailer, SATTLIF serves as a centralized location for personnel during
rocket triggered lightning experiments and pneumatics are used to fire the rockets.
In addition, several portable launchers are available at the ICLRT. In 2002, one
of these launchers was mounted to a truck with an extendable arm used for servicing
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power lines, commonly referred to as a bucket truck. The launcher, capable of holding
six rockets, was mounted to the end of the extendable arm which could be raised to a
height of over 10 m. This mobile launcher can be relocated and reconfigured for firing
in a few hours.
Every May through September, several major-funded experiments involving
triggered lightning are conducted. Furthermore, natural lightning experiments are
conducted year-round. These experiments have involved direct strikes to a runway
lighting system, a simulated house, two test power lines, and high explosives. In
addition, several multiple-station field measuring experiments, for both natural and
triggered lightning, have been implemented at the ICLRT and are discussed in the next
section.
2.3 Multiple-Station Field Measurements of Natural and Rocket-Triggered
Lightning
The term Multiple-Station Measurements refers to a set of measurements from
two or more sensors placed in two or more locations. Typically the purpose of this
type of experiment is to examine both the measured quantities individually and as a
function of location. Furthermore, multiple-station measurements can be used to make
inferences about the sources of the quantities being measured. A two-station field
measurement system with each sensor separated by a certain distance is the simplest
implementation of such a network. Even a simple network such as this can yield
considerable information that a single sensor alone cannot.
The first multiple-station measurements of the electric fields on ground from
relatively close lightning were performed by Workman et al. (1942) and Reynolds
and Neill (1955) (Rakov and Uman 2003). A brief review of this work is presented in
(Krehbiel 1981). The main goal of these experiments was to obtain charge solutions
for intra-cloud discharges and cloud-to-ground return strokes. Numerous two and

20
three-station electric field measurement systems have been implemented since then,
with varying time resolution and decay time constants.
(Krehbiel 1981) examined 10 cloud-to-ground, 21 intra-cloud, and three hybrid
flashes between 1976 and 1978 at the Kennedy Space Center. The electric field was
measured at a minimum of 9 and a maximum of 11 locations over an area 20 × 25 km
in extent. Flat-plate antennas connected to charge amplifiers having decay time
constant of 10 seconds were used to sense the electric field change. In addition,
radar was used for surveillance of precipitation structure and development. The data
were digitized real-time at 16 kHz and stored on magnetic tape. Since the overall
electrostatic field change was observed, and not the fine details of the radiation fields, a
large bandwidth was not required. The analysis of these data provided information on
the location of the lightning charge and charge transfer as a function of time during the
discharges.
In 1997, a multiple-station field measuring system was fielded at the ICLRT with
the expressed purpose of measuring the distance dependence of electric and magnetic
fields from triggered lightning. The electric and magnetic field was measured at seven
locations ranging from 5 to 500 m from the rocket launcher. Fiber-optic links were
used to transmit the analog data from the antennas to a central location where they
were digitized at or above 10 MHz. A detailed description of the experiment is given
in (Crawford 1998). Data for five triggered lightning strokes were recorded and some
results of this analysis are given in (Crawford et al. 2001).
In 1998, another multiple-station experiment was fielded at the ICLRT. Unlike
the 1997 experiment, the purpose was to record the electric fields produced by first
strokes in natural cloud-to-ground lightning terminating within a kilometer or so of the
site. Ten electric-field antennas were distributed about the ICLRT site occupying an
area of about 0.5 km2 . In addition, two pairs of orthogonal magnetic field sensors were
placed at opposite ends of the network. Similar to the 1997 experiment, fiber-optic
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links and digital storage oscilloscopes were used to transmit and record the data. This
configuration is described in more detail in (Crawford et al. 2001). This network
operated through 1999 and data for over 50 return strokes were recorded within several
kilometers of the center of the network. One stroke in particular is believed to have
terminated within several tens of meters from one antenna. Some results from this
experiment are given in (Rakov et al. 2003). This experiment is the direct predecessor
to the experiment described in this thesis. The measurement locations and sensors
remain essentially the same, although the sensor electronics and data acquisition
equipment are significantly different.

CHAPTER 3
INSTRUMENTATION
This chapter discusses the instrumentation for the 2001 and 2002 Multiple
Station Experiments. Section 3.1 presents an overview of the experiments. Section 3.2
discusses the MSE control system. Section 3.3 discusses the design and implementation
of the MSE measurements, including the sensors and associated electronics. Sections
3.4, 3.5, 3.6, and 3.7 present descriptions of the fiber-optic links, digitizers, video
equipment, and timing system, respectively, used in the MSE.
As mentioned in Chapter 1, the 2001 experiment was instrumented by Mr. George
Schnetzer, formerly of Sandia National Laboratories, and Mr. Keith Rambo, of the
Department of Electrical and Computer Engineering at the University of Florida. The
2002 experiment was coordinated and instrumented by the author, with significant
assistance from the above-mentioned persons. When applicable, the distinction is made
between the 2001 and 2002 configurations.
3.1

Overview of the 2001 and 2002 Multiple Station Experiments

Figure 3–1 shows a sketch of the MSE network at the ICLRT. Notable landmarks
such as the Launch Control trailer and the office trailer are included as reference
locations. In 2001, fourteen sensors were spread about ten locations, while in 2002
twenty sensors were spread about eleven locations. In 2001, only electric fields,
magnetic fields, and the optical output from the lightning channel were measured.
During the 2002 season the network was augmented with electric and magnetic field
time-derivative measurements and current measurements.
The measurement locations are referred to as Stations; hence the term Multiple
Station Experiment. Ten stations spread about the site are numbered 1 through 10 with
each station housing one or more field or field-derivative measurements. It should be
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Sketch of the 2001 and 2002 MSE measurement locations at the ICLRT.
The arrows roughly indicate the orientation of video cameras and optical
sensors at those locations.
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24
noted that Stations 3 and 7 were disassembled prior to 2001 and will not be referred
to in this thesis. The numbering scheme was kept the same so that there is continuity
with previous multiple-station experiments at the ICLRT (as discussed in Section 2.3).
Each measurement is designated by the type of measurement and its location. For
example, E-1 refers to the electric field (E) measurement at Station 1 and dE-8 refers to
the electric field time derivative (dE/dt) measurement at Station 8. The magnetic field
(B) and magnetic field time-derivative (dB/dt) measurement designations contain an
extra parameter which refers to the orientation of the sensor. For example, B-4N refers
to the magnetic field measurement at Station 4 with the plane of the sensor (discussed
in Section 3.3.2.1) oriented to true north. In addition, dB-1E refers to the magnetic
field time-derivative measurement located at Station 1 with the plane of the sensor
oriented perpendicular to true north (i.e. east-west). The two optical measurements
are designated NEO and SWO, which stand for North-East Optical and South-West
Optical, respectively. The two current measurements are designated I-High-Tower and
I-Low-Tower, where High and Low refer to the relative maximum amplitude measured
(I-High-Tower is capable of measuring currents about an order of magnitude higher
than I-Low-Tower).
A computer program automatically controlled the activation of the sensors as well
as the arming of the network and recording of calibration signals. The computer also
monitored the battery voltages of the individual sensors and reported the status of the
network to personnel via an on-screen display and email. The program automatically
turned on and off the network based on the output of an electric field mill, but
could be manually overridden when necessary. The analog voltage waveforms from
all sensors were transmitted over fiber-optic links and digitized on digital storage
oscilloscopes. Furthermore, the digital storage oscilloscopes were triggered by the
simultaneous output of two optical sensors viewing the network from opposite corners.
Four-station video coverage was employed to help in determining the location of the
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Table 3–1.

Measured parameters for the 2001 MSE.
Location
Measured parameters
Station 1
E
Station 2
E
Station 4
E
B
Station 5
E
Station 6
E
Station 8
E
Station 9
E
B
Station 10
E
North-East Optical Optical
South-West Optical Optical

lightning and the geometry of the lightning channel. All computer, data-recording
and video-recording equipment were housed in the ICLRT Launch Control trailer. A
simplified diagram of the MSE control and data acquisition system is given in Figure
3–2.
Tables 3–1 and 3–2 list the parameters measured in the 2001 and 2002 MSE,
respectively. As discussed in Section 3.3.2, multiple B and dB/dt measurements were
present at some locations to sense different components of the horizontal field.
Table 3–3 lists the coordinates of the measurement locations. The coordinates
were measured in 1999 with a differential GPS unit and the author has not verified the
accuracy of the measurements. Furthermore, the coordinates of the South-West Optical
sensor were not measured.
3.2

Control System

Operation of numerous sensors spread about a large physical area poses several
logistical problems. These can only be overcome by a robust control system which
automates as many operations as possible. These logistical problems are outlined
below.
Since the occurrence of thunderstorms can be unpredictable, manually activation
of the network would require personnel to be on-site virtually all of the time, which

Figure 3–2.
Simplified diagram of the MSE control and data acquisition system.
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Table 3–2.

Measured parameters for the 2002 MSE.
Location
Measured parameters
Station 1
dE/dt
dB/dt
Station 2
E
Station 4
E
B
dE/dt
Station 5
E
Station 6
E
Station 8
dE/dt
Station 9
E
B
dE/dt
Station 10
E
North-East Optical Optical
South-West Optical Optical
Launch Tower
Current

Table 3–3.

dB/dt

dB/dt

Coordinates of the MSE measurement locations.
Location
Station 1
Station 2
Station 4
Station 5
Station 6
Station 8
Station 9
Station 10
North-East Optical
Launch Tower

Coordinates
29.94390325
29.94404460
29.94329562
29.94323225
29.94160838
29.94145723
29.94026821
29.94068532
29.9440 N
29.94262236

N
N
N
N
N
N
N
N

82.03451849
82.03497685
82.02931170
82.03248203
82.03561998
82.03053364
82.03396553
82.02925378
82.02949 W
N 82.03185467

W
W
W
W
W
W
W
W
W

is not possible September through April, when rocket triggered lightning operations
have ceased at the ICLRT. Since the electronics associated with each sensor (e.g.
fiber-optic transmitters and amplifiers) are powered by a battery, the network cannot
be left activated at all times; otherwise the batteries would drain within a few days.
Furthermore, due the physically large size of the network and the large number of
sensors, manual activation of all of the sensors when a thunderstorm is present is
infeasible. In addition, it is infeasible to monitor battery voltages and the general
health of the network manually for extended periods of time.
Therefore, in order to operate with minimum user attendance and maintenance, the
MSE control system must fulfill the following requirements.
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•

The network must be able to be activated and deactivated automatically, without
any user interaction, when appropriate thunderstorm conditions are present.
Furthermore, the system must be able to automatically determine when these
conditions are present based on predetermined criteria. Activation includes
turning on all of the sensors, calibrating all of the fiber-optic links, and arming
all of the digitizers.

•

The control system must be able to give instant feedback regarding the status of
the entire network, including battery voltages, calibration signals, and triggering
status. Furthermore, all of this information must be available to both on-site and
remote personnel.

•

All data must be automatically recorded on non-volatile media upon a system
trigger, since it is highly likely that no personnel will be on-site during the event.

The MSE control system consists of both hardware and software components. The
primary piece of control hardware is a device known as a PIC Controller. A PIC
controller was placed in the field with each of the sensors and the control software
interacted with the PIC controllers in order to automatically activate and deactivate the
network when necessary, as well as monitored the status of the network.
3.2.1

The PIC Controller

The PIC controller is the foundation of the MSE control system. This device
is used to remotely activate each of the measurements, provide attenuation to each
of the sensors, to check the status of each measurements battery, and to calibrate the
fiber-optic link associated with each measurement. The PIC controller was designed
and developed by Michael Stapleton, a project engineer, and Keith Rambo.
The device is known as a PIC controller because it contains a PIC 16F873-207SP
microprocessor. The term PIC controller is a somewhat general term, since several
varieties of PIC controllers have been developed for different applications at the
ICLRT, such as the automation of video recording. Unless otherwise noted, the term
PIC controller refers to the model which is used to accompany each sensor within the
network.
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Figure 3–3.

The PIC controller. A) Front view. B) Side view.

Figure 3–3 shows a picture of a PIC controller. Each PIC controller has
two female BNC connectors, a four-pin male microphone connector, an Agilent
HFBR-1523 fiber-optic transmitter, an Agilent HFBR-2523 fiber-optic receiver, a DB-9
female serial connector, and a two-wire power connector.
Each PIC controller is assigned a one-byte (8-bit) hexadecimal address, which is
set by adjusting a pair of hexadecimal switches located next to the DB-9 connector.
Each switch is capable of being set from 0x0 (0 decimal) to 0xF (15 decimal). Hence
the range of addresses ranges from 0x00 (0 decimal) to 0xFF (255 decimal), with
certain addresses reserved for special functions. Furthermore, each PIC controller is
assigned a work group, which is programmed directly into the microprocessor itself
and can only be changed by reprogramming the chip. Currently, only two work groups
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Diagram of how a PIC controller is installed with a measurement.

exist, RTL (standing for Rocket Triggered Lightning) and CAM (standing for CAMera),
with the PIC controllers in the RTL work group being used to control the sensors and
the ones in the CAM work group being used to control cameras. Currently, no CAM
work group PIC controllers are used in the MSE. The combination of a PIC controller’s
assigned work group and hexadecimal address gives each PIC controller a unique
identifier.
Figure 3–4 shows a diagram of how a PIC controller is installed with a
measurement. The output of the sensor is connected to the IN BNC connector,
while the OUT BNC connector is connected to the input of the fiber-optic transmitter,
terminated in 50 Ω. The power connector is connected to a 12 V battery, while the
power input of the fiber-optic transmitter is connected to the microphone connector.
Pins 1 and 2 (ground) and 3 and 4 (+12 V) of the microphone connector are soldered
together, effectively making it a 2-pin connector. The female DB-9 connector is used
to connect a two-line LCD display that can be used to monitor the status of the PIC
controller in the field.
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The PIC controller is essentially a combination of relays and attenuators controlled
by a microprocessor. Therefore the PIC controller can be described as a series of
programmable switches and attenuators. How the PIC controller behaves is determined
by the commands sent to it. The PIC controller communication scheme and command
set is described in the following sections. The PIC controller itself is powered by a
12 V battery. However a relay inside is used to supply power to other electronics,
which at a minimum includes a fiber-optic transmitter, via a cable and the microphone
connector. Hence, battery life can be conserved by simply disconnecting power from
the electronics. However, the PIC controller must always be powered and draws a
current of about a few tens of milliamperes at 12 V. When powered by a 12 V, 24 Ah,
battery, the maximum battery life is several weeks.
The PIC controller is placed in series with the measurement between the sensor
and the fiber-optic transmitter, via the IN and OUT BNC connectors and short lengths
50 Ω coaxial cable. The function of the PIC controller depends on what command is
sent to it. First, the PIC controller can act as a 50 Ω in-line attenuator, which reduces
the output voltage of the sensor, increasing the full-scale range of the measurement.
If no attenuation is set, the PIC controller has a gain of 1 (0 dB) and does not affect
the measurement. The attenuators are resistive PI attenuators of values -3 dB, -6 dB,
-10 dB, -14 dB, and -20 dB, which can be added in any combination by sending the
appropriate commands to the PIC controller. The PIC controller adds the attenuators by
switching the appropriate relays inside of the device. The attenuators are designed to
be terminated in 50 Ω and will not provide the stated voltage division if the output of
the PIC controller is not terminated in 50 Ω. The PIC controller has an input resistance
of 50 Ω when the output of the PIC controller is terminated in 50 Ω, regardless of
the attenuation setting. If the PIC controller is terminated in a different resistance,
the input resistance of the PIC controller will be that resistance only if no attenuation
is used. While it is possible to use the attenuators when the PIC controller is not
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terminated in 50 Ω by calculating the actual voltage ratio based on the attenuator
circuit and a different load, this has never been done and is not recommended due to
the high possibility of confusion. The ability to remotely set the amount of attenuation
used in a measurement eliminates the need for personnel to manually exchange BNC
in-line attenuators every time an adjustment is required.
In addition, the PIC controller can act as a waveform generator that calibrates the
fiber-optic link. When the appropriate command is sent to the PIC controller, a relay
inside the device disconnects the sensor from the fiber-optic transmitter and injects a
calibration waveform into the transmitter. The calibration waveform is a 100 Hz square
wave with a selectable peak-to-peak voltage of 1 V or 0.1 V, when the PIC controller
is terminated in 50 Ω. When terminated in high impedance, the voltage doubles to 2 V
and 0.2 V, respectively. The calibration waveform can be used in either mode as long
as the operator is aware of the effect of the different terminations. In addition, it is
possible to also attenuate the calibration signal using the attenuation function, although
this has never been done. The calibration waveform is useful for estimating the gain
of the fiber-optic link, assessing the amount of non-linear distortion present in the link,
and determining whether the link is damaged. This eliminates the need for personnel
to manually inject a calibration waveform into the link, a process that would be tedious
and time-consuming in a large experiment such as the MSE.
The Agilent HFBR-1523/2523 fiber-optic transceiver pair (660 nm LED) is used
to communicate with the PIC controller, via 1 mm diameter optical plastic fiber with
snap-action connectors, when it is installed in the field. The maximum length of fiber
that can be used, without the addition of an optical repeater, is approximately 110 m at
a maximum data rate of 40 kbps. The fiber-optic transmitter converts serial TTL (0 to
+5 V) logic to pulses of light, while the receiver does the reverse conversion. No light
corresponds to logical 0 while a pulse of light corresponds to logical 1. A standard
PC can communicate with a PIC controller via its RS232 serial port and a fiber-optic
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transceiver pair by utilizing a RS-232 driver/receiver, such as a Maxim MAX232 chip,
which converts RS-232 serial logic (±12 V) to TTL serial logic. A PIC controller
cannot send and receive data simultaneously, and therefore the communication link is
half-duplex.
The method by which the control PC communicated with the PIC controllers
differed between the 2001 and 2002 seasons. In 2001, the RS232 serial port of the PC
was interfaced with a MAX232 chip to translate the RS232 serial logic to TTL serial
logic, as described above. The output of the MAX232 chip was connected directly to
an Agilent HFBR-1523/2523 fiber-optic transceiver pair mounted on the same circuit
board. One end of a plastic fiber was connected to the transmitter and the other was
connected to a repeater, whose output branched out to three additional plastic fibers.
Each of these fibers went into the field, forming three loops which each eventually
returned to the Launch Control trailer. At each measurement location, an incoming
plastic fiber would be connected to the fiber-optic receiver of the PIC controller,
and another plastic fiber going to the next measurement would be connected to the
transmitter. In this topology, the PIC controllers also acted as fiber-optic repeaters.
However, in cases where the distance between successive measurements in the loop
was greater than about 100 m, additional repeaters were required. The plastic fibers
connected to the transmitter of the last PIC in each loop went back to the Launch
Control trailer where they were all connected to another repeater. The output of this
last repeater was connected to the fiber-optic receiver of the MAX232 board which was
then connected to the control PC via the RS232 link. A diagram of this topology is
shown in Figure 3–5. This method of communication posed several problems, which
are outlined below.
•

If any PIC controller in a given loop malfunctioned, every measurement in the
loop was lost since each PIC controller acted as a repeater.
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•

Diagram of the PIC controller communication topology used during the
2001 MSE.

If any plastic fiber in a given loop was damaged, every measurement in the loop
was lost since the series data path was opened.

Furthermore, these two issues were especially troublesome since finding the location of
a malfunctioning PIC controller or a damaged fiber was a difficult and tedious process.
During the 2002 season these limitations were addressed by replacing the
fiber loops and repeaters with wireless 900 MHz RF links. These wireless RF
units are known as PIC RF units, since they contain the same PIC 16F873-207SP
microprocessor as the PIC controllers. The RF transceiver itself is a MaxStream
9XStream-96 900 MHz transceiver (902 − 928 MHz, unlicensed ISM band) capable
of a maximum data rate of 9600 bps. Instead of running lengths of plastic fiber to
each PIC controller in the field, PIC RF units were placed about ten meters away
from each measurement location. Each PIC RF unit was equipped with an Agilent
HFBR-1523/2523 fiber-optic transceiver pair and two short lengths of plastic fiber
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Diagram of the PIC controller communication topology used during the
2002 MSE.

connect it to a PIC controller. An RF transceiver was installed in the Launch Control
trailer, which was interfaced to the control PC via the RS232 serial port. The RF
transceiver was capable of directly encoding and transmitting RS232 serial logic, so no
MAX232 chip was required. The RF transceiver transmitted the commands from the
control PC and the PIC RF unit at each measurement location received and decoded
the signal. The decoded data are then transmitted to the PIC controller over one of
the lengths of plastic fiber. Similarly, the PIC controller transmitted data back to the
PIC RF unit over the other length of plastic fiber. The PIC RF unit then encoded and
transmitted this data back to the Launch Control trailer where the transceiver decoded
the data and transmitted it to the control PC over the RS232 interface. Hence, the
PIC controller communication scheme changed from a ring topology to a star-network
topology, as shown in Figure 3–6, with the PIC RF units essentially acting as wireless
repeaters.
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Multiple PIC controllers in an area could be interfaced with a single RF PIC unit
by using an optical repeater. A special repeater board was designed for this purpose
and can interface nine PIC controllers to a single PIC RF unit. The star-network
topology was a significant improvement over the ring topology used in 2001. Now, if
a single PIC controller or plastic fiber fails, only the measurement connected to that
PIC controller fails, instead of the entire loop, as before. This configuration made
diagnosing system component problems much easier. In addition, since the lengths of
plastic fiber were, at most, some tens of meters, the amount of plastic fiber that could
be damaged was minimal. In this topology the PIC controllers themselves no longer
act as repeaters. Therefore, a simple hardware modification was required to remove
this function. If this hardware modification were not performed, a PIC controller would
immediately repeat any data sent to it back to the PIC RF unit that would then transmit
it. If another PIC controller without the hardware modification were present, it would
receive this data and repeat it again. Hence, this repeating could become an infinite
loop which making communication with the PIC controllers impossible since some PIC
RF unit would always trying to transmit, which essentially jams the transmitter at the
control PC.
The PIC RF units are electrically isolated from the lightning measurements to
eliminate any possibility of data contamination or equipment damage from lightning
electromagnetic interference (EMI). The PIC RF units were placed in separate metal
enclosures (modified ammunition containers) with the only physical connection
between the PIC RF unit and the measurements being the pairs of plastic fibers. Each
metal enclosure contained a PIC RF unit, a 12 V battery, and optionally a repeater
fan-out board for connecting multiple PIC controllers. The PIC RF unit itself was
mounted to the inside cover of the box with a 15 cm antenna mounted to the outside
of the cover. A 900 MHz tuning stub (shorted length of transmission line) was
placed between the antenna output and the ground of the wireless PIC controller. At
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900 MHz, the tuning stub resonates and becomes a very high impedance but, at other
frequencies, it looks like a short circuit to ground. Since the significant EM radiation
from close lightning occurs from DC to 10 MHz (Uman 1987), any induced current in
the antenna from lightning should be directed to the ground of the PIC RF unit and not
interfere with its operation.
The PIC RF units will operate for a few days when powered with a 7 Ah, 12 V
battery. Five-watt solar cells (450 mA short-circuit current) were installed at each PIC
RF unit location in order to keep the batteries charged. The solar panels were mounted
on top of a one-meter long 4x4 piece of wood extending vertically from the ground.
The PIC RF unit enclosure was hung from a pair of half-inch bolts screwed into the
wood. The solar cell served to shade the enclosure in this configuration. The solar cell
itself was encased in a metal “chicken wire” mesh with a hole-diameter of about five
centimeters to protect it from the induced effects of nearby lightning. A test cell was
placed in the field in early June 2002 without this protection, and it is believed that
the electromagnetic signal from a close lightning strike damaged the cell, rendering
it useless. A two-wire power cable was run from the solar cell into the PIC RF unit
enclosure and connected to the 12 V battery. This cable was encased in metal shield
braid with one end soldered to the chicken wire and the other end securely attached
to the hole in the metal enclosure with a hose clamp. The plastic fibers were run out
of two additional holes in the enclosure. These holes were fitted with PVC elbow
connectors with the openings pointed toward the ground so that no water could enter
the enclosure. Figure 3–7 shows a PIC RF unit enclosure mounted with a solar cell.
All command data packets sent to a PIC controller are formatted into a five-byte
(40-bit) array. Each byte in the array can be represented as a character, as defined by
the American Standard Code for Information Interchange (ASCII). Hence, each data
packet can be represented as an ASCII character string, which is easy for humans to
interpret. Table 3–4 describes the format of a PIC controller command data packet.
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PIC RF unit enclosure mounted with a solar cell.
Format of a PIC controller command data packet.

Bytes 1-3 (bits 0-23)
Work group identification

Byte 4 (bits 24-31)
Address

Byte 5 (bits 32-39)
Command

Communication with a PIC controller is implemented in a command/response
format. What this means is that when a command is issued to a PIC controller, the
PIC controller performs the command, and then the PIC controller sends a response.
The response the PIC controller sends is the last command data packet that it received,
which is stored in a buffer, along with five additional bytes corresponding to its battery
voltage and two bytes corresponding to its temperature. Table 3–5 describes the format
of a PIC controller response data packet.
Table 3–5.

Format of a PIC controller response data packet

Bytes 1-3
(bits 0-23)
Work group
identification

Byte 4
Byte 5
(bits 24-31) (bits 32-39)
Hexadecimal Last
address
command

Bytes 6-10
(bits 40-79)
Battery
voltage

Bytes 9-10
(bits 80-95)
Temperature
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Bytes 1-3 (bits 0-23) are the work group identification, such as RTL or CAM as
discussed above. These three bytes are interpreted as ASCII characters so that, for
example, the byte array 0x52 0x54 0x4C translates into the character string RTL. A
PIC controller will not respond to a command unless its work group identification
matches the work group identification of the command. For example, PIC controller
0x0E in the RTL work group will not acknowledge a command designated for PIC
0x0E in the CAM work group. The address of the PIC controller is given in byte four
(bits 24-31). Therefore, each PIC controller can be communicated with individually.
Address 0xFF is a global address, meaning that every PIC will perform a command
issued to address 0xFF, regardless of its address setting. The work group constraint
still applies, which means that 0xFF is only global within the scope of the work group.
A PIC controller in the CAM work group will not respond to the 0xFF address of
the RTL work group and vice versa. This is useful for sending a command to every
PIC controller simultaneously, where sending the command to each PIC controller
individually would be time consuming. The drawback of the global address is that
none of the PIC controllers will send a response after performing their assigned
command because there is no way the control PC issuing the command could
understand multiple simultaneous responses. Hence, there is no confirmation that
the command was received.
Byte five (bits 32-39) designates the command issued to the PIC controller. Each
bit in character five designates a certain function of the PIC, as shown in Table 3–6.
The PIC controller can be told to perform multiple functions by setting specific
bits in the command byte. For example, the simplest command is the byte 00000000
(0x00), corresponding to ASCII character NULL, which turns off power to the
electronics, turns off all attenuators, and turns off calibration signals. This is essentially
a reset command. Moreover, the byte 10100000 (0xA0), corresponding to ASCII
character á tells the PIC controller to provide power to the electronics and also
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Table 3–6.

Bit settings of PIC controller commands.
Bit
0
1
2
3
4
5
6
7

Name
3 dB
6 dB
10 dB
14 dB
20 dB
Cal ON
Cal
Voltage
Power

Function
Provide -3 dB of attenuation
Provide -6 dB of attenuation
Provide -10 dB of attenuation
Provide -14 dB of attenuation
Provide -20 dB of attenuation
Turn on calibration signal
Choose between 1.0 (0) or
0.1 V (1) calibration signal
Provide power to electronics

provide a 1 V calibration signal. This calibration signal could be attenuated by -13
dB, for example, by setting bits 0 and 2, which would change the command byte to
10100101 (0xA5) corresponding to ASCII character Ñ. Some command combinations
are essentially meaningless, such as 00010000 (0x10) corresponding to ASCII character
Data link escape, which tells the PIC controller to provide -20 dB of attenuation while
not supplying power to the electronics. The byte 01111110 (0x7E), corresponding
to ASCII character ~, performs a special function. While the literal interpretation of
the bits is meaningless (no power to electronics, 0.1 V calibration signal, -50 dB of
attenuation), the PIC controller interprets this command to be send a status response
without performing any function. Hence, the current status of the PIC controller,
including last command issued, battery voltage, and temperature can be assessed
without changing the current status. This command can also be used to check the
status of any wireless PIC controller.
The five bytes corresponding to the battery voltage are interpreted as ASCII
characters. For example, the five-byte array 0x31, 0x32, 0x33, 0x34, 0x35 would be
interpreted as ASCII characters 1, 2, 3, 4, and 5 which indicates a battery voltage
of 12.345 V. Likewise, the two bytes corresponding to the ambient temperature are
interpreted as ASCII characters. For example, the two bytes 0x33 and 0x34 would be
interpreted as ASCII characters 3 and 4, which indicates a temperature of 34 ◦ C. The
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PIC response is used to verify that the correct PIC controller indeed received the proper
command, as well as to assess the amount of battery life remaining and its temperature.
3.2.2

Software

The control software is the brain of the MSE and is responsible for the automation
of the MSE. Using a sophisticated control algorithm, the software automatically
activates the sensors and arms the waveform digitizers when appropriate thunderstorm
conditions are present. Furthermore, when the storm has passed, the software
deactivates the sensors and disarms the digitizers. In addition, the software provides
instant feedback to the user regarding the status of the network. Finally, the software
calibrates the fiber-optic data links each time the network is activated and deactivated.
The first version of the MSE control software, used during the 2001 season,
is known as LCAUTO (standing for Launch Control AUTOmation) and was written
by Alonso Guarisma, at the time a graduate student in the Department of Electrical
and Computer Engineering at the University of Florida . LCAUTO was written in
C++ with the graphical user interface (GUI) written in Perl TK. LCAUTO ran on a
Hewlett Packard Pavilion 6746C PC with a 733 MHz Intel Celeron processor, 192 MB
of memory, and 30 GB of hard disk space running Red Hat Linux 6.2 with the 2.2
kernel. The user interface allowed personnel to manually query and send commands
to individual PIC controllers. For example, the software could be used to command a
specific PIC controller to supply a calibration signal so that the gain of that fiber-optic
link could be checked. In addition, a user could activate or deactivate all of the MSE
PIC controllers with the click of a single button.
The most important feature of the LCAUTO software was the ability to automatically
activate and deactivate the network when appropriate thunderstorm conditions were
present. The thunderstorm conditions were assessed by digitizing the output of an
electric field mill (a device to measure the ambient vertical electric field at ground
with a bandwidth from DC to a few hundred hertz). An Advantec data acquisition
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card, housed in a separate PC running Windows 95 digitized the output of field mill at
100 Hz. Software written in GENIE (a scripting language by Advantec that is similar
to National Instruments LabView) continuously monitored the digitized field mill data
and when the absolute magnitude of the vertical quasi-static electric field at ground
exceeded 2 kV m−1 , a true flag was written to a specific file on the LCAUTO PC. The
LCAUTO software continuously monitored this file and when the true flag was found,
all of the MSE measurements were activated. The list of MSE measurements was
kept in a MySQL database, also written by Mr. Guarisima. Each entry in the database
was composed of a measurement name, a PIC address, and an attenuation setting.
The LCAUTO software interfaced with the database to obtain the proper settings for
each of the MSE measurements. When the magnitude of the field mill output fell
below 2 kV m−1 for a period of 10 minutes, a false flag was written to the file and the
LCAUTO software deactivated all of the measurements by sending the reset command
to all of the PIC controllers in the database.
The LCAUTO software was not capable of communicating with the Yokogawa
DL716 waveform digitizer (discussed in Section 3.5.1); hence it was the operator’s
responsibility to make sure the Yokogawa was properly set up and armed at all times.
This digitizer was capable of rearming itself after a trigger, so this did not present
a problem unless it was accidentally disarmed. In addition, the LCAUTO software
was not capable of automatically acquiring calibration signals. Although the software
could command the PIC controllers to send calibration waveforms, it could not tell
the digitizer to acquire the waveforms. Hence, it was the operators responsibility to
make sure calibration signals were acquired, which was especially important after a
trigger since it is crucial to know the gain of the fiber-optic links (which can vary as
a function of temperature depending on the type of link) as close to the time of the
trigger as possible. Obviously, this would not be possible if the trigger occurred when
there were no personnel on site. In this case, the gain of the fiber-optic link would
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have to be assumed to be some value, which is usually one. Depending on the type of
fiber-optic link used, this could introduce anywhere from a few percent to over twenty
percent error in the calibration, since the calibration is partially determined by the gain
of the fiber-optic link.
Also, the LCAUTO software was capable of sending email at regular intervals,
such as every 24 hours, that would give the status of all of the measurement batteries
in the network. Therefore, a remote user could easily be informed of the status of the
network.
During the summer of 2002, a new version of the MSE control software
was developed, that is known as Mercury. This software was written in National
Instruments LabView software by Robert Olsen III, presently a graduate student, and
Alonso Guarisma. The Mercury software ran on a two-processor 1.6 GHz PC with
1.5 GB of memory and 75 GB of hard disk space running Red Hat Linux 7.3 with the
2.4.18 kernel.
The new Mercury software implemented all of the features of the LCAUTO
software, such as a user interface where the status of measurements could be assessed
individually or in a group, along with some additional features. The Mercury software
was capable of interfacing with the digitizers over Ethernet and IEEE 488.2 (GPIB)
interfaces, and therefore the digitizers could be automatically set up, armed, and
disarmed along with the PIC controllers in the experiment. Furthermore, calibration
signals could be automatically acquired, which minimized the time between a system
trigger and the acquisition of calibration waveforms. Unlike the 2001 season, the data
acquisition card was housed in the same PC as the control software. Additionally, a
National Instruments data acquisition card replaced the Advantec card used in 2001.
Drivers provided by the Comedi Project were used to communicate with the card in
LabView for Linux.
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The Mercury software could send email regarding the status of the network, as
the LCAUTO software did. However, the Mercury software also included a list of
times when the network was activated and deactivated in the email, although it did
not include the times of system triggers. In addition, the settings for the MSE PIC
controllers were no longer stored in a database, but in a set of ASCII text files.
The conditions Mercury used to decide whether to activate and deactivate the
network were similar to that of the LCAUTO software, although they were refined
somewhat to minimize the amount of time the network was activated unnecessarily.
The digitized output of the field mill, sampled at 100 Hz, was once again used to
determine whether appropriate thunderstorm conditions were present. These conditions
evolved over the course of the 2002 season and this evolution is outlined below.
•

The network was armed if the magnitude of the output of the electric field mill
exceeded 2 kV m−1 . The output of the field mill was checked every 10 minutes
and the magnitude of the output ever fell below 2 kV m−1 , the network was
disarmed. Unfortunately, a momentary glitch in the output of the field mill or
input of the data acquisition card would cause the system to arm unnecessarily.

•

The network was armed if the magnitude of the output of the electric field mill
exceeded 2 kV m−1 continuously for two seconds. Again, the output of the field
mill was checked every 10 minutes and the magnitude of the output ever fell
below 2 kV m−1 , the network was disarmed. This eliminated the problems due
to glitches. However, the network tended to remain armed for extended periods
of time (sometimes hours) during the dissipating phase of thunderstorms, where
the quasi-static electric field at ground lingered at +2 to 4 kV m −1 . Although it
was desirable to acquire data from positive lightning, the chance of a positive
lightning occurring was believed to be slim in such low fields.

•

The network was armed if the output of the electric field mill exceeded
+4 kV m−1 or fell below −2 kV m−1 continuously for two seconds. After
arming, the output of the field mill was continuously checked and if it ever went
between −2 kV m−1 and +4 kV m−1 , a 10 minute countdown started. If, at any
point during the 10 minute countdown, the output fell below −2 kV m −1 or rose
above +4 kV m−1 , the 10 minute countdown was reset. If, after 10 minutes, the
output never fell below −2 kV m−1 or rose above +4 kV m−1 , the network was
disarmed.
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•

The network was armed if the output of the electric field mill exceeded
+4 kV m−1 or fell below −2 kV m−1 . Instead of requiring the field mill output
to exceed the threshold continuously for two seconds, short-term averaging
was used to eliminate random glitches. After arming, the output of the field
mill was continuously checked and if it ever went between −2 kV m −1 and
+4 kV m−1 , a 10 minute countdown started. If, at any point during the 10
minute countdown, the output fell below −2 kV m−1 or rose above +4 kV m−1 ,
the 10 minute countdown was reset. If, after 10 minutes, the output never fell
below −2 kV m−1 or rose above +4 kV m−1 , the network was disarmed. This
algorithm is shown in a flowchart in Figure 3–8.
In addition, a calibration waveform was acquired before each time the network

was activated and after each time the network was deactivated.
3.2.3

Triggering System

The MSE was intended to acquire data on close natural lightning, specifically,
within the 0.5 km2 ICLRT site. Therefore, a triggering system needed to be designed
such that data were recorded when lightning occurred within the network, but not when
lightning occurred outside of the network. This requirement is not trivial and poses
several logistical problems.
Typically, in triggered lightning experiments, the location of the channel is known
exactly, and the trigger threshold of the digitizers can be set based upon the distance
to the channel of the sensor which triggers the digitizer and known statistics of that
particular physical phenomenon. For example, if the digitizers are to be triggered
from an electric field sensor 30 m from the lightning channel, an appropriate trigger
threshold can be calculated based upon statistics of known triggered-lightning electric
fields at 30 m. Furthermore, this technique can also be employed if data on distant
natural lightning are to be recorded. For example, if data on natural lightning in a
storm 10 km away are to be recorded, the trigger threshold can be adjusted based on
statistics on natural lightning at 10 km. Although no one flash will be exactly 10 km
away from the sensor, the average lightning distance will be and this technique will
work reasonably well, but not as well as for triggered lightning.
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Flowchart representation of the final 2002 MSE software control
algorithm.
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Unfortunately, it is difficult to employ this technique to examine close natural
lightning since two variables exist, distance and amplitude. The distance to the
lightning channel from any one sensor is unknown and cannot be assumed to be any
distance except less than about 1 km. Furthermore, (Berger et al. 1975) have measured
a range of peak currents from below 2 kA to above 80 kA for negative cloud-to-ground
first strokes and from below 4.6 kA to above 250 kA for positive cloud-to-ground first
strokes. Therefore, with such a large range of peak currents, a close lightning with
relatively low peak current within the network cannot be distinguished from a lightning
outside of the network with relatively high peak current based upon the amplitudes of
the electric and magnetic fields alone since the field amplitudes are a function of the
peak current. In addition, the distance dependence of the electromagnetic fields from
first strokes in natural lightning is not known.
Since the magnitudes of the electric and magnetic fields from natural lightning
are a function of both distance and current amplitude and wave-shape, a triggering
technique was required that can decouple the two dependencies. While a single
electric or magnetic field antenna is incapable of this, an acceptable solution can be
obtained by utilizing two or more directional sensors. A directional sensor is one
whose sensitivity is a function of the azimuthal or elevation angle of the sensor relative
to the source, such as a magnetic field antenna made of a loop of coaxial cable. The
magnitude of the output of the antenna is not only a function of the magnitude of
the magnetic field, but a function of the angle of the magnetic flux to the plane of
the loop as well. Hence the output of a loop antenna is a function of the angle of
the lightning channel to the plane of the loop. Although the output of a loop antenna
is a function of direction, the direction information (angle to the lightning channel
with respect to the plane of the loop) cannot be extracted from the output of a single
antenna. In addition, there is a 180◦ ambiguity in the output of the antenna since
the polarity of the magnetic field produced by a negative current is the same as
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that produced by a positive current 180◦ away. Adding a second antenna, oriented
perpendicularly to the first, will form a crossed-loop antenna pair which can provide
directional information. Conversely, a flat-plate electric field antenna laying flush with
the ground is non-directional, having rotational symmetry with respect to the normal
of the plate, and does not provide any direction information although it can be used to
provide information needed to resolve the 180◦ ambiguity in the crossed-loop antenna
output. Detailed descriptions of the electric and magnetic field sensors are given
in Sections 3.3.1 and 3.3.2, respectively. If two or more crossed-loop antennas are
distributed about the network, an algorithm could be developed to determine whether
a lightning is within the network based on the output of these antennas. This type of
triggering scheme was employed in the previous ICLRT multiple station experiment
discussed in (Crawford et al. 2001) and (Rakov et al. 2003). However, this triggering
scheme requires considerable resources since two antennas and two fiber-optic links
are required for each crossed loop pair. A minimum of four loop antennas and four
fiber-optic links would be required to implement this triggering scheme. In addition,
this triggering scheme could be fooled by horizontal channel sections or slanted
channels.
In view of the above, in 2001 a triggering scheme was employed using two
optical sensors. The principle behind this scheme and the crossed magnetic field
antennas is essentially the same; multiple directional measurements are used to
differentiate between lightning within and outside of the network. The advantage of
using the optical sensors, however, is that only a single sensor (and hence only a single
fiber-optic link) is required for each directional measurement. The optical sensors are
directional because the light source must be in front of the lens of the detector for there
to be any output from the sensor. Furthermore, the implementation of a simple optical
detector is considerably less complicated than that of a crossed loop pair of magnetic
field antennas. A detailed description of the optical sensors is given in Section 3.3.3.
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One of the optical detectors was placed at the north-east corner of the site, upon
a twelve foot high structure known as the Blast Wall, facing south-west. The second
optical detector was placed at the south-west corner of the site, upon a six foot high
structure known as the Military Container, facing north-east.
The output of each optical systems fiber-optic receiver was then connected into
an AND triggering circuit, designed by George Schnetzer during the summer of 2001.
Figure 3–9 shows a schematic of the triggering circuit.
Each input is fed into a non-inverting buffer circuit. The output of each buffer
is fed into a bistable (Schmitt trigger) circuit. If the voltage present at the input of
the bistable circuit exceeds the positive reference voltage or falls below the negative
reference voltage, which are defined by zener diode/resistor circuits enclosed in the
dashed boxes, the output of the bistable circuit is driven to one of the supply rails.
The reference voltages are adjusted by varying the potentiometer associated with each
reference voltage circuit. The output of each bistable circuit is then converted to TTL
logic by a pair of op-amps and fed into a 7400 NAND gate. The output of this NAND
gate provides the trigger to all of the digitizers in the experiment. Hence, the digitizers
only trigger when the outputs of both optical sensors exceed a certain threshold. The
two sensors view the field from opposite corners of the network; therefore the lightning
must be within the network in order for both sensors to see the lightning and to cause
the system to trigger. Moreover, as noted in Section 3.3.3, the elevation view of the
sensors was limited to keep the system from triggering on a bright cloud discharge.
3.3 Measurement Implementation
In this section, the theory, design, fabrication, and implementation of all MSE
measurements is discussed.
3.3.1

Electric Field and Electric Field Time-Derivative Measurements

In 2001, eight electric field measurements were fielded, located at Stations 1, 2,
4, 5, 6, 8, 9, and 10. In 2002, electric field measurements at Stations 1 and 8 were
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Illustration of the electric field boundary condition at a perfectly
conducting surface.

converted to electric field time-derivative (dE/dt) measurements and two additional
dE/dt measurements were installed at Stations 4 and 9. No dE/dt measurements were
made during the 2001 season.
Conducting circular flat-plate antennas were used to sense both the electric field
and its time-derivative. These types of antennas have been used for many natural and
triggered lightning experiments, such as those described in (Krider et al. 1977), (Rakov
et al. 1998), and (Uman et al. 2002). Furthermore, they are generally considered
standard equipment within the lightning research community.
There are many types of electric field and electric field time-derivative sensors.
However, when installed flush with the ground, the flat-plate sensor has the advantage
that it theoretically introduces no field enhancement. This is not the case, for example,
with a whip antenna or an elevated plate antenna. Furthermore, the flat-plate sensor can
be implemented with entirely passive components and the equivalent circuit analysis is
typically straightforward (but not trivial).
3.3.1.1

Analysis of a conducting flat-plate antenna

The Thevenin or Norton equivalent circuit for a flat-plate antenna can be derived
by considering the boundary on a perfectly conducting (σ = ∞) surface, as shown in
Figure 3–10.
The boundary condition is
~ ·~n = ρs
D

(3-1)
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The quantity ~D is the electric displacement vector at the surface and is expressed
in units of C m−2 , ~n is the unit vector normal to the surface, and ρs is the surface
~ ·~n is the component
charge density and is also expressed in units of C m−2 . Hence, D
of the electric displacement which is normal to the surface.
Dnorm = ρs

(3-2)

Note that since the surface is considered a perfect conductor, the electric
displacement inside of the conductor and the tangential component of the electric
displacement along the surface of the conductor are both zero. If the medium above
the plate (air) is linear, isotropic, homogeneous, and non-conducting, then
Dnorm = εEnorm

(3-3)

The quantity Enorm is the magnitude of the component of the electric field
which is normal to the surface of the plate (expressed in units of V m −1 ) and ε is the
permittivity of the dielectric medium, which is essentially ε 0 , the permittivity of free
space (8.85 × 10−12 F m−1 ), for air. Therefore, the expression for ρs can be written as
ρs = ε0 Enorm

(3-4)

The total charge on the surface of a conducting plate can be found by integrating
the surface charge density over the area of the plate.
Q plate =

Z

ρs dA

(3-5)

S

The quantity dA is the differential area on the surface of the plate. If the surface
charge density is uniform (which will be the case if the smallest wavelength comprising
Enorm is much greater than the plate diameter), then the total charge can be found by
multiplying the surface charge density by the area of the plate. The boundary condition
specifies that if the magnitude of the normal component of the electric field is uniform
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over the surface of the plate, then surface charge density along the plate must also be
uniform. For a circular plate, the electric field along the surface of the plate can be
considered non-uniform when the plate diameter is larger than about a sixteenth of a
wavelength. If the highest frequency component of Enorm is 30 MHz then the smallest
wavelength will necessarily be 10 m. One sixteenth of a wavelength is 0.625 m, which
is larger than the diameter of the plates used in the MSE (discussed in Section 3.3.1.2).
If the electric field is uniform across a plate of area A plate , then the total charge on
the plate can be expressed as
Q plate = ε0 A plate Enorm

(3-6)

The Norton equivalent short circuit current, i(t), is necessarily the time-derivative
of the charge.
i(t) =


d
d
dEnorm (t)
Q plate (t) =
ε0 A plate Enorm (t) = ε0 A plate
dt
dt
dt

(3-7)

Hence, the flat-plate antenna in the presence of a uniform time-varying electric
field can be viewed as a current source whose magnitude is proportional to the time
derivative of the normal component of the electric field. This Norton equivalent current
source is the basis of the equivalent circuit. The Thevenin equivalent voltage, which
yields the same results, could also be used by performing a simple transformation. The
equivalent circuit analysis is most often performed in the frequency domain. However,
a solution can be found directly in the time domain by solving a first-order differential
equation. The relationship between the time domain and the frequency domain is given
by the Fourier transform. The Fourier transform, X(ω), of a time-domain signal, x(t),
is
F {x(t)} = X(ω) =

Z

∞

x(t)e− jωt dt

(3-8)

t=−∞

Differentiation with respect to time in the time domain corresponds to multiplication
by the complex number jω in the frequency domain. Therefore, the expression for the
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I(ω)

Figure 3–11.

ZS

ZL

Frequency-domain equivalent circuit, using a Norton equivalent current
source, of a flat-plate antenna sensor feeding a load (represented by Z L ).

magnitude of the Norton equivalent current source in the frequency domain becomes
I(ω) = ε0 A plate ( jωEnorm (ω))

(3-9)

The quantity Enorm (ω) designates that the normal component of the electric field is
now a function of angular frequency and not time.
The Norton equivalent circuit in the frequency domain is shown in Figure 3–11.
The current source is placed in parallel with the source impedance, Z s , and the load
impedance, ZL . The source impedance is the impedance of the antenna itself and the
load impedance is the impedance of any external elements connected to the plate. In
general, the source and load impedances can be resistive, capacitive, inductive, or a
combination of the three.
If the output of the antenna is taken as the voltage across the load impedance, then
the expression for the output voltage in the frequency domain is
Vout (ω) = I(ω)Ztotal



ZS ZL
= I(ω) (Zs ||ZL ) = jωε0 A plate Enorm (ω)
ZS + Z L



(3-10)

The output voltage of the antenna in the frequency domain is the quantity
jωε0 A plate Enorm (ω), scaled by the frequency-dependent quantity ZS ZL / (ZS + ZL ). The
frequency-independent gain of the antenna is given by the quantity ε 0 A plate . If the
quantity ZS ZL / (ZS + ZL ) is equal to unity, then the output is simply jωEnorm (ω), scaled
by the frequency-independent quantity ε0 A plate . If the quantity ZS ZL / (ZS + ZL ) is equal
to 1/( jω), then the output is simply Enorm (ω) scaled by the frequency-independent
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quantity ε0 A plate . Hence, the output of the antenna is characterized by the source and
load impedance.
Typically, the source impedance of a flat-plate antenna is considered to be purely
capacitive and any resistive and inductive components are ignored. Therefore, the
source impedance becomes
Zs =

1
jωCant

(3-11)

Cant is the capacitance of the flat-plate antenna that can either be estimated
theoretically or determined experimentally. The antenna capacitance is a function of
the plate area and the height of the plate above a reference plate buried in the ground.
It may be possible to estimate the antenna capacitance using the relation C = ε 0 A/d,
where d is the distance between the antenna plate and the grounded reference plate
beneath it, but it is best to measure it. The load impedance is usually specifically
designed to provide the appropriate system response for the quantity which is to be
measured. In other words, the load impedance will be different depending on whether
one wishes to measure the electric field or its time-derivative, as well as the bandwidth
desired.
The generalized load impedance will be considered to be a capacitor in parallel
with a resistor; any inductive components are ignored. The reason for this will become
apparent when the antenna implementation is discussed. The capacitor, Cint , is typically
known as an integrating capacitance and the resistor, R, is known as the load resistance.
Therefore, the load impedance becomes
R

R
1
jωCint
||R =
=
ZL =
1
jωCint
1 + jωRCint
R + jωCint

(3-12)

Since the source and load impedances are both in parallel with the ideal current
source, they can be combined. The total shunt impedance, Ztotal , is
Ztotal = Zs ||ZL =



1
jωCant

 
||

R
1 + jωRCint



=

R
1 + jωR (Cant +Cint )

(3-13)
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Therefore, inserting the expression for Ztotal into the Equation 3-10 yields


R
Vout (ω) = jωε0 A plate Enorm (ω)
1 + jωR (Cant +Cint )



(3-14)

The interpretation of the response of the antenna in the frequency domain
depends on whether the antenna is to be viewed as an electric field or an electric
field time-derivative sensor. From the dE/dt antenna perspective, the response of the
antenna, G dE (ω), is given by
dt



Vout (ω)
1
= ε0 A plate R
G dE (ω) =
dt
jωEnorm (ω)
1 + jωR (Cant +Cint )

(3-15)

Typically no integrating capacitor is used with a dE/dt antenna (Cint = 0),
therefore the expression for G dE (ω) reduces to
dt





1
G dE (ω) = ε0 A plate R
dt
1 + jωRCant

(3-16)

This is the response of a first order low-pass filter with magnitude response given
by



G dE (ω) = ε0 A plate R 
h
dt



1
2

1 + (ωRCant )



i1 
2

(3-17)

The pass-band gain is equal to ε0 A plate R. The -3 dB point (the frequency at which
the output is approximately 0.707 times the output in the pass-band) of the response is
ω0 =

1
RCant

(3-18)

For example, if R = 50 Ω and Cant = 30 pF, then ω0 = 6.67 × 108 s−1 . The
corresponding frequency is
f0 =

ω0 6.67 × 108 s−1
=
≈ 106 MHz
2π
2π

(3-19)

Therefore, this example flat-plate dE/dt antenna has a -3 dB bandwidth of
approximately 106 MHz. This flat-plate design is a suitable dE/dt antenna for most
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wide-band applications. If both R and Cant are doubled, then the -3 dB bandwidth must
necessarily decrease by a factor of four, yielding f 0 ≈ 26.5 MHz.
If the frequency range of interest lies far below the -3 dB point, then the
expression for the response of the dE/dt antenna in the frequency domain becomes
G dE (ω) = ε0 A plate R

(3-20)

dt

The above expression is only valid for frequencies which satisfy the condition


1
ω  ω0 =
RCant



(3-21)

If the same condition is applied to Equation 3-14 (assuming Cint = 0), then the
output voltage of the dE/dt antenna in the frequency domain becomes:

Vout (ω) = jωε0 A plate REnorm (ω)

(3-22)

To find the output voltage in the time domain, the inverse Fourier transform is
used.
F

−1

1
{X(ω)} = x(t) =
2π

Z

∞
ω=−∞

X(ω)e jωt dω

(3-23)

However, the integral need not be computed in this case since the differentiation
property of the Fourier transform can be used. Therefore, the expression for the output
voltage in the time domain is
vout (t) = ε0 A plate R

dEnorm (t)
dt

(3-24)

Although this is a time-domain expression, the frequency constraint still applies
since the time-domain expression is derived from a frequency-domain expression
with that constraint. In other words, the above expression is only valid if the dE/dt
waveform has no significant frequency content above ω0 .
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If the flat-plate antenna is viewed from an electric field antenna perspective, the
response of the antenna in the frequency domain, GE (ω), is


jω
Vout (ω)
= ε0 A plate R
GE (ω) =
Enorm (ω)
1 + jωR (Cant +Cint )

(3-25)

Typically an integrating capacitor is used with an electric field antenna. Depending
on the measurement design, Cint may or may not dominate Cant , however it best that
it does since the antenna capacitance can potentially vary with antenna movement and
surroundings. Combining the two capacitances into a single term yields
C = Cant +Cint

(3-26)



jω
GE (ω) = ε0 A plate R
1 + jωRC



(3-27)

The response of the electric field antenna is that of a first order high-pass filter
with magnitude response given by



|GE (ω)| = ε0 A plate R 
h

ω
1 + ( jωRC)

2





i 
1
2

(3-28)


The pass-band gain is equal to ε0 A plate /C . The -3 dB point of the response is
ω0 =

1
RC

(3-29)

For example, if R = 500 kΩ and C = 0.1 µF, then ω0 = 20 s−1 . The corresponding
frequency is
f0 =

ω0 20 s−1
=
≈ 3.2 Hz
2π
2π

(3-30)

Therefore, the output of this example electric field antenna provides an adequate
approximation of the electric field waveform at frequencies down to about 3 Hz. It
should be noted that ω0 is a low-frequency roll-off when speaking in terms of an
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electric field antenna and a high-frequency roll-off when speaking in terms of a dE/dt
antenna.
The general time-domain expression for the output voltage of an electric field
antenna is found by performing the inverse Fourier transform on the frequency-domain
expression. Rearranging Equation 3-14 (substituting C = Cant +Cint ) yields
!
ε0 A plate
jω
Enorm (ω)
Vout (ω) =
1
C
+
jω
RC

(3-31)

This expression can be viewed as the multiplication of two functions of ω. This
can be expressed as
Vout (ω) = X(ω)Y (ω)

(3-32)

The quantities X(ω) and Y (ω) can be defined as
X(ω) =

Y (ω) =

1
RC

jω
+ jω

ε0 A plate
Enorm (ω)
C

(3-33)

(3-34)

Therefore, the time-domain expression for the antenna output voltage, v out (t), can
be found by the convolution property of the Fourier transform.
vout (t) = x(t) ∗ y(t)

(3-35)

The ∗ operator denotes linear convolution and x(t) and y(t) are the inverse Fourier
transforms of X(ω) and Y (ω), respectively. Convolution is performed by means of the
convolution integral
vout (t) =

Z

∞
l=−∞

x(l)y(t − l)dl

(3-36)

Alternatively, since linear convolution is a commutative operation, v out (t) can be
expressed as
vout (t) =

Z

∞
l=−∞

y(l)x(t − l)dl

(3-37)
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The expressions for x(t) and y(t) are found by using properties of the Fourier
transform: First, x(t) is found by utilizing the differentiation property of the Fourier
transform and a well-known Fourier transform pair.
)!
(

1
d  −t
d
=
x(t) =
F −1 1
e RC u(t)
dt
dt
RC + jω
The term u(t) is the unit-step function and is defined as



1 t ≥ 0
u(t) =


0 t < 0

(3-38)

(3-39)

The time-derivative can be computed by using the product rule of differentiation

and the fact that the derivative of the unit-step function is the Dirac delta function, δ(t),
which is defined as
δ(t) =

Therefore, the expression for x(t) is
x(t) = −




∞ t = 0


0

(3-40)

t 6= 0

1 −t
e RC u(t) + δ(t)
RC

(3-41)

The quantity Enorm (ω) is an arbitrary function of ω, therefore the expression for
y(t) is
y(t) =

ε0 A plate
Enorm (t)
C

(3-42)

The quantity Enorm (t) is simply the inverse Fourier transform of Enorm (ω).
Substituting the expressions for x(t) and y(t) into Equation 3-35 yields

ε0 A plate
1 −t
vout (t) = − e RC u(t) + δ(t) ∗
Enorm (t)
RC
C


(3-43)
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Recalling that the convolution operator obeys the distributive property and that any
function of t convolved with δ(t) is simply the function itself yields

ε0 A plate
ε0 A plate
1 −t
Enorm (t) +
Enorm (t)
vout (t) = − e RC u(t) ∗
RC
C
C


(3-44)

The convolution is computed via the convolution integral, as shown in Equations
3-36 and 3-37, yielding
ε0 A plate
ε0 A plate
vout (t) =
Enorm (t) −
C
RC2

Z

∞
l=−∞

t−l

Enorm (l)e− RC u(t − l)dl

(3-45)

The effect of the unit-step function in the second term of Equation 3-45 can be
t

incorporated into the limits of integration. Furthermore, the term e − RC can be factored
out of the integral. This yields
ε0 A plate
ε0 A plate − t
vout (t) =
Enorm (t) −
e RC
C
RC2

Z

t

l

Enorm (l)e RC dl

(3-46)

l=−∞

The above expression is valid for an arbitrary electric-field, E norm (t), with no
frequency constraints. The antenna output voltage consists of two terms, the first of
which is the electric field scaled by the quantity (ε0 A) /C. This is the output of an
ideal flat-plate electric-field antenna. The second term is the effect of the non-ideal
low-frequency response of the antenna. As R approaches infinity, the second term
approaches zero and the output is that of an ideal flat-plate electric-field antenna. This
can also be seen by considering the frequency-domain expression for the antenna
output voltage and allowing R to approach infinity. The same argument can be applied
to allowing the quantities RC and RC 2 to approach infinity. If C alone is allowed to
approach infinity then in the limit the output voltage will be zero. However, L’Hopital’s
Rule can be invoked, and it can be seen that the second term will decrease to zero
before the first. Therefore, it can be said that for very large values of C, the antenna
output voltage will be approximately that of an ideal antenna, with very low gain. Of

62
course, “very large” and “very low” are relative terms which are determined by the
requirements of the experiment.
The expression for the antenna output voltage can be simplified somewhat if the
electric-field waveform is constrained to be of the following form.
Enorm (t) = s(t)u(t)

(3-47)

The quantity s(t) is an arbitrary function of time and u(t) is the unit-step response
which was defined in Equation 3-39. If this is substituted into Equation 3-46, the
antenna output voltage becomes
ε0 A plate
ε0 A plate − t
vout (t) =
e RC
s(t)u(t) −
C
RC2

Z

t

l

s(l)e RC dl

(3-48)

l=0

The antenna output voltage can be specified exactly if the electric field waveform
is specified exactly. The response of the antenna to a step-function is of particular
interest since it can be used to crudely approximate the electric field waveform from a
return stroke. If s(t) is defined as the constant E0 , then the electric field waveform is
given by
Enorm (t) = E0 u(t)

(3-49)

The quantity E0 is amplitude of the step function. The corresponding antenna
output voltage is
vout (t) =

ε0 A plate
ε0 A plate
t
E0 e− RC +
E0 [u(t) − 1]
C
C

(3-50)

The second term in the above expression is zero for all times t ≥ 0, therefore the
expression reduces to
vout (t) =

ε0 A plate
t
E0 e− RC
C

(3-51)
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The term RC is known as the decay time constant and is typically denoted by τ.
The time constant is the inverse of ω0 .
τ = RC =

1
ω0

(3-52)

When the electric field is a step-function, the output of the antenna at time t = τ
is a factor of 1/e less than it was at time t = 0. Therefore, the output of the antenna
is only valid for a short period of time relative to τ. This is exactly what is expected
since the response of the electric field flat-plate antenna is that of a high-pass filter in
the frequency domain.
For times t  τ, the output of the antenna, given a step-function input of amplitude
E0 , becomes
vout (t) =

ε0 A plate
E0
C

(3-53)

If the example circuit parameters R = 500 kΩ and C = 0.1 µF are again considered,
the decay time constant is
τ = (500 kΩ) (0.1 µF) = 50 ms

(3-54)

Given a step-function input, the output of this example electric field antenna is
only valid for times much less than 50 ms. Depending on the application, this time
constant may or may not be acceptable.
Increasing the time constant by increasing the capacitance necessarily decreases
the output of the antenna by a factor of 1/C. The resistance can be increased with
no effect on the gain, but there are practical limits to how high this resistance can be
increased. Typically both R and C are increased with C being adjusted to yield an
acceptable gain.
It should be noted that if Equation 3-46 is solved for Enorm (t) as a function vout (t)
it may be possible to “correct” the measured electric field. In other words, it may be
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Annular Gap

Flat Plate

Antenna Housing
Figure 3–12.

Aluminum flat plate antenna used in the MSE.

possible to remove the effects of the non-ideal characteristics of the antenna from the
measured data if the antenna can modeled in such a way that Equation 3-46 applies.
3.3.1.2

Flat-plate antenna implementation

Now that the output of the flat-plate antenna has been characterized in the time
and frequency domains, the implementation of the MSE electric field and electric field
time-derivative antennas can be discussed.
Both the electric field and the electric field time-derivative measurements utilize
identical aluminum circular flat-plate antennas of area 0.16 m 2 and diameter 0.45 m as
shown in Figure 3–12.
The antenna consists of a hollow rectangular aluminum housing with a circular
portion of the top face isolated from the remainder of the top face of the structure by
a 0.6 cm-wide annular air gap surrounding it. The circular portion is kept electrically
isolated by this annular gap and six nylon standoffs which are used to mount it to
the bottom (ground) of the housing. The circular portion is the sensor while the
remainder of the housing is connected to a 3 m long ground rod by a short length of
12 AWG wire and a lug mounted on the side of the housing. A lug on the underside
of the circular plate connects an approximately 20 cm length of 16 AWG wire to the
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center conductor of a female BNC connector mounted to the side of the housing. The
inductance of a 20 cm length of 16 AWG wire is approximately 10 nH. The outer
conductor of the BNC connector is connected to the grounded aluminum housing.
Therefore, the voltage measured across the BNC connector is the voltage which
appears between the circular plate and the grounded antenna housing. A detailed
mechanical drawing of the antenna is shown in Figure 3–13.
The antenna housing was placed on top of the ground. In order to simulate a flat
ground, pieces of wire mesh screen which extended from each side of the antenna were
attached to the top of the the four sides of the metal antenna housing. One portion
of the screen was about one meter in length while the others were about a third of a
meter in length. The electronics for each electric field or electric field time-derivative
measurement was stored in a metal Hoffman enclosure (also known as a Hoffman box)
which was buried underground about one meter from the antenna. Each hole was about
a half a meter deep and the Hoffman box was placed on a shelf angled downward so
as to drain any water acquired in the hole away from the box. Furthermore, pieces
of wood were used to secure the box in the hole. The Hoffman box was placed
underground so that it would be protected from the external environment and the area
surrounding the antenna would be as flat as possible. In addition, a piece of reflective
insulation was placed over the hole to protect the electronics from the heat of the
sun. The 1 m length of screen covered the hole and the insulation. A length of 50 Ω
coaxial cable with male BNC connectors connected the antenna to a female BNC
bulkhead feed-through connector mounted to the side of the Hoffman box. This cable
was enclosed in metal shield braid which was secured to the male BNC connectors
on each end of the cable by metal hose clamps. Therefore, the shield braid and the
Hoffman enclosure are electrically connected to the grounded antenna housing. This
configuration served to electromagnetically shield the coaxial cable and electronics,
minimize the electric field enhancement of the antenna, and protect the electronics
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Figure 3–13.

Detailed mechanical drawing of the aluminum flat plate antenna used in
the MSE. Adapted from (Crawford 1998).
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Figure 3–14.

Diagram of an installation of a MSE measurement utilizing a flat-plate
antenna.

themselves from the external environment. A drawing of this configuration is shown in
Figure 3–14. This configuration is very similar to that described in (Crawford 1998).
3.3.1.3

Electric field measurement implementation

As described in Section 3.3.1.1, essentially the only feature differentiating
an electric field measurement and an electric field time-derivative measurement
implemented with identical flat-plate antennas is the choice of the load impedance
of the antenna. This choice is not trivial, however, and an improper choice of circuit
parameters will almost certainly lead to a poor-quality measurement. Also, as stated
previously, the load impedance will be considered to be an integrating capacitor, Cint , in
parallel with a load resistance, R. The integrating capacitance affects both the gain and
the decay time-constant of the antenna while the load resistance only affects the time
constant. The antenna capacitance must, in general, also be taken into account but it
can be ignored if the integrating capacitance is much greater.
Cint >> Cant

(3-55)
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In the frequency domain, this implies that the impedance of the antenna is much
higher than that of the integrating capacitor.
1
1
>>
jωCant
jωCint

(3-56)

In 2001, 0.5 µF integrating capacitors were used in the MSE electric field
measurements. The antenna capacitance was measured to be about 80 pF (although
this measurement was very sensitive to the position of the antenna); hence the above
assumption holds and the antenna capacitance can be ignored. Eight capacitor units
were built by George Schnetzer in the summer of 2001. Each unit consisted of a
5.5 cm by 2.5 cm by 2 cm box with a male BNC connector on one end and a female
BNC connector on the other. Five 0.1 µF capacitors were placed in parallel inside each
box to achieve the desired capacitance.
One of these capacitor units is pictured in Figure 3–15. The operating range of
each integrating capacitor was tested by placing the capacitor in parallel with the 50 Ω
input of an oscilloscope and feeding it with a 1 V sinusoidal voltage source having a
50 Ω source resistance. The expected magnitude response of this circuit is given by
1
Vcapacitor (ω) = q
1 + (25ωC)2

(3-57)

The measured and expected test circuit responses for an integrating capacitor unit
used in 2001 are shown in Figure 3–16.
The response of the capacitor ceases to be ideal at about 3 MHz, an undesirable
low value. The cause was believed to be a series resonance of the capacitor and the
inductance of the capacitor leads. The capacitors were placed in parallel in order to
minimize the inductance of the leads but the inductance was not decreased low enough.
The resonant frequency of an LC circuit (either series or parallel) is defined as
1
ωR = √
LC

(3-58)

69

Pomona Box
A

Male BNC
Connector

Female BNC
Connector

B

Capacitors in Parallel
Figure 3–15.

Integrator capacitor assembly used in 2001. A) Closed Pomona box. B)
Box open to show interior.


If C = 0.5 µF and ωR = 2π 3 × 106 s−1 , then L = 5.3 nH. Hence, only a

very small lead inductance is required to achieve a resonance at 3 MHz when 0.5 µF
capacitors are used. It follows that the magnitude response of the electric-field
measurements in 2001 was limited to 3 MHz due to the non-ideal integrating
capacitors.
For 2002, in order to achieve better frequency response, the capacitance was
reduced by a factor of 2.5 to 0.2 µF to increase the resonant frequency to above

5 MHz. If C = 0.2 µF and L ≈ 5 nH, then ωR ≈ 2π 5 × 106 s−1 . In addition,

military-grade ceramic capacitors were used and the number of capacitors placed in
parallel was increased, hence decreasing the series inductance. For two of the new
units, ten 0.022 µF capacitors were placed in parallel while two other units consisted
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Response of Circuit to Test Integrating Capacitor 01-01
1

Circuit Response

0.1

0.01

0.001
0

Figure 3–16.
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Measured (dashed line) and expected (solid line) test circuit responses
for integrating capacitor unit 01-01 (0.477 µF).

of nine 0.022 µF capacitors. One unit was constructed from eleven 0.018 µF capacitors
and another unit consisted of seven 0.022 µF capacitors along with two 0.017 µF
capacitors.
All of the new capacitor units integrated properly up to at least 5 MHz, although
most exhibited deviations from an ideal integrator between 5 and 10 MHz. Some of the
units experience a drop in gain after 5 MHz while others experienced an increase. This
situation was considered acceptable since the measurements were to be band-limited
to below 5 MHz by the built in anti-aliasing filter of the digitizer . The integrating
capacitors used in 2002 were tested in the same way as in 2001, with the expected
response given by Equation 3-57. The measured and expected test circuit responses for
an integrating capacitor unit built in 2002 are shown in Figure 3–17.
The load resistance, R, is typically the input resistance of an amplifier or a
fiber-optic transmitter. The input capacitance of the fiber-optic transmitter was
considered negligible and hence ignored. The input resistance of the Opticomm
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Response of Circuit to Test Integrating Capacitor 02-09
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Measured (dashed line) and expected (solid line) test circuit responses
for integrating capacitor unit 02-09 (0.209 µF).

MMV-120C fiber-optic transmitter (described in Section 3.4.1) is 68 kΩ. This yields
decay time constants of 34 ms and 13.6 ms when 0.5 µF and 0.2 µF integrating
capacitors are used, respectively. Therefore, an amplifier with high input resistance
was required to increase the time constant since increasing the integrating capacitance
further could result in further resonance problems. In 2001, Keith Rambo and George
Schnetzer designed a unity gain amplifier with an input impedance of 5.1 MΩ. A
schematic of the amplifier is shown in Figure 3–18 (the power supply circuitry is
omitted for simplicity).
An input resistance of 5.1 MΩ yields decay time constants of 2.55 s and 1.02 s
when 0.5 µF and 0.2 µF integrating capacitors are used, respectively. The decay
time constant in either case was sufficient to measure accurately the overall electric
field change of a natural cloud-to-ground lightning flash since (Berger et al. 1975)
documented the median flash duration, excluding single-stroke flashes, to be about
180 ms. In 2002, the gain of the amplifier was increased to two in order to lower the
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OUT

5.1 MΩ

Figure 3–18.

Schematic of the high-impedance amplifier used in the 2001 MSE.

full-scale range of the measurement. The output resistance of the AD825 op-amp is
approximately 8 Ω, although the feedback network reduces this to a fraction of an
Ohm. Therefore, the output of the amplifier will be the same regardless of whether it is
terminated in 50 Ω or high impedance.
The amplifier is powered from a 12 V battery. The amplifier ground is at located
6 V above the negative battery terminal in order to bias the AD825 op-amp with ±6 V.
Therefore, if a single battery were to be used to power all of the electronics in the
measurement, the output of the amplifier would float 6 V above the common ground
which is far above the maximum input range of the fiber-optic transmitter. In order to
alleviate this problem, both the input and output of the amplifier would have to be AC
coupled (by a DC blocking capacitor), or the amplifier would have to be powered by a
separate battery than the remainder of the electronics. The second option was chosen
since it was desirable to keep the low-frequency roll-off of the measurement to a
minimum. The amplifier was connected to a separate 12 V battery through a relay. The
control circuit of the relay was connected to the primary measurement battery (through
the PIC controller) and the load circuit of the relay was connected to the separate 12 V
battery. Therefore, when the PIC controller supplies power to the electronics in the
measurement, it also connects the amplifier to its battery via the relay. Hence, the
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Measured Frequency Response of Hi-Z Amplifier 01-07
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Measured frequency response of high impedance amplifier 01-07.

amplifier is not powered when the measurement is turned off. The measured frequency
response of an amplifier is shown in Figure 3–19.
A diagram of an MSE electric field measurement is shown in Figure 3–20. The
antenna is placed on the ground (surrounded by a metal screen as described in Section
3.3.1.2) and the electronics are enclosed in a metal Hoffman enclosure (indicated
by the dashed line). In order to eliminate ground loops, all electronic components
were isolated from each other and the metal box by pieces of plastic and Styrofoam.
The integrating capacitor, C, enclosed in a Pomona box, is directly connected to the
female BNC connected mounted to the inside of the Hoffman box. The other end
of the Pomona box is connected to the input of the amplifier (having gain G amp and
input resistance R) via a short length of 50 Ω coaxial cable. Note that this cable is not
terminated in its characteristic impedance of 50 Ω. However, the length of the cable is
short enough that reflections in the cable should not be a problem. The output of the
amplifier is connected to the input of a PIC controller. The output of the PIC controller
is connected to an Opticomm MMV-120C fiber-optic transmitter terminated in 50 Ω.
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Figure 3–20.

Diagram of a MSE electric field measurement.

Since the PIC controller is terminated in 50 Ω, it can be thought of as a 50 Ω in-line
attenuator of value GPIC .
Using the expression for the ideal output voltage of the electric field flat-plate
antenna, the expression for the voltage at the input of the fiber-optic transmitter is
vFOT (t) =

ε0 A plate
Enorm (t)Gamp GPIC
C

(3-59)

The above expression assumes that the output voltage of the antenna can be
approximated by the ideal output and the gain of the amplifier is flat in the frequency
range of interest.
The output of the fiber-optic receiver is connected to a digitizer terminated in
50 Ω by a length of 50 Ω coaxial cable. The voltage at the input of the digitizing
oscilloscope is the voltage present at the input of the fiber-optic transmitter modified by
the fiber-optic link. If the effect of the link is assumed to be a frequency-independent
gain or attenuation (of value Glink ), then the expression for the voltage at the input of
the oscilloscope is
vscope (t) =




ε0 A
Gamp GPIC Glink Enorm (t)
C

(3-60)
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In 2001, A plate = 0.16 m2 , C = 0.5 µF, Gamp = 1, and GPIC = 1. According to the
manufacturer specifications, Glink = 1, however this will be considered a nominal value
since in practice Glink is often not unity. In addition, the value for C varied between
individual electric field measurements, hence C = 0.5 µF is also considered a nominal
value. Therefore, the nominal voltage seen at the input of the scope for the 2001 MSE
electric field measurements is given by


vscope−nom (t) = 2.83 × 10−6 Enorm (t)

(3-61)

vscope−nom (t) is expressed in units of V when Enorm (t) is expressed in units of
V m−1 . If vscope−nom (t) = 1 V and the above expression is solved for Enorm (t), then
Enorm = 3.53 × 105 V m−1 V−1

(3-62)

If Enorm is expressed in units of kV m−1 , then the above expression becomes
Enorm = 353 kV m−1 V−1

(3-63)

Thus, nominally, one volt present at the input of the digitizer corresponds to an
electric field magnitude of about 350 kV m−1 .
In 2002, A plate = 0.16 m2 , C = 0.2 µF, Gamp = 2, and GPIC = 1. If, as before, Glink
is assumed to have a nominal value of unity, the nominal voltage seen at the input of
the scope for the 2002 MSE electric field measurements is


vscope−nom (t) = 1.42 × 10−5 Enorm (t)

(3-64)

Again, solving the equation for Enorm , expressed in units of kV m−1 , yields
Enorm = 70.6 kV m−1 V−1

(3-65)

If the true capacitor value for each electric field measurement is substituted into
Equation 3-60, the expression for the electric field as a function of the voltage at the
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Table 3–7.

Salient characteristics of the 2001 MSE electric field measurements.

Designation C (µF) τ (s) Units/Volt kV m−1 V−1
E-1
0.477
2.43 336.9
E-2
0.517
2.64 365.1
E-4
0.504
2.57 355.9
E-5
0.503
2.57 355.2
E-6
0.510
2.60 360.2
E-8
0.501
2.56 353.8
E-9
0.507
2.59 358.1
E-10
0.508
2.59 358.8

Table 3–8.

Salient characteristics of the 2002 MSE electric field measurements.

Designation C (µF) τ (s) Units/Volt kV m−1 V−1
E-2
0.230
1.17 81.2
E-4
0.202
1.03 71.3
E-5
0.228
1.16 80.5
E-6
0.204
1.04 72.0
E-9
0.198
1.01 69.9
E-10
0.210
1.07 74.2

input of the digitizer becomes more accurate. Finally, if the gain of the fiber-optic link
is known, the expression can be made even more accurate. In general, the capacitance
values are measured once before being installed in the field while the gain of the fiber
optic link is measured with a square wave signal (as described in Section 3.4.5) at least
once during each thunderstorm.
Tables 3–7 and 3–8 summarize the salient characteristics of all of the individual
2001 and 2002 MSE electric field measurements, including the integrating capacitance,
the corresponding decay time constant, and the corresponding units per volt (assuming
Glink = 1).
Opticomm MMV-120C fiber-optic links were used to transmit the analog
waveforms to the Launch Control trailer where they were digitized. The electric
field measurements were digitized continuously for 800 ms (200 ms pre-trigger)
at 10 MHz on a Yokogawa DL716 digital storage oscilloscope. The electric field
waveforms were band-limited to 4 MHz ( -3 dB) by the anti-aliasing filter associated
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Figure 3–21.

Diagram of a MSE dE/dt measurement.

with the DL716 digitizer. Detailed descriptions of the Opticomm fiber-optic links and
the DL716 digitizer are given in Sections 3.4.1 and 3.5.1, respectively.
3.3.1.4

Electric field time-derivative measurement implementation

As stated previously, no integrating capacitor is used in a dE/dt measurement
(Cint = 0), and therefore the load impedance is simply the load resistance, R.
As with an electric-field measurement, the flat-plate antenna was connected
directly to the female BNC bulkhead feed-through connector mounted to the side
of the Hoffman enclosure. Inside the Hoffman box, a short length of 50 Ω coaxial
cable connected the end of the bulkhead feed-through BNC connector inside of the
box to the input of a PIC controller. The output of the PIC controller is connected
to an Opticomm MMV-120C fiber-optic transmitter terminated in 50 Ω. Since the
PIC controller is terminated in 50 Ω, the PIC controller appears to be a 50 Ω in-line
attenuator of value GPIC to the antenna. Therefore, the load resistance, R, is 50 Ω.
In order to eliminate ground loops, all electronic components were isolated from
each other and the metal box by pieces of plastic and Styrofoam. A diagram of the
configuration is presented in Figure 3–21.
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The capacitance of the 0.16 m2 flat-plate antennas was measured to be about
80 pF. Therefore, using Equation 3-18, the -3 dB bandwidth of the response is
ω0 =

1
1
=
= 2.5 × 108 s−1
RCant
(50 Ω) (80 pF)

(3-66)

This corresponds to a frequency of f 0 ≈ 40 MHz. Since the dE/dt measurements
were to be band-limited to 20 MHz (-3 dB) via anti-aliasing filters at the digitizers
inputs, the response of the antenna can be considered uniform over the complete
frequency range of interest. Therefore, Equation 3-24 can be used to approximate the
voltage output of the dE/dt antenna. The expression for the voltage at the input of the
fiber-optic transmitter is
vFOT (t) = ε0 A plate RGPIC

dEnorm (t)
dt

(3-67)

The attenuation for the dE/dt measurements (GPIC ) was varied over the course of
the 2002 season. A value of 0.199 (-14 dB) was originally used, however this resulted
in an output voltage that was too low. Therefore the attenuation was changed to 0.316
(-10 dB) but this too resulted in a low output voltage. Finally, the attenuation setting
was changed to 0.501 (-6 dB) to obtain an acceptable output voltage.
Using this final value for GPIC along with A plate = 0.16 m2 and R = 50 Ω yields
the following expression for vFOT (t) when dE/dt is expressed in units of V m−1 s−1 .
vFOT (t) = 3.55 × 10−11

 dEnorm (t)
dt

(3-68)

If dE/dt is expressed in units of kV m−1 µs−1 , the above expression becomes
vFOT (t) = (0.0355)

dEnorm (t)
dt

(3-69)

The voltage present at the input of the digitizing oscilloscope is the voltage
present at the input of the fiber-optic transmitter modified by the fiber-optic link. If the
effect of the link is assumed to be a frequency independent gain or attenuation, G link ,
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then the expression for the voltage at the input of the oscilloscope is
vscope (t) = vFOT (t)Glink = (0.0355)Glink

dEnorm (t)
dt

(3-70)

If the nominal gain of the fiber-optic link is assumed to be one, the nominal
voltage at the input of the digitizing scope is the same as that present at the input of
the fiber-optic transmitter
vscope−nom (t) = (0.0355)

dEnorm (t)
dt

(3-71)

If vscope is assumed to be 1 V and the above expression is solved for dEnorm /dt,
then
dEnorm
= 28.2 kV m−1 µs−1 V−1
dt

(3-72)

Hence, nominally, one volt present at the input of the digitizing oscilloscope
corresponds to a dE/dt magnitude of approximately 28 kV m −1 µs−1 . This value is only
valid for data sets where GPIC is equal to 0.501, however the result for any attenuation
value can be obtained by substituting the appropriate value into Equation 3-67.
Opticomm MMV-120C fiber-optic links were used to transmit the analog
waveforms to the Launch Control trailer where they were digitized. The dE/dt
measurements were digitized on a LeCroy LT374 Waverunner2 digital storage
oscilloscope in segmented memory mode. The internal memory was divided into
four segments with each segment requiring a separate trigger signal; hence data for
a total of four return strokes could be acquired. Unlike the measurements digitized
by the DL716, no data were acquired during inter-stroke intervals. During July of
2002 each segment was digitized at 50 MHz for 20 ms (19 ms pre-trigger). In August
of 2002 the digitization rate and acquisition length for each segment were changed
to 200 MHz and 5 ms (4 ms pre-trigger), respectively. The dE/dt waveforms were
band-limited to 20 MHz (-3 dB) by anti-aliasing filters at the digitizers inputs. Detailed
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descriptions of the Opticomm fiber-optic links and the LT374 digitizer are given in
Sections 3.4.1 and 3.5.3, respectively.
3.3.2

Magnetic Field and Magnetic Field Time-Derivative Measurements

In 2001, four magnetic field measurements were fielded. Two measurements were
located at Station 4, and the remaining two were located at Station 9. The two sensors
at each station were arranged so that two orthogonal components of the horizontal
magnetic field could be sensed. This is very similar to the configuration described in
(Crawford et al. 2001).
In 2002, in order to conserve equipment, only one magnetic field measurement
from each station was used, and hence the total number of magnetic field measurements
was reduced from four to two. Furthermore, this meant that only one orthogonal
component of the magnetic field could be sensed at each location. Although the same
sensors were used in both 2001 and 2002, the electronics associated with the sensors
differed for the two years.
In addition, in 2002 four magnetic field time-derivative (dB/dt) measurements
were fielded. Two derivative measurements were located at Station 1, which were
arranged so that two orthogonal components of the azimuth field could be sensed.
The remaining two measurements were located at Stations 4 and 9, with only one
orthogonal component of the field being sensed at each location. Square loops
constructed from 50 Ω coaxial cable were used to sense both the magnetic field and its
time-derivative.
3.3.2.1

Analysis of a loop antenna

The Thevenin or Norton equivalent circuit of a coaxial loop antenna can be
derived by first considering Faraday’s Law
I

~ = − dΦ
~E · ds
dt
C

(3-73)
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~ is a differential length about an
The quantity ~E is the electric-field vector, ds
arbitrary closed path C, and Φ is the magnetic flux through the surface defined by
the closed path C and is expressed in units of Wb. Faraday’s Law states that the line
integral of the electric field about an arbitrary closed path C is equal to the negative
of the time-derivative of the magnetic flux through the surface defined by C. The
magnetic flux is defined as
Φ=

Z

S

~
~B · da

(3-74)

The quantity ~B is the magnetic induction (or magnetic flux density) vector and
~ is a differential area on an arbitrary open surface S, with da
~ being normal to S. ~B
da
is expressed in units of Wb m−2 or T. Therefore, Φ is equal to the surface integral of
the magnetic induction over the open surface S. If the open surface S is defined by the
closed path C, then Equation 3-73 can be re-written as
I

~ =−d
~E · ds
dt
C

Z

S

~
~B · da

(3-75)

Moreover, if the medium is stationary, then both C and S will be stationary, and
the expression can be further simplified further to
I

C

~ =−
~E · ds

d ~B ~
· da
S dt

Z

(3-76)

Hence, if the medium is stationary, then the line integral of the electric field
about the closed path C is equal to the negative of the surface integral (taken over the
surface defined by C) of the time-derivative of the magnetic induction. If the medium
is linear, homogeneous, and non-conducting (e.g. air), the magnetic induction, ~B, can
~ times the permeability of the medium,
be expressed as the magnetic field intensity, H,
µ. If the medium is air, the value of µ is approximately µ 0 = 4π × 10−7 H m−1 which is
~ differ by only a constant in air, the term
the permeability of free space. Since ~B and H
~ or ~B.
“magnetic field” is used to refer to either H
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If the magnetic field is uniform over the entire surface and the entire surface lies
in the same plane, then the expression further simplifies to
I



~ = −Aloop d ~B ·~n = −Aloop dBnorm
~E · ds
dt
dt
C

(3-77)

The quantity Aloop is the total area of the surface and ~n is the unit vector normal
to the surface. Hence, the line integral of the electric field about the closed path C is
equal to the negative of the area of the surface bound by C times the time-derivative
of the magnitude of the normal component of magnetic field through the surface.
The above expression is only valid if the magnetic field is uniform over the entire
surface of interest and the surface lies in a single plane. If ~B is a component of an
electromagnetic wave, then the expression is only valid if the longest dimension of the
surface is much smaller than a quarter of a wavelength.
The term on the left-hand side of Equation 3-77 is defined as the electromotive
force, or EMF, and is expressed in units of V. This can be interpreted by saying that
if a perfectly conducting wire placed along the path C is broken, the voltage measured
between the two open ends of the wire is equal the time-derivative of the normal
component of magnetic field through the surface bound by the wire times the area
bounded by the wire. Hence, a loop of wire can be used to sense the component of
the magnetic field which is normal to the plane of the loop. The open circuit voltage,
vloop (t), of a broken loop of wire in the presence of a time-varying magnetic field is
given by
vloop (t) =

~E · ds~ = − Aloop dBnorm (t)
dt
C

I

(3-78)

A wire-loop antenna in the presence of a uniform time-varying magnetic field can
be viewed as a voltage source whose magnitude is proportional to the time derivative
of the component of the magnetic field which is normal to the plane of the loop. This
is the Thevenin equivalent voltage of a loop antenna and the basis of the equivalent
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ZS
Vloop (ω)

Figure 3–22.

ZL

Frequency-domain equivalent circuit, using a Thevenin equivalent
voltage source, of a loop antenna sensor feeding a load (represented
by ZL ).

circuit. As with the electric-field antenna, the circuit analysis for the magnetic field
antenna will be performed in the frequency domain.
The frequency domain Thevenin equivalent (open circuit) voltage source of a wire
loop antenna is given by
Vloop (ω) = − jωAloop Bnorm (ω)

(3-79)

The voltage source is in series with source impedance, ZS , and load impedance,
ZL , as shown in Figure 3–22. The source impedance is the impedance of the antenna
itself and the load impedance is the impedance of any external elements connected
to the loop. In general, the source and load impedances can be resistive, capacitive,
inductive, or a combination of the three. If the output of the antenna is taken as the
voltage across the load impedance, then the expression for the output voltage in the
frequency domain is
Vout (ω) =

ZL
ZL
Vloop (ω) = −
jωAloop Bnorm (ω)
ZS + Z L
ZS + Z L

(3-80)

The output voltage of the antenna in the frequency domain is − jωA loop Bnorm (ω),
scaled by the frequency-dependent quantity ZL / (ZS + ZL ). The frequency-independent
gain of the antenna is Aloop .
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Typically the source impedance is considered a resistance, Rloop , in series with an
inductive reactance, jωLloop . Therefore, the source impedance is
ZS = Rloop + jωLloop

(3-81)

The load impedance is considered a resistance, Rload , and hence
ZL = Rload

(3-82)

Substituting the expressions for the source and load impedances (Equations 3-81
and 3-82) into the expression for the frequency-domain output voltage of the loop
antenna (Equation 3-80) yields
Vout (ω) = −



Aloop Rload
jωLloop + Rloop + Rload



jωBnorm (ω)

(3-83)

As with the flat-plate antenna, the response of the loop antenna in the frequency
domain depends on whether the antenna is to be viewed as a magnetic field sensor
or a magnetic field time-derivative sensor. Unlike the flat-plate antenna, only the
time-derivative perspective will be considered for the loop antenna, since active
integration will be used to extend the loop antenna into a magnetic field sensor. From
the dB/dt antenna perspective, the magnitude response of the antenna, G dB (ω), is given
dt

by
G dB (ω) =
dt

Aloop Rload
Vout (ω)
=−
jωBnorm (ω)
jωLloop + Rloop + Rload

(3-84)

Like the dE/dt antenna, the magnitude response of the dB/dt antenna is that of a
first order low-pass filter. The magnitude response is given by


Aloop Rload 

G dB (ω) =

dt
Rloop + Rload 


1



L

1 + ω Rlooploop
+Rload






1 

2 2 

(3-85)
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The pass-band gain is equal to (Aloop Rload )/(Rloop + Rload ). The -3 dB point
(the frequency at which the output is approximately 0.707 times the output in the
pass-band) of the magnitude response is
ω0 =

Rloop + Rload
Lloop

(3-86)

If the frequency range of interest lies far below the -3 dB point, then the
expression for the response of the loop antenna in the frequency domain becomes
G dB (ω) = −
dt

Aloop Rload
Rloop + Rload

(3-87)

The above expression is only valid for frequencies which satisfy the condition


Rloop + Rload
ω  ω0 =
Lloop



(3-88)

If the same condition is applied to Equation 3-83, then the output voltage of the
loop antenna in the frequency domain becomes
Vout (ω) = −

Aloop Rload
jωBnorm (ω)
Rloop + Rload

(3-89)

To find the output voltage in the time domain, the inverse Fourier transform
(defined in Equation 3-23) is used. The integral need not be computed in this case
since the differentiation property of the Fourier transform can be used. Therefore, the
expression for the output voltage in the time domain is
vout (t) = −

Aloop Rload dBnorm (t)
Rloop + Rload
dt

(3-90)

Although this is a time-domain expression, the frequency constraint still applies
since the time-domain expression is derived from a frequency-domain expression
with that constraint. In other words, the above expression is only valid if the dB/dt
waveform has no significant frequency content above ω0 .
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The general time-domain expression for vout (t) can be found by performing the
inverse Fourier transform on Equation 3-83. Equation 3-83 can be rearranged to yield


Rload Aloop
jωBnorm (ω)
Vout (ω) =  R +R 
−
loop
load
L
loop
+ jω
1

(3-91)

Lloop

This expression can be viewed as the multiplication of two functions of ω. This
can be expressed as
Vout (ω) = X(ω)Y (ω)

(3-92)

The quantities X(ω) and Y (ω) are defined as
X(ω) =  R
Y (ω) = −

1
loop +Rload

Lloop



(3-93)
+ jω

Rload Aloop
jωBnorm (ω)
Lloop

(3-94)

Therefore, the time-domain expression for the antenna output voltage, v out (t), can
be found by the convolution property of the Fourier transform.
vout (t) = x(t) ∗ y(t)

(3-95)

The ∗ operator denotes linear convolution and is evaluated using the convolution
integral. The quantities x(t) and y(t) denote the inverse Fourier transforms of X(ω)
and Y (ω), respectively. The inverse Fourier transform of X(ω) can be found by using a
Fourier transform table.
x(t) = e

−



Rloop +Rload
Lloop


t

u(t)

(3-96)

The quantity u(t) is the unit-step function, as defined by Equation 3-39. The
inverse Fourier transform of Y (ω) is found by invoking the differentiation property of
the Fourier transform.
y(t) = −

Rload Aloop dBnorm (t)
Lloop
dt

(3-97)
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Substituting the expressions for x(t) and y(t) into 3-95 yields
vout (t) = e

−



Rloop +Rload
Lloop


t



Rload Aloop dBnorm (t)
u(t) ∗ −
Lloop
dt



(3-98)

The expression for vout (t) is evaluated using the convolution integral as defined in
Equation 3-36.
vout (t) = −

Rload Aloop
Lloop

Z

∞

dBnorm (l)
e
dl
l=−∞

−



Rloop +Rload
Lloop



(t−l)

u(t − l)dl

(3-99)

The effect of the unit-step
function
 can be incorporated into the limits of


integration and the term e

Rloop +Rload
Lloop

−

t

can be factored out of the integral. This

yields
vout (t) = −

Rload Aloop −
e

Lloop



Rloop +Rload
Lloop


Z t
t

dBnorm (l)
e
dl
l=−∞



Rloop +Rload
Lloop


l

dl

(3-100)

The integral is evaluated via the integration by parts technique with the following
parameters.
Z

udv =

dBnorm (l)
e
dl

Z

u=

dv = e



Rloop +Rload
Lloop



l



Rloop +Rload
Lloop


l

dl = uv −

Z

vdu

dBnorm (l)
d 2 Bnorm (l)
→ du =
dl
dl
dl 2

dl → v =



Lloop
Rloop + Rload



e



Rloop +Rload
Lloop

(3-101)

(3-102)

l

(3-103)

Therefore, the integral becomes
uv −

Z

vdu =







Rloop +Rload
Lloop



l dBnorm (l)
Lloop
e
Rloop + Rload
dl


 Rloop +Rload
Z 
l d 2 Bnorm (l)
Lloop
Lloop
−
dl
e
Rloop + Rload
dl 2

(3-104)
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To evaluate the integral in the second term, integration by parts is again used and
will result in another expression of a similar form containing a higher-order derivative
and another integral. This result can be expressed as the following infinite sum.
Z

dBnorm (l)
e
dl



Rloop +Rload
Lloop



l

dl =e



Rloop +Rload
Lloop

∞
X
n=1

"



l

(−1)n+1

·


n

Lloop
Rloop + Rload

d (n) Bnorm (l)
dl (n)

#

(3-105)

The term d (n) Bnorm (l)/dl (n) denotes the nth derivative of Bnorm (l) with respect to
l. Substituting the above expression into Equation 3-100 and reintroducing the limits of
integration yields


R

+R



Rload Aloop − loopLloopload t
·
vout (t) = −
e
Lloop
"  R +R  ∞ "

loop load
lX
Lloop
n+1
e
(−1)
n=1

(3-106)
Lloop
Rloop + Rload

n

d (n) Bnorm (l)
dl (n)

##t

l=−∞

If d (n) Bnorm (l)/dl (n) < ∞ for all n, then the term resulting from the lower limit of
integration will be zero. Therefore, the expression for v out (t) becomes


Rload Aloop −
e
vout (t) = −
Lloop
"

∞
X
n+1
(−1)
n=1

Rloop +Rload
Lloop

 

Rloop +Rload
t
t
L

e

Lloop
Rloop + Rload

n

loop

d (n) B

·

norm (t)
dt (n)

#

The multiplication of the two exponential terms results in unity, therefore
#
"
n (n)

∞
Rload Aloop X
L
d
B
(t)
loop
norm
vout (t) = −
(−1)n+1
Lloop
Rloop + Rload
dt (n)

(3-107)

(3-108)

n=1

Hence, the time-domain voltage output of a loop antenna is the weighted sum of
all of the time-derivatives of Bnorm (t). If the first term in the summation is expanded,
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the expression becomes

Lloop
dBnorm (t)
Rloop + Rload
dt
#
"

n (n)
∞
Rload Aloop X
Lloop
d Bnorm (t)
n+1
(−1)
−
Lloop
Rloop + Rload
dt (n)

Rload Aloop
vout (t) = −
Lloop



(3-109)

n=2

Moreover, Equation 3-109 can be further simplified to
Rload Aloop dBnorm (t)
Rloop + Rload
dt
#
"
n−1 (n)
∞
Rload Aloop X
Lloop
d Bnorm (t)
−
−
Rloop + Rload
Rloop + Rload
dt (n)

vout (t) = −

(3-110)

n=2

The first term in Equation 3-110 is identical to Equation 3-90; the time-domain
output of the loop antenna obtained by taking the inverse Fourier transform of Equation
3-89, assuming ω  ω0 . The second term is the manifestation of the upper frequency
response limit in the time domain. The second term will become zero if L loop = 0,
which corresponds to ω0 = ∞.
3.3.2.2

Loop antenna implementation

Now that the output of the loop antenna has been characterized in the time and
frequency domains, the implementation of the MSE magnetic field and magnetic field
time-derivative antennas can be discussed.
Both the magnetic field and the magnetic field time-derivative measurements
utilize square loops of 50 Ω coaxial cable as shown in Figure 3–23. The coaxial cable
is placed in

3
4

inch PVC pipe to help keep a rigid shape. The inner conductor of the

cable is the actual wire comprising the loop antenna. The outer shield is necessary
to keep current from being induced on the inner conductor by an external electric
field. The outer shield of the cable can be thought of another loop of wire placed at
almost exactly the same spatial location as the inner conductor. Therefore, identical
voltages will be induced on the inner conductor and the shield of the coaxial cable.
As discussed in the previous section, the voltage output of a wire-loop antenna is
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A

B

Figure 3–23.

Square loops of 50 Ω coaxial cable in 34 inch PVC pipe. A) Single loop
at Station 4. B) Crossed loops at Station 4.
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measured between the two ends of the wire with the expression describing the output
voltage given by Equation 3-110. In practice, since the antenna is constructed from
coaxial cable, it is convenient to use coaxial cable connectors (such as BNC or SMA
connectors) and measure the voltage difference across the connectors at the two ends
of the cable. The output voltage would then be the difference between the measured
voltages across the connectors at the two ends of the cable.
vout (t) = (vic1 (t) − voc1 (t)) − (vic2 (t) − voc2 (t))

(3-111)

The subscripts ic and oc refer to the inner and outer conductor, respectively. The
subscripts 1 and 2 refer to the two ends of the coaxial cable. This configuration is the
basis of a differential output coaxial loop antenna.
However, this configuration poses a problem since Equation 3-111 can be
rearranged to yield

vout (t) = (vic1 (t) − vic2 (t)) − (voc1 (t) − voc2 (t))

(3-112)

As mentioned previously, the induced voltage on the inner conductor and the
outer shield are almost identical, therefore the output voltage of the differential coaxial
antenna, as shown in Equation 3-112, would be close to zero. However, if the shield
from the two ends of the cable is soldered together at the output of the antenna, then
voc1 (t) will be equal to voc2 (t) and Equation 3-112 reduces to

vout (t) = vic1 (t) − vic2 (t)

(3-113)

This is simply the voltage difference between the two ends of the inner conductor
of the coaxial cable. Although soldering the shield together at the base of the antenna
alleviates one problem, it introduces another. Once the shield is soldered together, the
outer shield of the cable forms a closed loop. If any current is induced on this loop by
either an external electric or magnetic field, an unwanted magnetic field will necessarily

92
External
Loop Resistance
Rloop

A

B

Gap in Shield
Coaxial Cable Shield
(Outer Conductor)
Inner Conductor

Lloop

Rloop

50 Ω
Vloop
50 Ω

Shield Soldered
Together

Input
Terminal

Differential Output
Voltage Taken Across
100 Ω Load

Input
Terminal
50 Ω

50 Ω

Load Resistors
Rload 100 Ω
Differential Amplifier Input

Figure 3–24.

Diagram (A) and equivalent circuit (B) of a differential-output coaxial
loop antenna with both ends of the cable terminated in 50 Ω.

be induced perpendicular to the loop. This induced magnetic field will distort the
external magnetic field to be sensed. Therefore, a small gap is placed in the shield to
inhibit any shield current and hence prevent any unwanted magnetic fields from the
shield. Typically this gap is placed at the top of the loop, as pictured in Figure 3–24.
In practice, each end of the coaxial cable is terminated in its characteristic
impedance, which is 50 Ω for all MSE loop antennas. This termination usually takes
the form of the input resistance of the inputs of a differential amplifier that the the
antenna is connected to. Since the output is taken across both ends of the cable, the
load resistance, Rload , is 100 Ω, as shown in Figure 3–24.
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The corresponding expressions for the ideal time-domain output voltage and -3 dB
bandwidth of a differential output coaxial antenna with both ends terminated in 50 Ω
are

vout (t) = −

100Aloop dBnorm (t)
Rloop + 100
dt

ω0 =

Rloop + 100
Lloop

(3-114)

(3-115)

The value of Lloop is determined by the geometry of the antenna and Rloop , the
total resistance of the loop antenna including its inherent resistance and any externally
added resistance, is determined by the desired bandwidth of the antenna. If no external
resistance is added to the antenna, Rloop is the resistance of the inner conductor of the
cable, which is very close to zero. Both Rloop and Lloop affect the gain and bandwidth
of the antenna, as shown by Equations 3-114 (Lloop is a function of Aloop ), and 3-115,
respectively. Decreasing Rloop or increasing Aloop (since increasing Aloop increases
Lloop ) increases the gain of the antenna. However, these same modifications decrease
the bandwidth of the antenna. Therefore, there is a gain/bandwidth trade-off associated
with a coaxial loop antenna.
A coaxial loop antenna can also have a single-ended output, meaning the output
voltage is taken from only one end of the cable. Like the differential-output antenna,
each end of the cable is terminated in its characteristic impedance, which is 50 Ω for
all MSE loop antennas. However, the output voltage is measured across only one end
of the cable and the 50 Ω termination on that end of the cable takes the form of the
input resistance of an amplifier. The other end of the cable is terminated by soldering
a 50 Ω resistor between the inner conductor and the outer shield. This soldering is
usually located at the base of the antenna. This configuration is shown in Figure 3–25.
The equivalent circuit is the same as the differential-output antenna, however the
output is taken across only one of the 50 Ω resistors, hence the gain of the antenna is
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Figure 3–25.

Diagram (A) and equivalent circuit (B) of a single-ended output coaxial
loop antenna with both ends of the cable terminated in 50 Ω.

halved. However, Rload is still considered to be 100 Ω since both resistors affect the
bandwidth. Therefore, the expression for the ideal time-domain output voltage of a
single ended coaxial loop antenna is

vout (t) = −

1 100Aloop dBnorm (t)
2 Rloop + 100
dt

(3-116)

The -3 dB bandwidth of the antenna is the same as for the differential-output loop
antenna, given in Equation 3-115. It should be noted that a measurement utilizing
a single-ended configuration is somewhat easier to implement than a differential
configuration since a differential amplifier is not required. However, the advantage of
the differential configuration is that it has high common-mode noise rejection.
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3.3.2.3

Magnetic field measurement implementation

The MSE magnetic field antennas were square single-ended coaxial loop antennas
of area 0.533 m2 , terminated in 50 Ω. The antennas were arranged in orthogonal
crossed-loop pairs as shown in Figure 3–23. No external resistance was added to the
loop, hence Rloop is approximately zero. Rload , as stated previously, was 100 Ω due
to the 50 Ω terminations at each end of the cable. The output of the loop was taken
from the base of the antenna and connected to a female BNC feed-through connector
mounted to the side of a Hoffman box located on the ground approximately one meter
away. In order to eliminate ground loops, all electronic components were isolated
from each other and the metal box by pieces of plastic and Styrofoam. The end of the
feed-through connector inside of the box was connected, via a short length of 50 Ω
coaxial cable, to the input of an active integrator with input resistance 50 Ω. This
50 Ω input resistance is the termination of the output end of the antenna coaxial cable.
As stated previously, the 50 Ω termination of the other end of the cable consists of a
resistor soldered directly into the cable at the base of the antenna. Therefore, assuming
that the frequency range of interest lies within the region where the response of the
antenna is flat and substituting Rloop = 0 into Equation 3-116, the time-domain output
voltage of this antenna is given by
1
dBnorm (t)
vout (t) = − Aloop
2
dt

(3-117)

The inductance of this loop is approximately 4 µH and the corresponding -3 dB
bandwidth is ω0 = 2.5 × 107 s−1 or f0 = 4 MHz.
The active integrator is an essential part of a magnetic field measurement for it
integrates the voltage output of the loop antenna (which is proportional to dB/dt) and
gives an output which is proportional to the magnetic field. Ideally

vint (t) =

Z

t

vin (t)dl
l=0

(3-118)
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Figure 3–26.

Schematic of an example active integrator.

In practice, active integrators never have an ideal response. Figure 3–26 shows an
example active integrator. An ideal active integrator would only have a capacitor in the
feedback loop of the op-amp, however the resistor is required to have a DC feedback
path. If this were not present, the active integrator would integrate the small DC offset
voltage present at the input of the op-amp until the output saturated.
This feedback resistor has the effect of limiting the low-frequency response of the
active integrator, which can be viewed in the time domain as introducing a decay time
constant into the system. The reader can easily verify, using simple circuit analysis,
that the decay time constant of the example active integrator is given by

τ = R2C1

(3-119)

In addition, the output of an active integrator is not just the integral of the input,
but the integral of the input multiplied by a constant. This constant is referred to as the
integration constant, kint , and is expressed in units of s−1 . For the example integrator,
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kint is given by
kint =

1
R1C1

(3-120)

The upper-frequency limit of the active-integrator is typically determined by the
op-amp. The upper and lower limits of the frequency response are the points in which
the magnitude response of the integrator deviates from kint /ω (the ideal magnitude
response of an active integrator).
Therefore, the output of the active integrator shown in Figure 3–26, assuming an
ideal op-amp, is given by

vint (t) = kint

Z

t



vin (t)dl e
l=0

− τt

1
=
R1C1

Z

t



vin (t)dl e
l=0

− R tC

2 1

(3-121)

Analogous to the passive integration used with a flat-plate electric field antenna,
for times t  τ, the time domain output of the active integrator reduces to
vint (t) = kint

Z

t

1
vin (t)dl =
R1C1
l=0

Z

t

vin (t)dl

(3-122)

l=0

The 2001 and 2002 MSE utilized different models of active integrators, both of
which were designed and built by George Schnetzer. The schematic of the 2001 active
integrator is shown in Figure 3–27.
This model is the same integrator that was used in the natural lightning magnetic
field measurements described in (Crawford et al. 2001). The integration constant varied
for each of the units built, but is approximately equal to −1.96 × 10 4 s−1 .
The negative sign derives from the fact that the integrator consists of only a
single inverting stage. The decay time constant, τ, of the 2001 active integrator is
approximately 5.1 ms.
The input and output resistance of the active integrator is 50 Ω. The 2001 active
integrator is powered by a 12 V battery and a zener diode/resistor circuit is used to
supply approximately ±5 V to the LM318 op-amp. However, this forces the signal
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Schematic of the active integrator used in the 2001 MSE.

ground to float about 6 V above the negative battery terminal. This is a similar problem
to that of the amplifier described in Section 3.3.1.3. Therefore, two 1.0 µF capacitors
are used to AC couple the input and the output. These capacitors could have been
eliminated if the integrator was powered by a separate battery than the rest of the
electronics in the measurement, similar to what was done with the amplifier. These
active integrators were designed and constructed in 1997 and that option was not
practical at the time.
Furthermore, in 2001, it was eventually deemed necessary to power the active
integrator from a separate battery despite the fact that the input and output were
already AC coupled. When all of the electronics, including the integrator, were
powered from the same battery, a small variation of the supply voltage of the integrator
was observed when the fiber-optic transceiver pair located in the PIC controller
was active. This voltage variation manifested itself at the output of the integrator.
Therefore, the 2001 active integrator needed to be powered by a separate battery. Like
the amplifier used in the electric field measurements, a relay was used to connect the
power terminals of the active integrator to its battery when the PIC controller supplied
power to the fiber-optic transmitter. The measured and ideal magnitude responses of
one of the 2001 active integrator units are shown in Figure 3–28.
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Frequency Response of a 2001 Active Integrator Unit
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Measured (dashed line) and ideal (solid line) magnitude responses of
one of the 2001 MSE active integrator units.

The lower and upper frequency limits were measured to be approximately
100 Hz and 2 MHz, respectively. In 2002, it was desired to increase the decay time
constant and upper frequency limit of the active integrator. Therefore, another active
integrator was used. This is the same integrator that was used in the 2000 experimental
configuration described in (Rakov et al. 2001) and the schematic is shown in Figure
3–29.
As with the 2001 integrator, the input and output resistances are both 50 Ω.
Unlike the 2001 integrator, the 2002 integrator consists of two inverting states. Hence,
the integration constant is positive. The first stage performs the actual integration
while the second stage provides a gain of ten. The two stages are AC coupled by a
22 µF capacitor. The value of kint for each unit is positive and approximately equal to
2.5 × 105 s−1 . This value takes into account the gain of ten introduced by the second
stage.
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+
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LH0032CG
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Figure 3–29.
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Schematic of the active integrator used in the 2002 MSE.

The decay time constant for each unit was measured to be approximately 15 ms.
The lower frequency limit of the integrator, which was measured to be about 10 Hz, is
determined by both the first stage and the AC coupling between the first and second
stages. The upper frequency limit was measured to be approximately 5 MHz.
This active integrator was also powered by a single 12 V battery, but a DC-DC
converter was used to obtain ±12 V needed to power the op-amp. This eliminated
the problem with the voltage fluctuation observed at the output that plagued the 2001
integrators. Therefore, the 2002 integrators could be powered by the same battery that
powered the rest of the electronics.
In either case, the output of the active integrator was connected to the input
of a PIC controller by a short length of 50 Ω coaxial cable. The output of the PIC
controller was then connected, via another short length of cable, to the input of an
Opticomm MMV-120C fiber-optic transmitter. For the 2002 experiment, the output of
the PIC controller was terminated in 50 Ω, while in 2001 it was terminated directly
into fiber-optic transmitter, which has an input resistance of 68 kΩ. The 2001 integrator
could not be terminated in 50 Ω because the LM318 op-amp could not drive a 50 Ω
load.
The equivalent circuit of the PIC controller is a 50 Ω in-line attenuator of value
GPIC . As described in Section 3.2.1, this equivalent circuit only applies if the output
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Figure 3–30.

Diagram of a 2001 MSE magnetic field measurement.

of the PIC controller is terminated in 50 Ω. Therefore, for the 2001 experiment, the
programmable attenuators could not be used and hence GPIC = 1 . However, this is
not the case for the 2002 experiment, and the programmable attenuators in the PIC
controller were used.
Diagrams of the 2001 and 2002 MSE magnetic field measurements are presented
in Figures 3–30 and 3–31, respectively.
If it is assumed that magnitude response of the antenna is flat and the active
integrator integrates properly over the frequency range of interest of the magnetic field
to be sensed, then the expression for the voltage present at the input of the fiber-optic
transmitter, vFOT (t), is given by
1
vFOT (t) = − Aloop kint GPIC
2



RFOT
Rout + RFOT



Bnorm (t)

(3-123)

The term RFOT /(Rout + RFOT ) is the voltage division between the output resistance
of the active integrator, Rout , and the input resistance of the fiber-optic transmitter or
in-line terminator, RFOT . The output of the fiber-optic receiver was connected to a
digitizer terminated in 50 Ω. The voltage at the input of the digitizing oscilloscope is
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Diagram of a 2002 MSE magnetic field measurement.

the voltage present at the input of the fiber-optic transmitter modified by the fiber-optic
link. If the effect of the link is assumed to be a frequency independent gain or
attenuation (of value Glink ), then the expression for the voltage at the input of the
oscilloscope, vscope (t), is
1
vscope (t) = − Aloop kint GPIC Glink
2



RFOT
Rout + RFOT



Bnorm (t)

(3-124)

For the 2001 experiment, Aloop = 0.533 m2 , GPIC = 1, kint = 1.96 × 104 s−1 , and
Glink will be assumed to have a nominal value of one. The quantity R FOT is 68 kΩ, the
input resistance of the Opticomm MMV-120C fiber-optic transmitter, and R out is 50 Ω.
Therefore, the quantity RFOT /(Rout + RFOT ) is approximately unity. The expression for
the nominal voltage seen at the input of the digitizer during the 2001 experiment, when
Bnorm (t) is expressed in units of Wb m−2 , is given by

vscope−nom (t) = (5220)Bnorm (t)

(3-125)
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If vscope−nom = 1 V and Equation 3-125 is solved for Bnorm (t), then

Bnorm = 1.92 × 10−4 Wb m−2 V−1

(3-126)

If Bnorm is expressed in units of µWb m−2 , then Equation 3-126 becomes

Bnorm = 192 µWb m−2 V−1

(3-127)

Thus, nominally, one volt present at the input of the digitizer corresponds to a
magnetic field amplitude of about 190 µWb m−2 .
The exact same loop antennas were used for the 2002 experiment, hence again
Aloop = 0.533 m2 . GPIC was set to approximately 0.316 (-10 dB). Again, Glink is
assumed to have a nominal value of one. Also, as described above, a different type of
active integrator was used, having a nominal integration constant, k int , of approximately
2.5 × 105 s−1 . Unlike the 2001 configuration, the output of the active integrator was
terminated, through the PIC controller, in 50 Ω, and hence R FOT = 50 Ω. Since
Rout = 50 Ω, RFOT /(Rout + RFOT ) = 0.5. Therefore, the expression for the nominal
voltage seen at the input of the digitizer during the 2002 experiment, when B norm (t) is
expressed in units of Wb m−2 , is given by
vscope−nom (t) = (−10500)Bnorm (t)

(3-128)

If vscope−nom = 1 V and Equation 3-128 is solved for Bnorm (t), then

Bnorm = −9.5 × 10−5 Wb m−2 V−1

(3-129)

If Bnorm is expressed in units of µWb m−2 , then Equation 3-129 becomes:

Bnorm = −95 µWb m−2 V−1

(3-130)
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Table 3–9.

Salient characteristics of the 2001 MSE magnetic field measurements.
Designation
B-4N
B-4E
B-9N
B-9E

Table 3–10.

kint 
s−1
1.96 × 104
1.96 × 104
1.96 × 104
1.98 × 104

τ (ms)
(approximate)
5.1
5.1
5.1
5.1

Units/Volt

µWb m−2 V−1
192.0
192.0
192.0
190.0

Salient characteristics of the 2002 MSE magnetic field measurements.
Designation
B-4N
B-9N

kint 
s−1
2.60 × 105
2.35 × 105

τ (ms)
(approximate)
15
15

Units/Volt

µWb m−2 V−1
-92.3
-102.4

Thus, nominally, one volt present at the input of the digitizer corresponds to a
magnetic field amplitude of about 95 µWb m−2 .
Tables 3–9 and 3–10 summarize the salient characteristics of all of the individual
2001 and 2002 MSE magnetic field measurements, including the integration constant,
measured decay time constant, and the corresponding units per volt (assuming G link =
1).
Opticomm MMV-120C fiber-optic links were used to transmit the analog
waveforms to the Launch Control trailer, where they were digitized. The magnetic
field measurements were digitized continuously for 800 ms (200 ms pre-trigger) at
10 MHz on a Yokogawa DL716 digital storage oscilloscope. The waveforms were
band-limited to 4 MHz (-3 dB) by the anti-aliasing filter associated with the DL716
digitizer. Detailed descriptions of the Opticomm fiber-optic links and the DL716
digitizer are given in Sections 3.4.1 and 3.5.1, respectively.
3.3.2.4

Magnetic field time-derivative measurement implementation

The MSE dB/dt measurements utilized square loops of 50 Ω coaxial cable with
differential outputs, as discussed in Section 3.3.2.2. Two of the antennas consisted of a
single loop while a third consisted of an orthogonal crossed loop pair, yielding a total
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of four loops. The single-loop antennas have physical areas of approximately 0.120 m 2
and 0.108 m2 . These antennas were used to measure measure dB/dt in previous
triggered lightning experiments, such as those described in (Uman et al. 2002) and
(Schoene et al. 2003). The crossed loop antenna was constructed during the summer of
2002 and each orthogonal loop has a physical area of approximately 0.151 m 2 .
Unlike the loops used for the magnetic field measurements, a 470 Ω resistor was
soldered into the loop in order to increase the bandwidth of the sensor at the expense
of gain. Hence, Rloop = 470 Ω. Like the magnetic field antennas, each end of the cable
was terminated in 50 Ω, yielding Rload = 100 Ω.
Therefore, when dB/dt is expressed in units of Wb m−2 s−1 (or in equivalent units
of µWb m−2 µs−1 ), the time-domain output voltage of this antenna is given by
vout (t) = −(0.175)Aloop

dBnorm (t)
dt

(3-131)

The inductance of each of the loops is approximately 1.2 µH and the corresponding
-3 dB bandwidth is ω0 = 4.75 × 108 s−1 or f0 ≈ 75 MHz.
The differential outputs of the loop were taken from the base of the antenna and
the end of each cable was connected to a female BNC bulkhead feed-through connector
mounted to the side of a Hoffman box located on the ground approximately one meter
away from the antenna. The two lengths of cable were twisted together so that no
voltage could be induced on the cable by the magnetic field. Inside of the box, one
of the feed-through connectors was connected directly to a 50 Ω in-line attenuator
of value Gatt whose output was connected to the input of a PIC controller by a short
length of 50 Ω coaxial cable. The output of the PIC controller was connected to the
non-inverting input of a Meret differential input fiber-optic transmitter with an input
resistance of 50 Ω. The other BNC feed-through connector was connected directly
to another 50 Ω in-line attenuator of value Gatt whose output was connected to the
inverting input of the Meret fiber-optic transmitter. Typically, the PIC controller is
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Figure 3–32.

Diagram of a MSE dB/dt measurement.

used to provide programmable attenuation to a measurement; however it only has one
input and is thus not compatible with sensors having differential outputs. While it was
possible to use two PIC controllers to provide attenuation, it proved more cost effective
to use in-line attenuators. The disadvantage of this configuration is that an operator
must physically change the attenuators in order to manipulate the full-scale range of
the measurement. The calibration function of the PIC controller, however, could still be
used and this is why the output of the PIC controller is connected to the non-inverting
input of the Meret fiber-optic transmitter. A detailed description of the PIC controller
is given in Section 3.2.1. Figure 3–32 shows a diagram of a MSE dB/dt measurement.
In order to eliminate ground loops, all electronic components were isolated from each
other and the metal box by pieces of plastic and Styrofoam.
If it is assumed that magnitude response of the antenna is flat over the frequency
range of interest, then the expression for the differential voltage present at the input of
the fiber-optic transmitter, vFOT (t), is given by
vFOT (t) = −(0.175)Aloop Gatt

dBnorm (t)
dt

(3-132)
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The output of the fiber-optic receiver is connected to the input of an AC coupled
active low-pass filter with an input resistance of 50 Ω by a length of 50 Ω coaxial
cable. This filter is discussed in Section 3.4.3. The output of filter is connected to the
input of a digitizing oscilloscope, terminated in 50 Ω, by a short length of 50 Ω coaxial
cable. The voltage at the input of the digitizing oscilloscope is the voltage present at
the input of the fiber-optic transmitter, modified by the fiber-optic link. If the effect of
the link is assumed to be a frequency independent gain or attenuation (of value G link ),
then the expression for the voltage at the input of the oscilloscope is
vscope (t) = −(0.175)Aloop Gatt Glink

dBnorm (t)
dt

(3-133)

During the 2002 season, Gatt was set to approximately 0.500 ( -6 dB), hence the
expression for nominal voltage at the input to the digitizer, v scope−nom (t) is
vscope−nom = −(0.0875)Aloop Glink

dBnorm (t)
dt

(3-134)

Unlike the Opticomm MMV-120C and Nicolet Isobe 3000 fiber-optic links, the
Meret links, in this configuration, cannot be assumed to have a nominal gain of one.
As discussed in Section 3.4.3, the gain of the Meret links is strongly related to the
quality of the fiber termination with a poor termination resulting in high attenuation.
Furthermore, the value of Glink is different for each individual dB/dt measurement and
must be estimated experimentally. Therefore, the expression for v scope (t) will be left in
the form shown in Equation 3-134.
The dB/dt measurements were digitized on a LeCroy LT344 Waverunner digital
storage oscilloscope in segmented memory mode. The internal memory was divided
into two segments with each segment requiring a separate trigger signal; hence data for
a total of two return strokes could be acquired. Unlike the measurements digitized by
the DL716, no data were acquired during inter-stroke intervals. During July of 2002
each segment was digitized at 50 MHz for 10 ms (9 ms pre-trigger). In August of 2002
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the digitization rate and acquisition length per segment were changed to 100 MHz
and 5 ms (4 ms pre-trigger), respectively. The dB/dt waveforms were band-limited to
20 MHz (-3 dB) by AC coupled active low-pass filters discussed in Section 3.4.3. A
detailed description of the LT344 digitizer is given in Section 3.5.2.
Finally, it is worth noting that the negative sign present in Equation 3-134 is
somewhat arbitrary. The polarity of the waveform recorded on the on the oscilloscope
is related to the orientation of the loop antenna relative to the lightning channel. In
addition, for a given lightning location, reversing the connections to the differential
input fiber-optic transmitter will also reverse the waveform polarity. The negative sign
was kept through the derivation for completeness.
3.3.3

Optical Measurements

Two optical measurements were used in the MSE as a part of the system to trigger
the digitizers to record lightning data. Since the optical measurements were originally
intended to be only used as part of the digitizer triggering system, their outputs were
not calibrated. There is nevertheless significant scientific value in even the uncalibrated
optical waveforms. One sensor was placed at the north-east corner of the ICLRT site
facing south-west and the other was placed on the south-west corner of the site facing
north-east. A detailed explanation of the MSE triggering system is given in Section
3.2.3.
The optical detectors themselves are simple circuits consisting of a reverse biased
EG&G C30807E PIN photo-diode in series with a 1 kΩ resistor, as shown in Figure
3–33. The output of the circuit is taken across the resistor and is AC coupled by
a 0.1 µF capacitor. The circuit is powered by a 45 V battery, yielding a measured
quiescent current of a few µA.
The optical sensor circuit itself was mounted against the inside of a metal
Hoffman enclosure with a small hole drilled in it just large enough for the lens of the
PIN photo-diode. A cylindrical piece of PVC of diameter 14 cm and length 6.5 cm was
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Schematic of the MSE optical sensor circuit.

mounted on the outside of the Hoffman enclosure centered on the photo-diode. The
inner wall of the PVC and the circular section of the Hoffman enclosure surrounding
the photo-diode were painted black. A piece of Plexiglas was mounted to the open
end of the PVC section and was entirely covered by black electrical tape except for
an approximately 1 to 2 mm wide horizontal slit across the center. The purpose of
the slit was to limit the amount of light received by the optical sensor and to limit the
elevation angle from which light could be detected by the optical sensor. Therefore, a
very bright light source at a relatively low elevation angle was required to produce a
significant voltage at the output of the optical sensor. The slit did not limit the azimuth
angle at which light could hit the optical sensor, although the length of the PVC pipe
did.
During the 2001 and 2002 seasons, the electrical tape comprising the slit was
replaced several times due to deterioration from the rain and sunlight. In September of
2002, the electrical tape was replaced with black paint, which is more resilient to the
environment. The width of the slit was never measured precisely or fabricated uniform.
Therefore it is impossible to calibrate the amplitude and wave shapes of the output of
the optical sensors.
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Diagram of a MSE optical measurement.

Any light shining on the lens of the PIN photo-diode will result in a current
through it, with that current being superimposed on the quiescent current. The output
of the sensor is taken as the voltage between the terminals of the resistor and is
connected, through the capacitor, to an amplifier having a gain of ten and an input
resistance of 1 MΩ. This amplifier is identical to that described in Section 3.3.1.3
except for the gain and input resistance. The output of the amplifier is connected to
the input of a PIC controller whose output is connected to the input of a fiber-optic
transmitter (not terminated in 50 Ω). A diagram of an MSE optical measurement is
shown in Figure 3–34.
Due to limited resources, two different types of fiber-optic links were used with
the two different optical measurements. Again, since the measurements were originally
intended primarily to serve as a trigger source, this was not thought to be a problem.
The sensor located on north-east corner of the network was coupled to a Nicolet Isobe
3000 fiber-optic link while the sensor located on the south-west corner was coupled to
an Opticomm MMV-120C fiber-optic link. The optical measurements were digitized
continuously for 800 ms (200 ms pre-trigger) at 10 MHz on a Yokogawa DL716 digital
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storage oscilloscope. The optical waveforms are band-limited to 4 MHz (-3 dB) by
the anti-aliasing filter associated with the DL716 digitizer. Detailed descriptions of
the fiber-optic links and the DL716 digitizer are given in Sections 3.4 and 3.5.1,
respectively. A photograph of an optical measurement assembly is shown in Figure
3–35.
3.3.4

Current Measurements

In 2002, two current measurements were added to the MSE in order to record
the current waveforms from upward unconnected leaders to the ICLRT launch
tower assembly (grounded by a vertical run of shield braid) induced by nearby
downward stepped leaders that eventually initiate a first return stroke somewhere
nearby. Upward positive leader currents can be inferred (based on studies of the
initial stage in rocket-triggered lightning by (Wang et al. 1999)) to be on the order of
100 A although (Mazur and Ruhnke 2001) claim to have measured currents around
5 kA. Therefore, it was deemed necessary to measure currents both in the hundreds of
amperes and the several kA range.
The current was sensed at the base of the 2 m high aluminum rocket launcher
located on top of the 11 m high wooden launch tower used to trigger lightning to a
nearby test power line during the summer. A horizontal conductor (connected to the
launcher) was suspended about 1 m above the top of the launch tubes, yielding a total
structure height of about 14 m. A metal Hoffman enclosure containing the current
sensor and associated electronics was mounted on the base of the launcher, as shown in
Figure 3–36.
In this configuration, any current flowing on the rocket launcher would also flow
on the metal box. A T&M Research Products R-5600-8 1.233 mΩ current viewing
resistor (CVR) was installed at the bottom of the box. A metal ring on the CVR
which was bolted to the box served as the first terminal of the resistor and the lug
situated in the center of the CVR just outside (beneath) the box served as the second.
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Figure 3–35.

MSE optical measurement assembly.
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Aluminum rocket launcher with Hoffman box mounted to the base.

Therefore, assuming the launcher is perfectly conducting, there is a resistance of
1.233 mΩ between the launcher and the lug. If the lug is at a different potential from
the launcher, a current will flow through the CVR with the voltage across the terminals
of the CVR given by Ohms Law. Since this voltage is directly proportional to the
current, with slope determined by the resistance of the CVR, the current is sensed
by measuring the voltage. The lug was connected to ground via a vertical run of
shield braid and was connected to a ground rod located at the base of the tower. The
measured grounding resistance is approximately 20 Ω.
The voltage is taken from a female BNC connector mounted on the end of the
CVR inside of the box opposite the lug. The T&M CVR is specially designed to be
non-inductive so that the voltage measured is proportional to the current only and not
the time-derivative of the current . This is especially important in triggered lightning
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current measurements (for which this configuration is primarily used), where di/dt has
been measured up to as high as 411 kA µs−1 (Leteinturier et al. 1991).
The response of the T&M R-5600-8 CVR is limited by several factors. First, the
CVR has an upper frequency limit of 12 MHz (-3 dB). Second, the 10-90% rise-time
is limited to 30 ns. Third, the CVR has a maximum energy rating of 5600 J. If this
rating is exceeded, the CVR could be damaged or destroyed. It is possible that some
of the impulsive components associated with upward leader currents will have a higher
bandwidth and faster rise-time than the rating stated above, therefore it is important
that these limitations are known.
The fiber-optic transmitters for the current measurements were located inside of
the large Hoffman enclosure mounted on the base of the launcher. This box serves
both to shield the electronics from electromagnetic interference and to protect the
electronics from the weather. Since currents of several hundred amperes (or possibly
several kA) are flowing on the outside of this box, it was critical to eliminate any
ground loops inside of the box. Therefore, the electronics were placed in separate
metal boxes which are electrically isolated from the main box by pieces of wood and
Styrofoam. Furthermore, the electronics inside of the sub-boxes were isolated from
the sub-box by pieces of Styrofoam. Two separate sub-boxes were used, one for each
current measurement.
A diagram of the measurement configuration is shown in Figure 3–37. A single
CVR senses the current for both measurements; however the full-scale range for each
measurement is different. The full-scale range is changed by adjusting the attenuation
setting of the PIC controller (discussed in Section 3.2.1) with a higher attenuation
resulting in a higher full-scale range. The output of the CVR is connected in series
with a pair of 50 Ω resistors placed in parallel. The end of each resistor which is not
connected to the CVR is connected to the input of a PIC controller whose output is
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connected to the input of a fiber-optic transmitter, terminated in 50 Ω by an in-line
terminator. All cables are 50 Ω coaxial cables with male BNC connectors.
The time-domain equivalent circuit of this configuration is shown in Figure 3–38.
The quantity iL (t) is the current flowing on the aluminum launcher and the Hoffman
enclosure. The resistance of the CVR, RCV R , is 1.233 mΩ for the T&M R-5600-8. The
CVR is in parallel with two resistive branches, with each branch comprised of a 50 Ω
resistor in series with a 50 Ω in-line attenuator in series with another 50 Ω resistor.
The coaxial cables have no effect on the equivalent circuit since they are terminated in
their characteristic impedance. The 50 Ω in-line attenuators are the equivalent circuit
of the PIC controller and their only effect is to attenuate the voltage present at its
input by a factor of GPIC . In this configuration, if either end of the 50 Ω attenuator
is disconnected, the attenuator will look like 50 Ω as seen from the disconnected end.
The input of the fiber-optic transmitter is taken at the junction of the output of the 50 Ω
feed-through attenuator and the last 50 Ω resistor.
The voltage across the CVR, vCV R (t), is determined by both the resistance of the
CVR and the load.

vCV R (t) = iL (t) (RCV R ||100 Ω||100 Ω)

(3-135)

RCV R is the resistance of the CVR and the two 100 Ω values are the resistances
of the two load branches (each comprised of two 50 Ω resistors in series). The 50 Ω
attenuator does not change the resistance of the branch and can be ignored when
calculating vCV R (t). Noting that since the CVR resistance is much smaller than the
parallel combination of the load branches, the expression for vCV R (t) simplifies to
vCV R (t) ≈ RCV R iL (t)

(3-136)

The voltage seen at the input of either fiber-optic transmitter is determined by
the attenuators and the voltage division between the two 50 Ω resistors in a given load
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Diagram of the MSE current measurements.
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branch. Therefore, the voltage at the input of either fiber-optic transmitter, v FOT (t), is
given by
1
1
vFOT (t) = GPIC vCV R (t) = GPIC RCV R iL (t)
2
2

(3-137)

For RCV R = 1.233 mΩ, vFOT (t) becomes
vFOT (t) = (0.0006165)GPIC iL (t)
The above expression is only valid over the range of frequencies in which the
response of the CVR is constant. The voltage present at the input of the digitizing
oscilloscope, vscope (t), is the voltage present at the input of the fiber-optic link,
vFOT (t), modified by the link. If the effect of the link is assumed to be a frequency
independent gain or attenuation, of value Glink , then the expression for the voltage at
the input of the oscilloscope is
vscope (t) = Glink vFOT (t) = (0.0006165)GPIC Glink iL (t)

(3-138)
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The above expression is only valid for the range of frequencies in which the
resistance of the CVR and the gain of the fiber-optic link are constant. The quantity
GPIC has not been explicitly defined because a wide variety of attenuation settings were
used during the 2002 experiment. Nicolet Isobe 3000 fiber-optic links were used to
transmit the analog waveforms to the Launch Control trailer where they were digitized.
As discussed in Section 3.4.2, the gain of an Nicolet Isobe link is selectable. Two
different setting were used during the 2002 season, hence the value of G link will not be
explicitly defined here.
The current measurements were digitized continuously for 800 ms (200 ms
pre-trigger) at 10 MHz on a Yokogawa DL716 digital storage oscilloscope. The current
waveforms were band-limited to 4 MHz (-3 dB) by the anti-aliasing filters associated
with DL716 digitizer. Detailed descriptions of the Isobe 3000 fiber-optic links and the
DL716 digitizer are given in Sections 3.4.2 and 3.5.1, respectively.
3.3.5

Measurement Bandwidth Summary

Table 3–11 presents a listing of the estimated bandwidths of all of the 2001
and 2002 MSE measurements (excluding the optical sensors) and the factors that are
believed to limit the bandwidths. In all cases anti-aliasing filters were present at the
inputs of each digitizer, however, as discussed in the preceding sections, other factors
may be responsible for bandwidths below the limits of the filter. An example of this
are the integrating capacitors used in the 2001 electric field measurements, as discussed
in Section 3.3.1.3.
3.4 Fiber-Optic Links
Fiber-optic links were used to transmit the analog data from all sensors to the
Launch Control trailer, where they were digitized. Two different types of fiber-optic
links were used in the 2001 MSE while three different types were used in the 2002
experiment. This section presents a detailed description of all types of links.
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Table 3–11.

Estimated bandwidths of the 2001 and 2002 MSE measurements.

Measurement
Type
E-field

Low-frequency
limit
Year (approximate)
2001 0.1 Hz

E-field

2002

0.15 Hz

B-field

2001

100 Hz

B-field

2002

10 Hz

dE/dt

2002

DC

dB/dt

2002

1.5 Hz

Table 3–12.

Type
Opticomm
Nicolet
Meret

Low
frequency
limiting factor
RC time
constant
RC time
constant
Active
integrator
Active
integrator
Not
applicable
Anti-aliasing
filter

High-frequency
limit
(approximate)
3 MHz
4 MHz
2 MHz
4 MHz
20 MHz
20 MHz

High
frequency
limiting factor
Integrating
capacitor
Anti-aliasing
filter
Active
integrator
Anti-aliasing
filter
Anti-aliasing
filter
Anti-aliasing
filter

MSE fiber-optic link summary.
Signal to
noise
ratio (approx)
59 dB
60 dB
40 dB

Nominal
-3 dB
bandwidth
DC - 30 MHz
DC - 15 MHz
DC - 20 MHz

Input
Resistance
68 kΩ
1 MΩ
50 Ω

Output
Resistance
50 Ω
50 Ω
50 Ω

Input
Range
±1 V
Selectable
±0.5 V

Output
Range
(in 50 Ω)
±1 V
±1 V
±0.5 V

In 2001, thirteen Opticomm MMV-120C fiber-optic links were used along with
one Nicolet Isobe 3000 fiber-optic link. In 2002, four Meret MDL288DC fiber-optic
links were added along with two additional Isobe 3000 links. Table 3–12 gives a brief
summary of the characteristics of each type of link.
3.4.1

Opticomm MMV-120C Fiber-Optic Links

The Opticomm MMV-120C fiber-optic links utilize frequency modulation (FM)
with a carrier frequency of 70 MHz and operate at an optical wavelength of 1310 nm.
The Opticomm links were intended by the manufacturer to be used as video fiber-optic
links and therefore had an input and output resistance of 75 Ω (the standard resistance
for video equipment). This was not appropriate for the MSE, which is almost
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exclusively a 50 Ω system. Therefore, the input resistance was modified to 68 kΩ
by the manufacturer. A high input resistance has the advantage of being able to be
lowered any desired value by simply adding an in-line terminator. The value of 68 kΩ
was not chosen arbitrarily; it was the highest value the manufacturer could achieve
without sacrificing the performance of the link. In addition, the output resistance was
modified to 50 Ω from 75 Ω. Finally, the low frequency cutoff was modified to DC
from 5 Hz (-3 dB) by the manufacturer. The manufacturer lists the signal-to-noise
ratio to be about 67 dB, however this value is acquired using the short-haul RS-250C
standard in which the signal is low-pass filtered with a cut-off frequency of about
5 MHz. Thus, 67 dB may not be an accurate representation of the true signal-to-noise
ratio over the entire bandwidth. In practice the actual signal-to-noise ratio over the
entire bandwidth is several dB lower than the value obtained under the short-haul
RS-250C standard.
3.4.2

Nicolet Isobe 3000 Fiber-Optic Links

The Nicolet Isobe 3000 fiber-optic links have an input resistance of 1 MΩ and
utilize a combination of amplitude modulation (AM) and pulse-width modulation
(PWM). The input range of the transmitter is selectable from ±0.1 V, ±1 V, and
±10 V. In addition, the gain and offset of the link can be manually adjusted at the
receiver end. The output range of the receiver is fixed at ±1 V regardless of the
selected input range. For example, if a ±5 V signal is connected to the transmitter set
to the ±10 V input range, the corresponding voltage at the output of the receiver will
be ±0.5 V. Therefore, the Isobe fiber-optic link effectively attenuates the signal by
-20 dB (0.1 V/V) when the transmitter is set to the ±10 V range. Similarly, when the
transmitter is set to the ±0.1 V range, the link introduces a gain of 20 dB (10 V/V).
3.4.3

Meret MDL288DC Fiber-Optic Links

The Meret MDL288DC fiber-optic links utilize amplitude modulation (AM) and
operate at an optical wavelength of 820 nm. Unlike the Opticomm and Isobe links,
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the Meret transmitters are not stand-alone units; they must be mounted on a circuit
board. The advantage of this design, however, is that any electronics associated with
a measurement such as a preamplifier or an active integrator can be incorporated in
the same circuit as the fiber-optic transmitter. In the early 1990s, George Schnetzer
designed and built several different types of units incorporating the Meret transmitters.
The three most common units included an active integrator, a high-impedance
preamplifier, or a differential preamplifier. Although the Meret transmitter itself
has a nominal frequency response from DC to 35 MHz, the other circuit components
lower the upper limit. For example, the units which incorporated an active integrator
are limited to 10 MHz, while the units with a differential preamplifier are limited to
20 MHz. The 20 MHz differential input units are the only type used in the MSE, and
the other types will not be discussed further.
In practice, the Meret links suffer from high noise and from DC offset drift.
This is corrected by utilizing AC coupled active low-pass filters at the output of the
receivers. The low frequency response is limited to about 1.5 Hz (-3 dB) by the AC
coupling. In addition, the filters can provide gain which is adjusted by a potentiometer.
These filters were designed to be paired with specific types of Meret units. For
example, a set 20 MHz (-3 dB) low-pass filters were designed to be used with the
differential input units.
3.4.4

Fiber-Optic Cables

The Opticomm links utilize 62.5/125 µm (core/cladding) graded index multimode
fiber-optic cable. In 2001, Optical Cable Corporation (OCC) AX series multimode
Kevlar reinforced cables with ST connectors were used with the Opticomm links.
During the 2001 season it was discovered that the cables were being chewed and
damaged by animals. However, the cable could be cut, re-terminated, and spliced with
an ST butt connector. The optical loss of the splice, measured with an Agilent E6000C
Optical Time-Domain Reflectometer (OTDR), was typically around -1 dB.
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In 2002, OCC BX series water resistant armored cable replaced the AX series
cable. Each armored cable consists of two armored outer jackets surrounding either
four (BX-04 series) or six (BX-06 series) sub-cables. Each sub-cable is Kevlar
reinforced, similar to the AX series cable. The sub-cables, which are color coded,
are twisted around a strength member running through the center of the cable. ST
connectors were used as before. The armored cables are very difficult to damage and
problems due to animals were eliminated.
In 2001, the Isobe links were used with 200 µm multimode Kevlar reinforced
duplex fiber-optic cables with SMA connectors manufactured by OFS Fitel Corporation.
In 2002, six-fiber armored cables, manufactured by OFS Fitel were used. Again,
the individual sub-cables are color coded and twisted around a strength member.
Each Isobe link requires two fibers; hence each cable can supply three links. SMA
connectors were used as before. These cables have only a single layer of armor and
were vulnerable to water intrusion through any opening in the armor. Therefore, care
must be taken to protect the ends of the cable from the elements.
The Meret links have been used in previous ICLRT experiments with 50/125 µm,
although they will operate using the 62.5/125 µm OCC fiber. The Meret fiber-optic
transmitters use SMA0906 connectors, which would be difficult to terminate in the
field. Conversely, the ST and SMA connectors used with the Opticomm and Isobe
links, respectively, were relatively easy to terminate in the field. Therefore, the fibers
were terminated with ST connectors, as with the Opticomm links, and 3 m patch
cords were used to convert the ST connectors to SMA0906 connectors. The insertion
loss for an individual patch cord ranged from about -0.5 to -1.5 dB, with two patch
cords needed for each link. Furthermore, in previous experiments, the Meret links
were used with a fiber length of about 100 m, however they will operate at length
of over 500 m using the 62.5/125 µm fiber. An optical loss of over several dB can
be introduced by using such long fiber lengths, but the links are still usable. The
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maximum signal-to-noise ratio was measured experimentally to be about 40 dB by
connecting a transmitter and receiver together with two patch cords and a 1 m length of
62.5/125 µm fiber. Since the signal level is decreases with increasing fiber length, the
signal-to-noise ratio for any link in the field will be less than the maximum value of 40
dB.
3.4.5

Fiber-Optic Link Calibration

The use of fiber-optic links is a necessity in lightning experiments due to their
electromagnetic immunity, however they introduce issues of their own. Introducing a
fiber-optic link into a measurement system introduces one more component which must
be taken into account when designing the system. The bandwidth, input resistance,
output resistance, and delay of the link all have an effect on the system. The input
and output resistance are specified by the manufacturer and are easily taken into
account. Furthermore, the bandwidth of the link is also specified, although it is a good
idea to verify this experimentally. Finally, the delay of the link (a function of both
the link electronics and the fiber-optic cable itself) must, in general, be determined
experimentally.
In the frequency domain, a link is characterized by its frequency response,
Glink (ω). In practice, Glink (ω) is not directly measured, however the magnitude,
|Glink (ω)|, and phase, ∠Glink (ω) components are. The magnitude and phase
components are related by
Glink (ω) = |Glink (ω)| e j∠Glink (ω)

(3-139)

Ideally, |Glink (ω)| = 1 and ∠Glink (ω) = 0, which implies that the link has no effect
on the measurement system. In other words, the voltage present at the output of the
fiber-optic receiver is exactly the same as that present at the input of the fiber-optic
transmitter, with no time delay. While the first condition is impossible to satisfy since
no system has an infinite bandwidth, the second is impossible since information cannot
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travel faster than the speed of light. However, since the purpose of these links is to
transmit data with minimal distortion and time delay, their response should deviate little
from the ideal over a specified frequency range. For example, manufacturers typically
specify the -3 dB bandwidth of the link, such as DC to 30 MHz for the Opticomm
MMV-120C links. Over a certain frequency range, which is smaller than the -3 dB
bandwidth, |Glink (ω)| will be constant. This constant value will be denoted as Glink .
Furthermore, Glink is usually specified to be one over the stated frequency range, but
it can vary with temperature, fiber length, and termination quality, depending on what
type of modulation scheme is used. For example, in AM system such as Meret, G link is
a strong function of fiber and termination quality, while FM systems such as Opticomm
are more robust. In either case, it is necessary to estimate Glink after each time data is
acquired in order to assume the most accurate calibration possible.
In addition, the phase response of a link, ∠Glink (ω), should be a linear function of
ω. Linear phase in the frequency domain corresponds to a constant time delay in the
time domain. This is important since, if the phase response was an arbitrary function
of ω, then different frequency signals would arrive at the receiver at different times and
introduce distortion in a signal composed of several different frequencies. Assuming
linear phase, the time delay of a given link is a function of both the electronics and the
type and length of fiber used.
The value of Glink is estimated after each system trigger by introducing a
calibration signal into the transmitter and measuring the signal at the output of the
receiver. If the signal being fed into the transmitter is known exactly, then G link is
given by
Glink =

|vmeasured |
|vsource |

(3-140)

The quantities |vmeasured | and |vsource | are the peak-to-peak magnitudes of the
measured and source calibration voltage waveforms, respectively. In order for this to be
an accurate measure of the link, the entire frequency content of v source must lie within
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the frequency range where |Glink (ω)| is constant. Furthermore, the phase response must
be linear to ensure there is no phase distortion.
As discussed in Section 3.2.1, the calibration waveform is a 100 Hz square wave
with a peak-to-peak-voltage of either 1 V or 0.1 V in 50 Ω. The waveform generator
circuit was designed by George Schnetzer and is very immune to variations in time and
temperature. Therefore, the value of vsource measured in the lab is an accurate measure
of what vsource will be when the signal generator is used in the field. In the frequency
domain, the square wave consists of the fundamental frequency, 100 Hz, along with an
infinite number of discrete harmonic frequencies, all of which are odd multiples of the
fundamental. The magnitude of each harmonic is inversely proportional to the order
of the harmonic, meaning, for example, that the magnitude of the third harmonic is
one third that of the fundamental. Although the bandwidth of an ideal square wave is
infinite, it can be considered finite relative to the bandwidths of the fiber-optic links
used in the MSE. For example, the magnitude response of the Opticomm MMV-120C
link is flat out to at least 20 MHz. A 100 Hz square wave can be assumed to have zero
frequency content at 20 MHz. Therefore, if |Glink (ω)| is constant up to 20 MHz and the
link has a linear phase response, then the 100 Hz square wave calibration waveform can
be used to estimate the gain of the link.
The same argument can be applied to the Nicolet Isobe 3000 and Meret fiber-optic
links, which have -3 dB bandwidths of about 15 and 20 MHz, respectively. However,
as discussed in Section 3.4.3, AC coupled low-pass filters are used at the output of
the fiber-optic receivers, which limit the low-frequency response of the Meret links to
about 1.5 Hz. This does introduce some distortion into the received calibration signal.
It is important to know the time delays associated with each fiber-optic link so that
all waveforms can be properly aligned when performing data analysis. Furthermore,
it is desirable to know the time delays to within one sample (digitization) point. If
each of the fiber-optic links is of the same type and uses the same length of fiber, the
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relative delays between each of the waveforms will be identical. However, the MSE
utilized three different types of links with many different lengths of fiber so accurate
time delay measurements are critical. The total delay of a fiber-optic link is determined
by two factors; electronic delays and fiber delays. Electronic delays constitute any
delays that arise from the transmitter and receiver electronics themselves. Fiber delays
are due to the propagation of light in the fiber-optic cable at a finite speed, which is
slower than the speed of light. In general, the time delay of a link can be modeled as
a constant delay (due to the electronics) plus a delay that is a linear function of fiber
length.
Each individual fiber (2001) or armored cable (2002) was cut and terminated
in the field, so the length of each fiber or cable could not be measured directly.
Therefore, the optical length of each fiber was measured with an Agilent E6000C
Optical Time-Domain Reflectometer (OTDR). The OTDR measures the length of the
cable by sending a pulse of light down the fiber and measuring the time it takes for
the pulse to be reflected back to the light source. The distance resolution of the OTDR
is inversely proportional to the pulse width of the light source (since the OTDR is
actually measuring time); hence a narrow pulse will yield a more precise measure of
fiber length. In addition, when used with multimode fiber, the distance resolution of the
OTDR will be limited by modal dispersion in the fiber, whereby the width of a pulse of
light is widened due to multi-modal propagation in the fiber.
The optical length in meters of a fiber, l, is given by
l=

1 tmeasured c
2
N

(3-141)

The quantity c is the speed of light in a vacuum, equal to 3 × 10 8 m s−1 and
tmeasured is the measured round-time of the light pulse emitted by the OTDR. The
quantity N is supplied by the manufacturer of the fiber and is typically referred to as
the group index, and is defined as the ratio of the speed of light in a vacuum to the
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speed of light in the fiber. In practice this value is often slightly different than the
index of refraction of the glass which is used to make the fiber.
The one-half scaling factor is included because tmeasured is the measured round-trip
time, not the one-way time. The group index is supplied by the manufacturer and must
be programmed into the OTDR. If the wrong value of N is used, the optical length
measurement will be incorrect. The optical length measurement can be corrected if
both the correct value of N and the incorrect value of N used during the measurement
are known. The fiber delay, t f iber , can be found by rearranging equation 3-141
Nl
1
t f iber = tmeasured =
2
c

(3-142)

Hence, the time delay of the fiber optic cable is proportional to both the l and N.
The OCC and OFS Fitel fiber-optic cables (both armored and unarmored) have values
of N of 1.483 and 1.429, respectively. The corresponding fiber delays are 4.943 ns m −1
and 4.763 ns m−1 , respectively.
The optical lengths, and hence time delays, of all fibers were measured using the
OTDR for both the 2001 and 2002 experiments. For the 2002 experiment, the OTDR
was set to generate a 5 ns wide pulse at 1310 nm for the OCC armored fiber and
850 nm for the OFS fiber with the measurement being averaged over one minute. Table
3–13 gives the measured optical length and corresponding time delay for each fiber.
The time delays were calculated by using Equation 3-142. Only the fibers currently
in service were tested; any unused fibers in an armored cable bundle were not. Each
armored cable is uniquely identified by the location it was run to, such as Station 1, for
example. Each individual fiber is uniquely identified by the combination of the cable
identifier and the color of the fiber in that cable, such as Station 1 - Blue, for example.
The OFS fibers are grouped into pairs (such as Tower - Yellow/Red for example) since
the Nicolet Isobe links each require two fibers. At the time of this writing, the delays
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Table 3–13.

OTDR measured optical lengths and corresponding time delays for
armored fiber-optic cables used during the 2002 MSE.

Fiber designation
Station 1 - Blue
Station 1 - Orange
Station 1 - Green
Station 2 - Brown
Station 4 - Blue
Station 4 - Green
Station 4 - Gray
Station 4 - Orange
Station 5 - Brown
Station 6 - Brown
Station 8 - Blue
Station 9 - Blue
Station 9 - Brown
Station 9 - Gray
Station 9 - Orange
Station 10 - Brown
SW Optical - Brown
NE Optical
Orange / Blue
Tower A
Orange / Blue
Tower B
Yellow / Red

Measurement
dE-1
dB-1N
dB-1E
E-2
dE-4
E-4
B-4N
dB-4N
E-5
E-6
dE-8
dE-9
E-9
B-9N
dB-9N
E-10
SWO
NEO

OTDR measured
length (m)
499.7
500.0
500.0
129.2
288.7
289.0
289.0
289.3
105.8
521.5
357.2
617.2
617.5
616.2
616.2
527.8
652.9
421.2

Corresponding
time delay (ns)
2470
2472
2472
639
1427
1429
1429
1430
523
2578
1766
3051
3052
3046
3046
2609
3227
2006

I-High-Tower

104.6

498

I-Low-Tower

93.8

447

due to the electronics have not been measured, and hence only the fiber delays are
shown.
In 2001, the fiber delays were measured by George Schnetzer. Unlike the 2002
season, the group index parameter of the OTDR was set to some arbitrary, and hence
incorrect, value. Instead, an exactly 500 m long piece of fiber was measured with
the OTDR. The actual fiber delay was found by placing the same fiber in a link and
feeding a signal into the transmitter. Both the input to the transmitter and the output
of the receiver were viewed on an oscilloscope where the time delay was measured. In
order to subtract the delay associated with the transmitter and receiver electronics, the
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same time-delay measurement was performed using a very short length of fiber. The
fiber delay associated with this short length of fiber was negligible compared to that of
the 500 m piece and hence only the delay of the electronics was measured. It should
be noted that calculated electronic delays were not available to the author at the time
of this writing. Using this information, the time delay of any length of fiber could be
calculated with the following formula, assuming the same group index parameter was
used in the OTDR measurement.
t f iber =

lOT DR
lOT DR−500m

·t500m

(3-143)

The quantity lOT DR is OTDR measured length of the fiber under test, lOT DR−500m
is the OTDR measured length of the 500 m piece of fiber, and t 500m is the measured
time delay of the 500 m piece of fiber (with the measured electronic delay subtracted
out). Equation 3-143 is only valid if lOT DR and lOT DR−500m are measured using the
same arbitrary group index parameter of the OTDR. Each fiber used during the 2001
season was given a numerical identifier and the calculated fiber delays are given in
Table 3–14. It should be noted that no measurement was performed on the fiber going
to the north-east optical detector.
3.5

Digitizers

A single Yokogawa DL716 digital storage oscilloscope (DSO) was used during
the 2001 MSE. This was augmented with a LeCroy LT344 Waverunner and a LeCroy
LT374 Waverunner2 DSO in 2002. The full range of features of each DSO will not
be discussed; only the features relevant to the MSE will be examined. A complete
description of each digitizer can be found in the digitizers manual or from the
manufacturers website.
3.5.1

Yokogawa DL716

The Yokogawa DL716 is a 16 channel DSO with a maximum bandwidth of
4 MHz (-3 dB) and a maximum sampling rate of 10 MHz with 12-bit vertical
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Table 3–14.

Calculated time delays for the fiber-optic cables used in the 2001 MSE.
Fiber designation
101
102
103
104
105
106
107
108
109
110
111
112
113

Measurement
SWO
E-1
E-5
E-2
B-4E
E-4
B-4N
E-10
E-8
E-9
B-9N
B-9E
E-6

Calculated time delay (ns)
3221
2305
835
697
1288
1264
1269
2314
1455
2252
2314
2281
2562

resolution. The DL716 is capable of a maximum record length of 16 megasamples
per channel when all 16 channels are used simultaneously. At the maximum sampling
rate of 10 MHz, the maximum record length is 1.6 s when all 16 channels are used.
Therefore, the DL716 is ideal for recording a continuous full-flash record of lightning
electric and magnetic fields. Since each sample is recorded with 12-bit resolution, two
bytes (16 bits or one word) are required to store each sample (four bits are thrown
away). Therefore, a 1.6 s record sampled on all 16 channels at 10 MHz requires 256
megawords or 512 megabytes.
Each DL716 channel can be set from 5 mV per division to 20 V per division with
a maximum peak-to-peak input voltage range of 250 V. The input resistance of each
channel is 1 MΩ shunted with 30 pF of input capacitance, either AC or DC coupled. In
addition, each channel can be individually configured with an internal low-pass filter of
values 500 Hz, 5 kHz, 50 kHz, and 500 kHz (-3 dB).
The DL716 is equipped with 9.2 GB of internal storage; hence many acquired
waveforms can be stored in the digitizer itself. The DL716 is equipped with an
external SCSI hard disk connector so more storage can be added. Waveforms can be
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moved to and from the DL716 over a 10Base-T Ethernet connection using the File
Transfer Protocol (FTP).
The DL716 can be configured over an IEEE 488.2 (GPIB) bus and supports a
robust command set. Almost every setting can be manipulated over GPIB, therefore
the DL716 can be configured and armed remotely. The DL716 can be automatically
configured for an experiment by a PC with a GPIB interface card and appropriate
software such as National Instruments LabView by either issuing a series of commands
or loading a set of predefined settings from the hard disk of the DSO.
The DL716 can be triggered by any of the 16 channels or by an external TTL
level trigger input. Furthermore, complex triggering schemes can be generated by OR
triggering any combination of the 16 channels with the trigger level and slope of each
channel capable of being set individually.
One major disadvantage of the DL716 is that, for long records, it takes several
minutes to write the data from memory to disk. During this interval, the digitizer
cannot trigger and hence no data can be recorded.
3.5.2

LeCroy LT344 Waverunner

The LeCroy LT344 is a four channel DSO with a maximum bandwidth of
500 MHz at a maximum sampling rate of 500 MHz with 8-bit vertical resolution. The
LT344 is capable of a maximum record length of one megabyte per channel when all
four channels are in use. Since a sample is recorded with 8-bit resolution, one byte
is required to store each sample; hence the total record length is one megasample per
channel. At the maximum sampling rate of 500 MHz, the maximum record length is
2 ms. Typically the LT344 is not used to acquire a single continuous record but rather
is used in segmented memory mode. In segmented memory mode, the acquisition
memory is divided into multiple segments and a separate trigger is required to record
each segment. For example, if five segments are used, the acquisition memory is
divided into 200 kilosamples per segment per channel. Segmented memory mode is
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useful when acquisition memory is limited and multiple events are to be recorded with
the time length of each event being very small relative to the length of time between
events. Segmented memory mode is ideal for recording the electric and magnetic field
waveforms (or their time-derivatives) from individual return strokes. Typically, the
return stroke waveforms occur on a tens of microseconds time scale while the time
between return strokes is on the order of tens to hundreds of milliseconds (Uman
1987). When pre-trigger is used, the pre-trigger setting applies to each segment of the
acquisition. For example, if 10% pre-trigger is used, the first 10% of each segment
record consists of data before that segments trigger point.
The input resistance of each LT344 channel can be set to 50 Ω or 1 MΩ, either
AC or DC coupled. Each channel can be set from 2 mV per division to 10 V per
division with a maximum RMS input voltage of 5 V and 280 V when 50 Ω and 1 MΩ
input resistance are used, respectively. In addition, each channel can be individually
configured with an internal low pass filter of values 25 MHz and 200 MHz (-3 dB).
The LT344 is equipped with a PCMCIA Type III slot, which is used to add
storage such as a hard drive or a compact flash card which come in a variety of
sizes. A 128 MB compact flash card was used in the LT344; hence a maximum of 32
waveforms could be stored if one megabyte was used per channel and all four channel
were in use for each acquisition. Waveforms can be moved to and from the DSO
over a 10Base-T Ethernet connection or the GPIB bus using LeCroy Scope Explorer
software. Unlike the DL716, the LT344 does not support FTP and uses a proprietary
protocol for file transfers.
The LT344 can be configured over GPIB or Ethernet and supports a robust
command set. Similar to the DL716, the LT344 can be configured and armed remotely.
The LT344 can be triggered from any of the four channels or from an external
trigger input, and complex triggering schemes are available as with the DL716. Unlike
the DL716, the external trigger input is not TTL, and the trigger level and slope can
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be adjusted. In addition, the input resistance and coupling of the trigger input can be
adjusted.
3.5.3

LeCroy LT374 Waverunner2

The LeCroy LT374 Waverunner2 is the successor of the LT344 Waverunner DSO.
The LT374 is essentially identical to the LT344, except that the maximum sampling
rate is 2 GHz, the maximum acquisition memory is four megabytes per channel and
the input filters are selectable from 20 MHz and 200 MHz (-3 dB). The LT374 also
includes several new features and enhancements over the LT344 which are not used in
the MSE and will not be discussed.
3.6

Video System

The location of any lightning within the network is initially unknown. Therefore a
video system is required which can be used to quickly determine the general location
and geometry of the lightning channel. Video records are typically very useful for
augmenting more rigorous location techniques.
In 2001, a Cohu 1300 Series CCD camera was installed in each of the four
instrumentation stations (designated IS1, IS2, IS3, and IS4) located about the ICLRT
site, as shown in Figure 3–1 in Section 3.1. The video signals were transmitted over
62.5/125 µm fiber by Opticomm MMV-110 fiber-optic video links. All four fibers
were run to the Launch Control trailer where the outputs of the four receivers were
fed into a quad-display security monitor. The monitor converted the four individual
video frames into a single video frame divided into four quadrants. Each of the four
quadrants contained one of the four camera views. This system provided a convenient
view of the entire ICLRT site at a glance, although a significant amount of resolution
was lost. In addition, since four independent video signals were being combined into
a single video signal, the four quadrants were not time-synchronized. Therefore, a
single event captured by all four cameras might not show up in all four quadrants of a
single frame. For example, quadrants 1 and 2 might display an event in frame 1, while
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Figure 3–39.

Example video frame from the MSE video system. Going clockwise
from the upper left, the four quadrants represent the camera views from
IS1, IS2, IS4, and IS3, respectively, with the lightning being in view of
the IS4 camera.

quadrants 3 and 4 display the event in frame 2. An example video frame is shown in
3–39.
The single combined video signal was available from an output of the monitor
and this was connected to the video input of a Sony SR2000 TIVO digital recording
system. The amount of time available for recording is proportional to amount of hard
disk space inside of the unit. The TIVO unit was capable of recording about 18 hours
of high-quality video with the factory installed 80 GB hard disk. A second 80 GB hard
disk was added to increase the total recording time to about 36 hours. The TIVO can
be programmed to record, although it can only be set to record at regular intervals. For
example, the TIVO can be set to record a one-hour record at 12 pm every day, however
there is no way to tell it to start recording when the network is armed. Obviously, if
there are personnel on site during a thunderstorm, the TIVO can manually be set to
record.
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Therefore, due to the recording limitations, the TIVO was set to constantly record,
and it was the operators responsibility to collect any lightning video data before it
was overwritten. To increase the total record length, a second TIVO (upgraded with a
second 80 GB hard disk) was added.
Although the TIVO is a digital recorder, there was until recently no way to extract
the digital video data directly from the hard disk. Therefore, a separate video digitizer,
which would digitize an analog video output from the TIVO, was needed to extract the
video from the 2001 season. The addition of this extra analog stage further decreased
the resolution of the video. The Tytools software package was used to extract the video
from the recorder after the 2002 season.
3.7

Timing System

A Datum bc627AT GPS timing card was used to provide trigger times with
microsecond accuracy. The bc627AT card kept accurate time by tracking and receiving
signals from several GPS satellites in orbit. The output of the trigger circuit was fed
into an input of the card and the time was latched into a set of internal registers when
a system trigger occurred. The card was specifically designed to have less than 100 ns
delay between the rising edge of the trigger signal and latching of the time. Software
written by the author interfaced with the card and logged all of the trigger times. This
system was used with both natural and rocket-triggered lightning in 2002, but only with
rocket-triggered lightning in 2001.

CHAPTER 4
PRESENTATION OF DATA
In this chapter the events recorded during the 2001 and 2002 experiments, for both
natural and triggered lightning, are summarized. In addition, waveforms are presented
for selected data acquired during the 2002 experiment.
4.1

Data Summary

In 2001, data from two natural and six rocket-triggered flashes were recorded.
In 2002, data were recorded from eleven natural and seven rocket-triggered flashes.
Tables 4–1 and 4–2 present a summary of the recorded data for the 2001 and 2002
seasons, respectively. Each flash is given a unique designation based on the year and
the experiment ID. For example, the flash designated MSE-0102 would be the second
natural flash recorded by the MSE network during the 2001 experiment. Similarly,
the flash designated MSE-0207 would be the seventh natural flash recorded by the
MSE network during the 2002 experiment. The naming scheme for triggered flashes
is slightly different. Although the data were recorded by the MSE network, the
flash name is based on the experiment for which the flash was initiated (no triggered
flashes were initiated for the sole purpose of being recorded by the MSE network)
and the order of the rocket fired during the year. For example, the flash designated
S-0105 refers to the flash initiated by the fifth rocket fired during the 2001 SATTLIF
experiment. Similarly, FPL-0208 refers to the flash initiated by the eighth rocket fired
during the 2002 Florida Power and Light experiment. It should be noted that under this
naming scheme for triggered flashes, the flash numbering is not necessarily continuous.
For example, if ten rockets were fired during the 2001 SATTLIF experiment and
shots 3, 4, and 9 resulted in lightning, then the consecutive flash designations would
be S-0103, S-0104, and S-0109. In contrast, the numbering for natural flashes is
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Table 4–1.

Flashes recorded by the MSE network in 2001.
Flash ID
Type
MSE-0101 Natural Negative CG
MSE-0102 Natural Negative CG
S-0105 Classical Trigger
S-0106 Classical Trigger
S-0107 Classical Trigger
S-0116 Classical Trigger
S-0118 Classical Trigger
FPL-0107 Classical Trigger

Date
Time (UT)
7/23/2001 (19:21:48.305)
9/5/2001 (21:51:11.864)
7/20/2001 00:05:56.355
7/20/2001 (00:12:16.142)
7/20/2001 00:17:32.523
7/27/2001 (21:56:05.300)
7/31/2001 16:53:20.897
7/27/2001 21:50:58.132

continuous since no rockets are fired in order to initiate the flashes. Flashes triggered
for the Florida Power and Light (FPL) experiment were all initiated from the 11 m
high launch tower, with the exception of one flash initiated from a mobile launcher. In
addition, one unintentional altitude trigger (rocket fired from the launch tower) attached
to Instrument Station 1. Flashes triggered for the SATTLIF experiment were initiated
from the underground launcher. Both facilities are discussed in Section 2.2.
The times given in Tables 4–1 and 4–2 are those recorded by the GPS timing
system discussed in Section 3.7, with the exception of those in parentheses, that are the
times reported by the U.S. National Lightning Detection Network (NLDN). The NLDN
is operated by Vaisala Corporation.
Table 4–3 lists several NLDN-reported parameters, including calculated location
and peak current, for the first return stroke of each natural flash recorded by the MSE
network. In addition, the calculated distance to the UF launch tower is given. Only
the information for the first return stroke reported by the NLDN is given, although
multiple strokes were often recorded by both the MSE network and the NLDN. The
unique inter-stroke interval timings were usually used to identify the flash in the NLDN
records when GPS timing was not available for the MSE data.
Along with each NLDN-reported location, there is an associated “confidence
ellipse” or “error ellipse.” This ellipse is defined as the elliptical area, centered at
the NLDN-calculated most probable location of the stroke, for which there is a given
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Table 4–2.

Flashes recorded by the MSE network in 2002.
Flash ID
MSE-0201
MSE-0202
MSE-0203
MSE-0204
MSE-0205
MSE-0206
MSE-0207
MSE-0208
MSE-0209
MSE-0210
MSE-0211
FPL-0205
FPL-0208
FPL-0213
FPL-0219
FPL-0221
FPL-0228
FPL-0246

Type
Natural Negative CG
Natural Positive CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Natural Negative CG
Altitude Trigger
Classical Trigger
Classical Trigger
Classical Trigger
Classical Trigger
Classical Trigger
Classical Trigger

Date
7/20/2002
8/4/2002
8/30/2002
8/30/2002
8/30/2002
9/15/2002
9/15/2002
9/15/2002
11/10/2002
11/10/2002
12/24/2002
7/9/2002
7/9/2002
7/19/2002
7/20/2002
7/20/2002
8/2/2002
9/13/2002

Time (UT)
(19:39:30.712)
(20:05:28.990)
18:00:44.072
18:01:37.993
18:13:55.827
20:40:59.256
20:41:30.727
21:18:14.425
(14:29:05.611)
(14:31:42.561)
18:49:58.600
16:26:10.767
16:35:05.073
21:58:05.813
20:26:32.545
20:51:42.721
00:20:15.862
19:18:14.084

probability that the actual strike point was within the ellipse. Each ellipse can be
uniquely defined by the length of its semi-major axis, its eccentricity (the ratio of
semi-major axis length to semi-minor axis length), and the angle of the semi-major
axis with respect to true north. For example, the 50% probability ellipse for the NLDN
calculated location for the first stroke of flash MSE-0204 has a semi-major axis length
of 400 m and an eccentricity of one. Hence, the 50% confidence ellipse for the first
stroke of flash MSE-0204 is a circle of radius 400 m. A circular confidence ellipse
having a relatively low (< 1 km) semi-major axis length implies that the stroke was
detected by multiple NLDN sensors at various angles. A very eccentric ellipse, having
a large semi-major axis, implies that the stroke was only detected by two sensors with
the major axis of the ellipse being oriented on a line between the two sensors. Ellipses
for any arbitrary confidence level can be calculated by scaling the semi-major axis and
semi-minor axis appropriately. The 95% ellipses (95% probability of the strike point
being inside of the ellipse) are about twice the size of the 50% ellipses. Video records
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and other data, appropriately analyzed, can most likely be used (and will be in the
future) to yield a more accurate location, but that is beyond the scope of this thesis.
Furthermore, a χ2 value is calculated for each NLDN-calculated location. In
general, χ2 is a measure of the quality of a solution, with a value of 1 corresponding
to a good solution and a value much greater than 1 corresponding to a poor solution.
In this case the solution is the set of calculated strike point coordinates. Both the error
ellipse and χ2 information are presented in Table 4–3.
Much of the above was taken from the LP2000 user’s manual, copyright Global
Atmospherics Inc.
4.2 Example Waveforms
In this section, representative waveforms from four flashes (three natural and
one triggered), recorded by the 2002 MSE, are presented. The graphics in all of the
following figures were generated by Dr. Carlos Mata, a consultant on the project.
In order to remove any DC offsets introduced by the fiber-optic links, which can be
significant, the first 100 samples of each waveform were averaged and the overall
waveform was vertically shifted by this amount.
4.2.1

Natural Flash MSE-0202

Natural flash MSE-0202 was a two-stroke positive cloud-to-ground flash that
occurred at approximately 20:05:28.990 UT on August 4, 2002. Although the NLDN
reports the strike point to be about 4 km from the UF launch tower, video records
indicate that at least one channel terminated within or very close to the network. Both
video and field records indicate two separate termination points. Specifically, the
magnetic field (measured at Stations 4 and 9) waveforms from the second stroke have
opposite polarity relative to the magnetic fields from the first stroke. This indicates that
the two strokes were on opposite sides of the magnetic field antenna at each location.
In addition, the relative amplitudes of the leader electric field changes corresponding
to the first and second strokes differ considerably at different stations. Figure 4–1

Table 4–3.

NLDN-reported
location
29.942 N 82.043
29.939 N 82.029
29.980 N 82.040
29.943 N 82.074
29.994 N 82.035
29.943 N 82.025
29.942 N 82.039
29.939 N 81.995
29.949 N 82.019
29.955 N 81.998
29.931 N 82.043
29.946 N 82.029
29.941 N 82.033

W
W
W
W
W
N
W
W
W
W
W
W
W

Calculated
distance to UF
tower (km)
1.1
0.5
4.3
4.0
0.4
0.7
0.7
3.6
1.5
3.5
1.7
0.5
0.2

50% Ellipse
semi-major
axis (km)
0.4
0.4
5.5
0.8
0.5
0.4
0.7
0.4
0.4
0.4
0.4
0.4
0.4

Ellipse
eccentricity
1.0
1.0
6.9
2.0
1.2
1.0
1.7
1.0
1.0
1.0
1.0
1.0
1.0

χ2
1
1
1
4
1
2
1
1
2
1
1
1
1

Number of
reporting
sensors
17
12
3
8
8
10
6
8
10
4
10
8
6

NLDN-reported parameters for first return strokes of natural flashes
recorded by the MSE network (Courtesy of Vaisala Corporation).

Flash ID
MSE-0101
MSE-0102
MSE-0201
MSE-0202
MSE-0203
MSE-0204
MSE-0205
MSE-0206
MSE-0207
MSE-0208
MSE-0209
MSE-0210
MSE-0211

NLDN reported
peak current
(kA)
-38.8
-27.8
-10.0
+50.7
-18.1
-39.5
-14.7
-76.7
-38.5
-48.3
-135.1
-81.4
-17.7
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Figure 4–1.

Frame of video showing the first return stroke of natural positive flash
MSE-0202. The channel is seen in the view from IS1, which faces
roughly south-west.

shows a frame of video from each of the four video camera locations, with the view
from IS1 (facing roughly south-west) showing the first return stroke of this event.
Figure 4–4 shows the recorded electric fields, magnetic fields, and optical signals
for flash MSE-0202 on an 800 ms time scale. Non-functional measurements, such
as E-10, are indicated on the figure. In addition, time 0 is set to be the trigger point
of the Yokogawa DL716 digitizer (discussed in Section 3.5.1), and hence the time
scale ranges from −200 to 600 ms. It should be noted that not much detail can be
observed on an 800 ms time scale. Nevertheless, it does provide an overall picture of
the flash. In particular, the electric field changes of the two return strokes, separated by
approximately 53 ms, are seen.
Figures 4–5 and 4–6 show the recorded electric fields, magnetic fields, and optical
signals corresponding to the first and second leader/return stroke sequences on 130 ms
and 70 ms time scales, respectively. More detail can be observed on these time scales,
but the microsecond-scale magnetic fields and optical signals are still unresolved. In
order to view the magnetic fields and optical signals clearly, a time scale that displays
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only a few tens of microseconds around the return stroke must be used. Since this
section is only intended to provide some example waveforms, the optimal time scales
for each waveform will not be shown.
Figure 4–7 shows the recorded electric and magnetic field time-derivative
waveforms for the first return stroke of flash MSE-0202 on a 10 µs time scale.
4.2.2

Natural Flash MSE-0203

Natural flash MSE-0203 was a negative cloud-to-ground flash that occurred at
approximately 18:00:44.072 UT on August 30, 2002. The electric fields, magnetic
fields, and optical signals were recorded for seven leader/return stroke sequences. The
video records indicate at least two termination points and the relative amplitudes of the
electric field changes for each stroke differ at different locations, as shown in Figure
4–8, which displays the electric fields, magnetic field, and optical signals on an 800 ms
time scale.. The Yokogawa DL716 digitizer triggered on the third leader/return stroke
sequence. The electric and magnetic field time-derivatives were recorded for only this
stroke and show many leader-step pulses. It has not yet been determined which return
strokes in the electric and magnetic field records correspond to which termination
point.
As with flash MSE-0202, the details of the waveforms are hard to discern on this
time scale, but these waveforms are only intended to be for survey purposes. Both of
the optical waveforms show severe negative DC offsets which result in only the peaks
of the waveforms being discernible for some of the return strokes, with the rest being
completely unresolved.
Figure 4–2 shows a frame of video from each of the four camera locations.
A faint channel can be seen in the view from IS3, which faces roughly south-east.
However, in other frames, a poorly resolved channel can be seen in another location.
An extensive analysis of the video has not yet been performed.
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Figure 4–2.

4.2.3

Frame of video showing a channel from natural negative flash MSE-0203.
The channel is seen in the view from IS3, which faces roughly
south-east. The corrupted image seen in the view from IS4 is due to
electromagnetic interference from the lightning.

Natural Flash MSE-0205

Natural flash MSE-0205 was a negative cloud-to-ground flash that occurred at
approximately 18:13:55.827 UT on August 30, 2002. The electric fields, magnetic
fields, and optical signals were recorded for four leader/return stroke sequences while
the electric and magnetic field time-derivative signals were recorded only for the first
return stroke. The video records possibly indicate two termination points, although
the lightning is poorly resolved due to the rain and reflections on the windows in front
of the cameras. Figure 4–3 shows a frame of video from each of the four camera
locations. The channel can be seen in the views from IS3 and IS4, which face roughly
south-east and east, respectively. In the previous frame, a channel can be seen in the
view from IS2, although it is not yet clear whether it is the same channel seen from
IS3 and IS4. As with flash MSE-0203, an extensive analysis of the video has not yet
been performed.
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Figure 4–3.

Frame of video showing natural negative flash MSE-0205. The channel
is seen in the views from IS3 and IS4, which face roughly south-east and
east, respectively.

Figure 4–9 shows the recorded electric fields, magnetic fields, and optical signals
for flash MSE-0205 on an 800 ms time scale. One of the termination points was
apparently very close to Station 4 since the electric field measured there saturated at
approximately −55 kV m−1 . As with flash MSE-0203, the optical waveforms show
severe negative DC offsets which result in only the peaks of the waveforms being
discernible.
Figure 4–10 shows the recorded electric and magnetic field time-derivative
waveforms for the first return stroke of flash MSE-0205 on a 10 µs time scale.
4.2.4

Triggered Flash FPL-0205

Flash FPL-0205 was an unintentional negative altitude-triggered flash (rocket
launched from the 11 m launch tower) that was initiated at approximately 16:26:10.767
UT on July 9, 2002. This was the first flash recorded by the 2002 MSE network. Four
return strokes attached to IS1, which is adjacent to the Launch Control Trailer. A
frame of video showing this event is shown in Figure 3–39 in Section 3.6 and a still
photograph (exposed over several seconds) is shown in Figure 2–7 in Section 2.1.2.2.
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Figure 4–11 shows the recorded electric fields, magnetic fields, current waveforms,
and optical signals for flash FPL-0205 on an 800 ms time scale. Only a few electric
and magnetic field time-derivative waveforms functioned properly and these are poorly
resolved. This is because the problems with the system were still being worked out and
the optimal attenuation settings and digitization rates had not been found yet. These
waveforms will not be presented here.
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Recorded electric fields, magnetic fields, and optical signals for natural
positive flash MSE-0202 on an 800 ms time scale.
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Figure 4–4.
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Recorded electric fields, magnetic fields, and optical signals for the first
leader/return stroke sequence of natural positive flash MSE-0202 on a
130 ms time scale.
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Recorded electric fields, magnetic fields, and optical signals for the
second leader/return stroke sequence of natural positive flash MSE-0202
on a 70 ms time scale.
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Figure 4–6.
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Recorded electric and magnetic field time-derivative waveforms for the
first return stroke of natural positive flash MSE-0202 on a 10 µs time
scale.
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Recorded electric fields, magnetic fields, and optical signals for natural
negative flash MSE-0203 on an 800 ms time scale.
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Figure 4–8.
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Recorded electric fields, magnetic fields, and optical signals for natural
negative flash MSE-0205 on an 800 ms time scale.
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Figure 4–9.
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Recorded electric and magnetic field time-derivative waveforms for the
first return stroke of natural negative flash MSE-0205 on a 10 µs time
scale.

0
20

dB/dt − Station 1 NS loop
5

kV/m/us

Figure 4–10.
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Recorded electric fields, magnetic fields, current, and optical signals for
negative altitude-triggered flash FPL-0205 on an 800 ms time scale.
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CHAPTER 5
RECOMMENDATIONS FOR FUTURE RESEARCH
The work presented in this thesis represents a first step in obtaining a clearer
picture of the physics of natural lightning using the MSE network at the ICLRT. The
data obtained thus far, samples of which are presented in Chapter 4, and future data
will require years of work to analyze fully, both for the author as part of his Ph.D
dissertation and for graduate students that follow him. In addition, as with most
research endeavors, these new data, while providing some answers, will likely raise
many new questions.
Several changes to the MSE should be implemented, which would significantly
increase the quality of the recorded data. First, the bandwidths and digitization rates
of the electric field, magnetic field, and current measurements should be increased.
If the bandwidths of the measurements are increased, faster rising signals can be
recorded. This would require purchasing a new digitizer that has a higher bandwidth
and digitization rate than the Yokogawa DL716 (described in Section 3.5.1) but also is
capable of recording record lengths on the order of one second for at least 16 channels
simultaneously. In addition, as described in Section 3.3.1.3, the operating range of the
electric field integrating capacitors is currently limited to about 5 MHz. Therefore, this
limitation would have to be addressed before increasing the bandwidth of digitizer.
Similarly, the bandwidth of the magnetic field antennas, currently limited to about
4 MHz would have to be increased, possibly by using a smaller antenna.
Calibrated outputs for the optical detectors (described in Section 3.3.3) would
provide extremely useful information regarding the relationship between the current,
magnetic fields, and optical output of the lightning channel.
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No time-derivative measurements have been obtained for natural subsequent
strokes. Unlike the electric and magnetic field measurements, a separate trigger
signal from the optical detectors is required to record each individual return stroke
from the derivative measurements. This limitation is due to the segmented memory
configuration of the digitizers, as discussed in Sections 3.5.2 and 3.5.3. The lack of
time-derivative measurements from subsequent return strokes is presumably due to the
relatively low (about a factor of two lower) peak currents (and hence light output) of
subsequent return strokes relative to those of first strokes. The subsequent strokes’
optical output was apparently lower than the trigger threshold of the system. It should
be noted that the MSE did trigger on several classical rocket triggered events, which
contain return stroke peak currents similar to those in natural subsequent strokes.
It is speculated that the reason the MSE triggered on these events is because the
launching locations were well within the boundary of the network, and easily within
the view of both optical detectors. In contrast, several natural events recorded are
believed to be near the boundary of the network, and thus not in a very good view
of at least one of the optical detectors. While the optical signal from a first return
stroke could be bright enough to overcome this problem, the signal from a subsequent
stroke may not have been. In addition, branching is common in natural lightning, and
hence it is possible that the first and subsequent strokes terminated at different points
on ground with the location of the subsequent stroke being outside the boundary of
the network. Furthermore, even in the triggered-lightning case, not all strokes were
recorded by the system, despite their favorable location. Therefore, it is recommended
that the sensitivity of the triggering system be increased in order to hopefully
raise the probability of recording the electric and magnetic field time-derivatives
from subsequent strokes in natural lightning. Obviously, the disadvantage of this
modification is that the probability of triggering on an unwanted event, such as a
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bright cloud discharge, is increased, thus disabling the system for a time period when a
wanted cloud-to-ground flash could occur within the network.
It would be beneficial to install Opticomm MMV-120C fiber-optic links (discussed
in Section 3.4.1) at all measurement locations and to eliminate the Nicolet Isobe and
Meret links from the system. This would ensure that all parameters were measured as
uniformly as possible. In addition, the Meret links, used in the dB/dt measurements,
tend to be noisy and are AC coupled, both features being undesirable. The chief
advantage of the Meret links is that each unit has a built-in differential preamplifier, as
discussed in Section 3.4.3. If these links were replaced with Opticomm links, separate
differential preamplifiers would have to be built.
The video records, in general, provide useful information regarding the approximate
location and geometry of the lightning channel. However, as discussed in Section 3.6,
the video system was not automated in 2001 or 2002, and hence no video was recorded
for several events. Unfortunately, without good video, exact locations are impossible to
determine. Therefore, a system to automate the video was developed in late 2002, and
will be integrated into the MSE during the summer of 2003.
Furthermore, the addition of several thunder sensors to the network could
potentially provide acoustic time-of-arrival information for channel location and
geometry reconstruction, although it may not be accurate enough.
At the time of this writing, the MSE is still operational at the ICLRT facility
under the 2002 configuration, as described in this thesis. While continuing to record
data from natural lightning, the lightning research group is developing an experiment
to completely characterize the initial stage (or wireburn phase) of rocket-triggered
lightning. This experiment involves measuring the current, electromagnetic fields,
and optical signals from the initial stage as well as using an extremely high speed
(nanosecond resolution) camera to record the destruction of the triggering wire.
Moreover, the MSE will be involved in continuing the work of detecting high-energy
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radiation from both natural and triggered lightning, as described in (Dwyer et al. 2003).
Also, the MSE will be involved in an experiment to characterize lightning induced
effects on a vertical distribution line.
Finally, as noted in the first paragraph of this section, the network is expected to
provide the data over the next year or two that will be analyzed as part of the author’s
Ph.D dissertation.
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