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Abstract

Bounded-wave NEMP simulators cannot accommodate a full-scale warship and the conventional radiat-
ing alternative, a large monocone, cannot deliver sufficient field strength at acceptable homogeneity over
the testing surface. This thesis investigates an unconventional architecture for radiated NEMP hardness
validation of large naval platforms: a timed array of directive, ultra-wideband radiators that deliberately
trades full-platform illumination for local higher field strength and better homogeneity.

Starting from the NEMP standards, a set of field-strength, homogeneity and timing requirements is dis-
tilled, which may be interpreted as design specifications. The monocone baseline (EMIS-III-VPD) is char-
acterised and shown to meet none of the three criteria, achieving only 1.28 kV/m peak field, roughly
10 dB amplitude inhomogeneity and 138 ns of peak-time spread across a testing surface of 200 m x 50
m at 100 m distance.

The design process is started by evaluating candidate antenna concepts that are all at least ultra-wideband
and non-dispersive. It is revealed that directivity is the enabling factor for antennas in radiated NEMP
testing, resulting in the reflector IRA to be selected as element in the array. Subsequently, this antenna
is modelled at three scales in a full wave-solver, exposing the trade-off between aperture size and low-
frequency operating limit. Using results from the full-wave solver, the array is synthesized and optimized
in MATLAB using a multi-objective genetic algorithm. This was done over a far-field model anchored to
the outcome from the full-wave solver, reducing runtime significantly. With peak field strength imposed
as a minimum, the amplitude and timing homogeneity could be minimised simultaneously.

A single 12.2 m IRA fed at 500 kV radiates 4.5 kV/m. An optimised four-element array reaches 9.6 kV/m
peak at 0.56 dB inhomogeneity and 1.06 ns peak-time spread over a 10�10 m surface at 100 m distance.
The array is therefore a peak-field multiplier rather than a means of improving homogeneity: the single
antenna is the most uniform configuration of any studied, and optimisation only recovers near-single-
antenna uniformity up to a ceiling of roughly 9 kV/m, beyond which it degrades steeply. The 50 kV/m
of the standards is unreachable by this approach, since the feasible element counts and feed voltages
required are impractical and the binding limits, aperture size and voltage breakdown, lie outside the
array. This contribution is not a finished simulator but a quantified baseline, and bounds on what a
radiated NEMP test of a large platform can realistically achieve, as well as a framework within which
future work may proceed from.
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Preface

The project you hold in your hands (or more likely: on your screen) is my thesis to obtain the master’s
diploma in electrical engineering from the TU Delft. This project spans about 8 months, having started
at the beginning of November 2025 until the defence at the end of June 2026, and is worth 45 ECTS. In
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need for the existence of this research work.

Here, I want to take the time to thank Peter, who was my daily supervisor at TNO. It was also based upon
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particular, has also kept me motivated throughout this project. His wisdom and clarity has been invalu-
able to keep this work grounded and continuously aimed in the right direction. Thank you Peter!

Next, I would also like to take the time to thank Mario, who after being asked just one question on NEMP
over a cup of coffee decided that despite his busy schedule, he also wanted to guide a master’s student.
His knowledge on computational EM-solvers and the meticulousness with which he could read my work
has been of great value to the project.

Finally, I want to thank Professor Yarovoy. He was the university supervisor with whom I met monthly.
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new perspective. On numerous occasions this has led to significant improvement on the quality of the
work, specifically in the representation of results obtained throughout.

I hope this work may prove useful to you.
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Chapter 1

Introduction

1.1 The Nuclear Electromagnetic Pulse

An exoatmospheric nuclear detonation causes an extreme electromagnetic (EM) environment referred to
as a Nuclear Electromagnetic Pulse (NEMP). A component of this environment is extremely wideband,
in some literature jestingly referred to as ”DC-to-daylight,” and of very high intensity. Furthermore,
the NEMP illuminates anything in line-of-sight, which could be in the scale of entire continents. The
wideband nature in combination with the high intensity makes NEMP a danger to all objects containing
delicate electrical equipment, as the NEMP may induce currents and voltages on any electrically conduct-
ing surface much higher than safe operating limits [1]. This may cause large scale destruction or upset
of electrical equipment if measures are not taken to protect against it.

A NEMP event contains three components: the early-time (E1), intermediate-time (E2) and late-time
(E3) components. All three components of NEMP are caused by different mechanisms and are different
in nature. The late-time component is similar in nature to a geomagnetic storm, lasting up to minutes.
The long duration of this component means the pulse only contains the very lowest frequencies, meaning
this is mainly a threat to extremely long objects, such as national power grids. To smaller objects this
component is relatively harmless as the object size is signi�cantly shorter than the shortest wavelength.
The E2 component lasts microseconds and is similar in nature to lightning electromagnetic pulse (LEMP).
This component is therefore harmless when proper measures to protect against LEMP have been taken.
It is the E1 component, which lasts nanoseconds and hence contains an ultra wide bandwidth (UWB),
that is most threatening to smaller objects [1]. This is the component of NEMP that is the focus of this
thesis. When referring to NEMP in the remainder of this thesis, the E1 component is meant.

A NEMP is caused by the gamma rays that are emitted by a nuclear detonation. When this detonation
occurs outside of the atmosphere, the gamma rays can travel inde�nitely. A portion of this expanding
shell of photons will strike the atmosphere, which is of increasing density closer to the Earth's surface.
As the density increases, the chance of a collision between a photon and an electron orbiting an air par-
ticle increases. Such a collision knocks the electron out of its orbit and releases it to travel in roughly
the direction the photon was travelling in, a process referred to as Compton Scattering [1]. A region
of air at approximately 30 �6 kilometres altitude, within line-of-sight of the burst, is the region of air
in which most of the photons are absorbed by the scattered electrons. This region is referred to as the
source region of NEMP [2]. Under in�uence of the Earth's magnetic �eld these electrons will coherently
be bent off their original path. This constitutes a varying electric current, which causes electromagnetic
radiation. A NEMP is signi�cantly more potent when caused by an exoatmospheric detonation because
the electrons are generated in a less dense layer in the atmosphere, which allows them to travel further
before slowing down and being reabsorbed by air particles, and hence generate an more intense pulse.
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1.2 NEMP Hardness Validation Testing

Military equipment is designed with the threat of NEMP in mind. The ability to withstand a NEMP event,
in other words to continue functioning during such an event, is referred to as hardness, which can be
seen as the opposite of susceptibility. Note that hardness is not equivalent to immunity, in the sense that
a military platform may still be considered NEMP hard despite experiencing signi�cant disturbance and
upset during and after a NEMP event. Designers will have speci�ed that mission-critical equipment must
survive with minimum upset, despite other, less critical equipment being heavily disturbed or even de-
stroyed. When new military equipment is procured, the NEMP hardness (speci�cally the damping effect
of the outer shells) is set in a requirement by a ministry of defence. A supplier of military equipment will
deliver its product claiming it is NEMP hard, but it is generally up to the ministry of defence to validate
this hardness.

NEMP hardness validation can occur through several methods which instil varying levels of con�dence
in users. It is eventually up to the users of the equipment to decide when they are suf�ciently con�dent
that their equipment will function during and after an NEMP event. A simple method of NEMP hardness
validation is an injected cable test, in which the waveform that would be coupled into a certain cable
is calculated and injected into that cable. This requires the calculation of the coupling mechanics into a
certain cable with suf�cient accuracy, which is not trivial. Furthermore, for complex and large objects
such as aircraft or warships this is laborious. An alternative is a radiated test, in which the NEMP pulse
is recreated and the device under test (DUT) is illuminated by it. When done properly this test is more
accurate than a cable injector test, as it encapsulates all effects of a NEMP event, which cannot all be
accounted for or predicted in cable injection tests.

However, the design of a good NEMP validation test is not trivial. Since the discovery of the potential of
NEMP in 1962 [3], there have been many NEMP simulator designs. The main requirements for proper
NEMP hardness validation is that the �eld-strength, homogeneity and the temporal �delity are suf�cient.
It is currently impossible to achieve all three requirements at the same time, as certain metrics may be
locked in a trade-off with other metrics. As such, a choice must be made to prioritise one at the cost of
another metric. Balancing these trade-offs is the reason why NEMP validation testing is still a topic of
scienti�c relevance to this day, and a perfect NEMP simulator is yet to be invented. The balancing of such
trade-offs will be a recurring theme in this thesis.

There are three types of NEMP tests in which electromagnetic energy is radiated: a bounded wave simula-
tor, a hybrid simulator and an unbounded (in literature referred to as radiating) test [4]. In an unbounded
simulator the DUT is placed within line-of-sight of the simulator, characterised by its antenna, and illumi-
nated by it. In a bounded simulator, the de�ning difference is that the DUT is placed inside the simulator,
and the simulator acts as a waveguide that contains a wave propagating in TEM mode. A bounded wave
simulator can only generate a vertically polarized wave. To generate a horizontally polarized wave in
a bounded wave fashion, a hybrid simulator was designed. This simulator also has the DUT contained
inside the simulator, but operates on more complex mechanics that are outside of the scope of this thesis.
A bounded-wave simulator and a hybrid simulator are shown below in �gure 1.1

(a) A Leopard II placed in a bounded wave NEMP
simulator owned by the Bundeswehr [5] (b) A hybrid NEMP simulator sold by Montena [6]

Figure 1.1: Examples of a bounded wave and hybrid simulators
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No perfect simulator exists, but the NEMP simulator concept that best balances the trade-offs is the
bounded wave simulator, in which a simulated NEMP pulse is generated at one end, travels in TEM mode
along the length of the simulator and is terminated at the other end. The bounded nature of the simulator
means that high �eld strength can be achieved at acceptable levels of �eld homogeneity and time domain
�delity. Furthermore, almost no electromagnetic energy is radiated on devices not under test, meaning
the test can practically be achieved without requiring remote locations.

A problem with this type of NEMP simulator is it quickly becomes impractical for larger military plat-
forms, as this type of simulator must be approximately three times larger than the DUT. This can be seen
in �gure 1.2, which shows a bounded wave simulator suspended under an existing bridge. This was a
proof-of-concept developed with TNO's involvement (along with counterparts in the UK and Norway) in
the 90s and it illustrates well that despite the enormous size of the simulator, the maximum size of the
DUT is relatively small. A bounded wave simulator might be ideal, but for larger platforms it is unfeasible
for practical implementation. For the same reason a hybrid simulator is not feasible.

Figure 1.2: A bounded wave simulator suspended under a bridge [7]

For larger military platforms, such as military shelters, large aircraft or warships, only an unbounded
(radiating) NEMP simulator remains feasible. The nature of radiating such a wave in an unbounded
manner into free space makes achieving the required �eld strength, homogeneity and temporal �delity
challenging, more so than with bounded wave simulators. The most common recent method used to val-
idate NEMP hardness was to use a large monocone, effectively half of a biconical antenna placed above
a conducting surface. The main problem with this design is the lack of directionality: this antenna is
omnidirectional in the horizontal plane. This means homogeneity will only be achieved at very large
distances from the antenna, which in turn means the �eld strength cannot be achieved. In fact, the lack
of directionality means the required �eld strength will not be achieved by such an antenna at any signif-
icant distance without exceeding the air breakdown limit of 3 MV/m at the radiator feed point. Hence,
the tests of the past did not achieve suf�cient �eld strength, homogeneity or temporal �delity to instil
suf�cient con�dence in users in the modern day. There is a desire to develop a new NEMP hardness
validation method that improves the level of con�dence the users will have in their systems. The goal
of this research is to improve upon existing methods to validate the NEMP hardness of warships in the
Royal Netherlands Navy (RNLN).
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1.3 Research Questions

With the two main conventional methods for NEMP hardness validation testing (which are the bounded-
wave test and the radiated test using a monocone architecture) exhausted, this thesis explores whether
an unconventional method may provide better results. This may be seen as both a feasibility study, after
which a substantiated claim can be made as to whether or not this unconventional method is worth fur-
ther research, and as a framework within which future work may be done.

This thesis explores whether the use of a time-domain antenna array focused on a limited surface area can
provide better performance than the monocone antenna used until now. An array will introduce at least
some directionality, which should make reaching the �eld strength and homogeneity requirements more
straightforward. Furthermore, splitting the generation of such a pulse across several radiators means the
air breakdown limit will not be reached as quickly. It is envisioned that the array will use its improved
directionality to illuminate a surface area of limited size, as opposed to illuminating the entire ship. This
introduces a fault in the test (there are no perfect simulators) as effects that occur when the entire DUT
is illuminated will no longer be addressed. Already, this presents a trade-off: decreasing the illuminated
surface area increases the �eld strength across that surface area, while the homogeneity across the entire
DUT is reduced. The research questions that this thesis will address are:

To what extent can a timed array of directive, ultra-wideband radiators serve as a feasible radiated NEMP
hardness validation method for large naval platforms?

To answer this question, and to structure this thesis, the following supporting questions are asked:

• What performance does the existing mono-cone baseline achieve, and can full-surface illumination
of a large platform meet these criteria?

• Which ultra-wideband, non-dispersive radiator is best suited as an array element, and what trade-
off governs its performance?

• How closely can a timed array of these elements satisfy the �eld-strength, homogeneity and timing
criteria simultaneously, and what bounds that performance?

The intended novelty of this project is the use of a timed array of directive elements for the purpose
of NEMP hardness validation. Furthermore, it is the �rst publicly available source detailing the design
process from standards to selection of antenna concept to optimization and quanti�cation of the array
performance. Besides the �ndings of this work, it also provides a framework within which future work
may be structured.

1.4 Structure of the thesis

The next chapter in this thesis describes the desired waveform. In this chapter the NEMP waveform as
described in unclassi�ed standards is highlighted, and from it all radiated waveform requirements for any
NEMP simulator are distilled. The conclusion of this chapter is a list of characteristics the �eld radiated
by the array will have at the testing surface.

In chapter 3 the monocone antenna used in previous NEMP validation campaigns for RNLN warships are
described. An estimation of their performance is made, as there are limited public sources describing
their performance. The estimated performance of the monocone will be used as the baseline of this the-
sis; any results made in this thesis will be compared to the baseline.

Chapter 4 uses the NEMP waveform as described in chapter 2 to generate a list of potential antenna
concepts. The main quality of these antenna concepts is that they are non-dispersive and ultra-wideband
(UWB). These antenna concepts are brie�y introduced after which they are compared and contrasted
based on the requirements set in chapter 2. One antenna concept is selected in this chapter and will
eventually serve as the antenna element in the timed array.
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In Chapter 5 the antenna concept selected in chapter 4 is modelled in a full-wave electromagnetic solver.
Speci�cally, three models are made that are scaled versions of each other such that the fundamental
trade-off with radiated NEMP simulators is highlighted: the choice between antenna practicality (de�ned
by its size) and the low frequency operating limit. The results of this model are brought into Chapter 6,
where the array will be designed.

The array is designed in chapter 6 using results obtained from chapter 5. First, a manually synthesized
array is presented, as that gives insight into the performance drivers and trade-offs at play in the design
of an antenna array for NEMP testing purposes. Then the antenna element layout, aiming points, timing
delay and feed amplitude are varied such that the homogeneity is optimized over the testing surface.

From all the results gathered, Chapter 7 synthesizes the key results of this thesis. Here, the main quali-
tative takeaways are distilled and presented. Furthermore, the main caveats and assumptions that come
with these results are mentioned again. Finally, potential future work is presented in that chapter. Chap-
ter 8 contains the �nal conclusion of the thesis.
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Chapter 2

Desired Waveform

Designing a NEMP simulator from scratch starts with de�ning the desired EM environment that the
simulator will reproduce. The primary criterion for assessing the suitability of an antenna concept is how
accurately it can reproduce a NEMP-like pulse in free space. Such pulses are de�ned in standards such
as the IEC 61000-2-9 [18] and related speci�cations that describe the temporal shape and amplitude
of the E1 environment. In addition to waveform �delity, other important criteria include the practical
feasibility of the antenna concept, particularly with regard to repeatability of tests and the availability
of an existing design that can be further developed or adapted within the scope of this research. In
this section the primary criterion, the desired waveform, is described. The description provided by the
standards requires further distillation because the standards leave room for interpretation by the designer
of a simulator. At the end of this chapter a concise list of requirements for the desired EM environment
to be generated by the time domain array is given.

2.1 Waveform as de�ned by NEMP standards

IEC 61000-2-9 is a civilian standard that de�nes a standardized electromagnetic environment caused by a
nuclear detonation at high altitude and it includes all three components of NEMP. Its goal is to ensure that
all NEMP hardening and veri�cation activities are based upon a consistent and traceable threat de�nition.
A military standard also exists, MIL-STD-2169 [32], but it is classi�ed and hence not suitable for use in
this project. This project is only interested in veri�cation of hardness against the E1 component of NEMP,
which is described by a double-exponential (DEXP) waveform.

2.1.1 Time domain

The DEXP listed by the IEC has the following form [44]:

E(t) = E 0k(e��t � e ��t )u(t � t 0) (2.1)

In this equation, E(t) gives the instantaneous electric �eld strength in V=m at time t in s, E 0 gives the
maximum electric �eld strength in V=m and k is a dimensionless scaling factor to ensure the difference of
exponentials reaches the desired maximum. Furthermore, � is the decay time constant and � is the rise
time constant both in s�1 . Finally, u(t) is a step function with time shift t 0. The IEC 61000-2-9 standard
de�nes the following values for these parameters:

Table 2.1: IEC 61000-2-9 de�ned values for parameters of the DEXP [18]

Parameter Meaning Value

E0 Peak electric-�eld amplitude 50 kV/m
� Decay time constant 4 � 10 7 s�1

� Rise time constant 6 � 10 8 s�1

k Normalisation factor 1.3
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The peak electric �eld amplitude of 50 kV/m is unattainable for a single MSc project. However, a peak
�eld strength that is too low will not invoke some protection measures on the DUT, which makes testing
much less insightful considering the non-linear nature of such protection measures. In this thesis the goal
is to achieve 5 kV/m in such a way that increasing the goal �eld strength is still possible in later research.

Filling in the values from table 2.1 into equation (2.1) gives the complete NEMP standard represented by
a DEXP. It is visualised in �gure 2.1. This �gure shows the temporal distribution of E-�eld strength of the
pulse. Markings are added at 10%, 50% and 90%, to aid in the visualisation of two metrics commonly
used to describe such a transient pulse.

Figure 2.1: Visualisation of the standard NEMP DEXP waveform

The �rst of these metrics is the rise time, commonly described by the rise time from 10% electric �eld
strength to 90% electric �eld strength, denoted by t 10%�90% . Evaluating the rise time gives:

t10%�90% = 2:5 ns � 0:5 ns (2.2)

The tolerance bound follows from MIL-STD-461 RS105 [34], a publicly available source on NEMP testing
procedures that references MIL-STD-2169 [32] for the environment. The description of the environment
in MIL-STD-461 RS105 [34] is equal in metrics to the pulse de�ned by the IEC [18], which implies the
IEC de�nes the same pulse as the MIL-STD-2169 [32] and hence allows taking the tolerance bound from
MIL-STD-461 RS105 [34] for this thesis.

The second metric is the pulse duration, which is de�ned as the time taken between the pulse passing
the 50% of peak-�eld point during its rise and its decay. This is called the Full Width Half Maximum
(FWHM). Measuring this from the �gure gives:

tF W HM = 23 ns � 5 ns (2.3)

The tolerance bound is once again taken from MIL-STD-461 RS105 [34].
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2.1.2 Frequency domain

The frequency content of the DEXP is also of interest. In order to quantify the spectral density of the
DEXP, the Fourier Transform of the DEXP must be taken. The Fourier transform of the DEXP is given
by [44] as:

E(j!) = E 0
� � �

(j! + �)(j! + �)
(2.4)

At very low frequencies, the magnitude spectrum is roughly �at; there is an equal amount of energy
contained at all low frequencies. At low frequencies, the parameters � and � are signi�cantly larger than
j!, meaning there is negligible frequency dependence in the magnitude spectrum at low frequencies. As
there are two time parameters de�ning the DEXP, � and �, there are two in�ection points in the mag-
nitude spectrum. These de�ne three regions: the low-, intermediate-, and high-frequency region. The
in�ection points de�ning these areas are de�ned in [44] as :

f 1 =
�
2�

=
4 � 10 7

2�
� 6 MHz (2.5)

f 2 =
�
2�

=
6 � 10 8

2�
� 100 MHz (2.6)

The low-frequency region is de�ned as f < f 1, the intermediate frequency region as f1 < f < f 2 and
the high frequency region as f2 < f . At these in�ection points the magnitude starts to roll-off because
j! becomes of signi�cant size compared to � at f 1 and � at f 2. In the intermediate frequency region the
magnitude rolls off with a factor 1=!, in the high frequency region the magnitude rolls off with 1=! 2 [44].
This is visualized in �gure 2.2, which shows the magnitude roll-off from 1 kHz to 100 GHz:

Figure 2.2: Visualisation of the standard NEMP DEXP magnitude spectrum

It is impractical to create an antenna that ef�ciently radiates the entire spectrum of the DEXP, especially
considering the bandwidth it covers. Hence, for a practical NEMP hardness validation, the spectrum of
interest must be de�ned. De�ning the upper bound is trivial because of the 1=! 2 roll-off of spectral con-
tent at higher frequencies. At some point, the spectral magnitude will be of suf�ciently low power that
it is considered harmless. For the purposes of this thesis, the 1 GHz mark is chosen, at which point the
spectral density is a factor 10�3 W/Hz lower than the baseline level before the roll-off.

The lower bound of the spectrum of interest requires more attention and thought, as it is determined
by the (DUT). The relevant question is which longest wavelength could ef�ciently couple into the DUT.
Radiative coupling mechanisms are complicated and dif�cult to accurately predict for a complex object
such as a ship, which is part of the reason why practical radiated testing is chosen over simulation or
cable injection. Hence, the answer to this question is non-trivial and worthy of a thesis on its own.

8



To answer this question, numerous expert opinions have been gathered. The general consensus is that
realistically speaking the longest external wiring will be no longer than approximately 30 meters. Fur-
thermore, the largest resonant structures on a ship, such as the bridge and the hangar, which act as
cavities, are also no larger than approximately 30 meters. From this number the lower bound of the
relevant frequency content must be distilled.

To determine the lower bound of the spectrum of interest from the largest resonant structures and longest
external cables it is useful to look at the radiation ef�ciency of dipole antenna with respect to wavelength.
The dipole may serve as a useful analogy. A 30-meter-long cable being illuminated by a NEMP pulse will
behave like a 30 meter long dipole antenna, which will give insight into which frequency components
ef�ciently couple into the antenna [63]. It is known that a half-wavelength dipole is most ef�cient, but
that around that frequency the antenna will still receive EM energy. Most notably at a quarter wavelength
the antenna is equally ef�cient to a half-wavelength dipole if it is placed on an electrically conducting
plane. The lower bound for antenna ef�ciency is once the antenna becomes electrically small, generally
speaking when the wavelength is 10 times longer than the dipole. Hence, if the longest component of a
ship at risk for coupling is 30 meters long, the longest wavelength that could couple into the object is 10
times longer, hence 300 meters or 1 MHz. The frequency spectrum of interest in this thesis is 1 MHz to 1
GHz.

To solidify the choice for the chosen frequency spectrum it is useful to look at previous NEMP testing
facilities and the frequency content they de�ne. IEC61000-4-32 [10] is a NEMP simulator compendium
containing speci�cations of many existing and previous NEMP simulators, which is a useful source in this
part. It does not provide an exact number for frequency range, but from the general dimensions of the
antenna an estimate of the lower operating frequency bound can be made. Many NEMP simulators seem
to ef�ciently operate starting from 10 MHz, which is a 30 meter wavelength. If the intended DUT of
these simulators is 10 times smaller than what is intended here, it is a sound assumption that the desired
frequency content should start 10 times lower.

Support is found in [62], which lists 100 kHz to 1 GHz as the frequency spectrum of interest for NEMP
hardness validation testing on power facilities with a maximum DUT external cable length of 100 meters.
At a different scale this report used an identical calculation. The Metatech report [1], which focuses on
the NEMP impact on the power grid (without listing a size of the DUT), uses 1 MHz to 100 MHz as the
relevant frequency spectrum. No other sources were found explicitly stating the operating range of a
NEMP simulator, likely because they are classi�ed.

For further validation of this choice the standard NEMP environment may be consulted. NEMP standards
are not to be treated as equivalent to NEMP simulator speci�cations [21], but they may provide insight
into whether the chosen frequency range is appropriate to the actual NEMP environment. The IEC61000-
2-9 standard [18] states that 96% of NEMP energy is contained in the 100 kHz to 1 GHz range. The
NATO AECPT 250 [64] states that 70% of NEMP energy lies in the 1 MHz to 1 GHz range. Hence, ac-
cording to the standards the chosen frequency spectrum contains a signi�cant amount of the total energy
contained in a NEMP. Evidently, the 100 kHz to 1 MHz band contains signi�cant energy, but at such long
wavelengths it is likely harmless to the DUT. The omission of this band will introduce some form of error.
The chosen frequency band of 1 MHz to 1 GHz however still contains 70% of the total energy in a NEMP.

MIL-STD-461 [34] lists that the generated frequency magnitude must deviate by no more than 10 dB
from the theoretical NEMP spectral magnitude as shown in �gure 2.2. This number will also be used in
this thesis.
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2.1.3 Frequency limitation and time domain reconstruction

Setting the desired frequency spectrum to just a portion of the pulse means the radiator that is to be
designed will only have to radiate a limited spectrum; from 1 MHz to 1 GHz. In effect the radiator will
behave as a band-pass �lter (BPF). Such an alteration to the pulse in frequency domain will in the time
domain. To visualize the impact of limiting the pulse spectrum, a BPF has been applied to the original
pulse in frequency domain. This was done with a perfect BPF (with perfectly sharp cut-off frequencies).

This has been expanded upon with several additional visualisations run at higher lower-frequency limits
of the BPF. This was done with the UWB nature of this design in mind, in which the lower limit of the
desired waveform is the most critical. As a rule of thumb, antennas must be roughly as large as half their
longest radiated wavelength. With a 1 MHz lower limit, this means an antenna height of at least 150
meters for ideal radiation, which may prove challenging in obtaining practical implementation. Hence,
to visualise the trade-off in increasing the lower limit of the bandwidth, lower limits of 5 MHz, 10 MHz,
20 MHz, 50 MHz and 100 MHz have been added to this script.

The time domain reconstructions of the pulse with a BPF in the frequency domain is shown below in
�gure 2.3.

Figure 2.3: Reconstruction of time domain pulse after BPF in frequency domain

Figure 2.3 shows the reconstructed waveform within the �nite observation window. The applied band-
pass �lter is implemented as an ideal, real-valued, symmetric frequency mask. Such a �lter is not phys-
ically causal because its impulse response is necessarily two-sided in time and can produce pre-ringing.
To prevent these non-causal artefacts from contaminating the reported time-domain metrics, the �ltering
is performed on a strongly zero-padded FFT grid and the inverse-FFT result is truncated back to the origi-
nal record length, ensuring that any wrap-around or pre-echo components are shifted outside the plotted
window and excluded from all subsequent numerical evaluations.

The most striking feature of the reconstructed signals that have had a BPF applied to them is the ringing,
which is an artefact of the perfect BPF in the frequency domain. Realistically, an antenna would not
behave as a perfect, 'brick wall,' BPF, but it would have a smoother roll-off. This would reduce, but not
eliminate ringing as the BPF �lters out the DC-component of the pulse, which also causes ringing. This
causes the reconstructed pulses to be equal in magnitude on the positive and negative side, which is part
of the cause of the ringing. Furthermore, this feature of the reconstructed pulses means that they can
realistically be radiated, as there is no DC-component.

What also stands out in the reconstructed pulses is that their peak �eld strength amplitude is lower,
reducing the peak �eld and shortening the rise time and decay time. This is a natural consequence of
�ltering out a portion of the pulse that contained energy. The parameters of the reconstructed pulses are
laid out in table 2.2 on the next page.
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Table 2.2: Effect of ideal band-pass �ltering on DEXP pulse energy, �uence, rise-rate, and time-domain
metrics

BPF range Energy retained Fluence max(dE=dt) Peak �eld Rise time FWHM
(MHz) (%) (J/m 2) (kV/m/ns) (kV/m) (ns) (ns)

0.1–1000 96.85 1:109 � 10 �1 30.85 49.59 2.453 22.729
1–1000 81.70 9:354 � 10 �2 30.84 46.84 2.409 21.295

3.01–1000 70.00 8:015 � 10 �2 30.57 41.09 2.343 18.600
5–1000 41.39 4:740 � 10 �2 30.75 36.87 2.285 16.176

10–1000 20.95 2:399 � 10 �2 30.40 29.54 2.118 12.138
20–1000 8.42 9:640 � 10 �3 29.35 22.04 1.783 8.050
50–1000 1.92 2:201 � 10 �3 26.04 13.09 1.290 4.226
100–1000 0.45 5:106 � 10 �4 21.63 7.36 0.809 2.419

Table 2.2 shows that omitting the low frequency portion of the pulse has a large effect on the �delity of
the pulse. At a 10 MHz lower limit (which would imply an antenna size of 15 meters), the total energy
retained is only 21%. At 100 MHz lower limit, less than one percent of the total original energy is re-
tained. A NEMP pulse contains most of its energy below 100 MHz, as is also visualized in �gure 2.2.

In table 2.2 the 100 kHz to 1 GHz range is included, which was omitted from �gure 2.3 as it was too
similar to the original pulse to give any meaningful insight. This was done in order to compare these
metrics to those as described in IEC-61000-2-9 [18], which stated that 96% of energy is contained in the
100 kHz to 1 GHz range. This means that IEC-61000-2-9 comes to roughly the same value as this thesis.
It also implies that below 100 kHz the NEMP pulse does not contain signi�cant energy of interest.

NATO AECPT 250 [64] does not support these �ndings however, as it states that 70% of energy is con-
tained in the 1 MHz to 1 GHz range, while in table 2.2 it is calculated that it is 81.70%. It is important to
note here that the AECPT 250 bases its �ndings on measured NEMP waveforms, which may be suscep-
tible to variations that the simulations are immune to. For instance, there may have been variations in
the measured NEMP waveforms, uncertainties in instrumentation, non-ideal radiators or environmental
effects. However, as seen in table 2.2, the 3.01 MHz lower limit corresponds to this 70% from the NATO
AECPT 250, and the remainder of the parameters (apart from peak E �eld strength) are still within the
constraints as de�ned in equations 2.2 and 2.3.

A further effect of the reduction of peak and total energy contained in the pulse is the distortion in
time domain. Besides being observed in �gure 2.3, it is now quanti�ed in table 2.2. The lower peak
results in a shorter rise time and a shorter overall pulse duration. It can be observed that dE=dt is con-
served despite the �ltering up to a lower limit of 20 MHz, after which this parameter is distorted. The
magnitude of the dE=dt is determined by the high frequency limit, set at 1 GHz in this thesis. The full
NEMP wave has a dE=dt equal to 35.83 kV/m/ns, so the upper limit of 1 GHz also brings some distortion.

The maximum dE=dt is the main driver behind inductive coupling. Inductive coupling is the type that can
be explained with Faraday's law, which states that electromotive force E =

�
@AE � dl = � d

dt

�
A B � dA

[14], and as the magnetic and electric �eld of an electromagnetic wave are related by the free space
impedance, it is dependent on the dE=dt. Inductive coupling is however not what protection is sought
against, as it is capacitive coupling that poses the larger threat [72]. Hence, it is maximum E �eld strength
that is the threat de�ning parameter [73].

To conclude, the radiation of just a portion of the full spectrum of the NEMP causes distortion in time do-
main which can be seen in the form of reduction in peak and total energy and in shortening and ringing
of the pulse. The dE=dt is still conserved up to a lower limit of 20 MHz, despite the distortion in pulse
shape and only a tenth of the power remaining. This distortion with respect to the pulse de�ned in the
standard is the result of it being infeasible to radiate the full spectrum. It therefore becomes part of the
error made in simulation, keeping in mind the idea that no perfect simulator exists.
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2.2 Other Waveform Parameters

The IEC-61000-2-9 [18] de�nes the temporal distribution of the waveform, but there are other parame-
ters to consider. One of these is the homogeneity of the �eld as it strikes the DUT. As the NEMP environ-
ment is created in a layer in the atmosphere, by the time it reaches the Earth it may be assumed to behave
as a plane wave. Furthermore, the �eld may be assumed to be homogeneous in electric �eld strength.
The plane wave approximation only holds for a radiator at suf�cient distance from the observation point,
which is impractical considering the desired electric �eld strength. The MIL-STD-461G RS105 [34] de-
�nes that the electric �eld strength within the testing volume must not be lower than 50 kV=m and no
more than twice as large (�0 + 6 dB). To keep the goal of this thesis viable and achievable, the goal is 5
kV/m (�0 + 6 dB).

Another parameter of the radiated �eld to consider is the polarization. The IEC61000-2-9 [18] states
that the polarization of the NEMP environment is predominantly horizontal. This is dependent on burst
location and burst point to observer orientation, as modelling of the generation of a NEMP event can
show [66]. From this modelling it can be shown that horizontal polarization holds most of the time.
However, it is possible to generate burst locations with burst to observer orientations in which the verti-
cal polarization is dominant. A NASA test report [67], where modern aircraft were tested against high
intensity radio frequencies to validate their continued functioning despite illumination by such an envi-
ronment, showed that certain components responded to vertical polarization but not to horizontal and
vice versa. Practically, there is a need to radiate both horizontal as well as vertical polarizations. The
con�dence a NEMP hardness validation test can instil on a user increases if both polarizations are tested.

The NEMP standard gives a description of NEMP-like environment, but it is not physically realizable as a
radiated far-�eld. The time integral of the DEXP is non-zero, which corresponds to a large DC-component
in frequency domain. The result is that practically speaking, the antenna will radiate a much longer pulse
that does have a time integral equal to zero. The total waveform decomposes into three elements: the
prepulse, the main impulse and the postpulse. The full radiated waveform must satisfy Maxwell's con-
straints on radiated �elds, hence the prepulse and postpulse must be at least partly in opposite �eld
strength to the main impulse. Furthermore, the prepulse and postpulse must be of signi�cantly lower
intensity and of signi�cantly longer duration in order to not disturb the test [37]. The NEMP standard
hence gives this project the bounds of the waveform shape and characteristics for the main impulse while
allowing the prepulse and postpulse to be open to practical implementation.

2.3 Testing Surface Requirements

So far, attention has focused on the characteristics of the waveform that was to be generated. This sec-
tion turns to the testing surface. This is the area which the NEMP-like impulse that will be generated will
illuminate during the test. To still be practically achievable within the scope of this project, an area of
10 m by 10 m is envisioned to be the testing surface. The choice to de�ne a testing surface and not a
volume is deliberate and for the same reason. It is acknowledged that this is a comparatively small area,
especially considering the broadside of a warship is in the order of hundreds of meters by tens of meters.
However, the homogenous illumination of such a surface has not been achieved despite research since
1962, and it will not be achieved in the months allocated to this master's thesis. It is envisioned that if
the illumination of an area of 10 m by 10 m is successful, the scaling to larger subsections of the warship
is relatively straightforward.

Not illuminating the entire ship in one run of the test introduces errors. In IEC61000-4-23 [68], which
concerns NEMP hardness testing variations, lists partial illumination testing (PARTES) as a potential
method. It also notes that such a test is fundamentally incomplete, as potential synergistic effects are
omitted. Furthermore, any effects that couple into components of the DUT that are of larger size than
the testing surface are omitted or not properly addressed. For this last reason it is useful to have the
testing surface at least comparable in size to the largest external cable or largest resonant structure. This
condition is not met in this thesis, but in the current approach acceptable nonetheless because future
expansion of the testing surface is envisioned.
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Field homogeneity is further speci�ed by the tolerance bounds given for rise-time and FWHM in equa-
tions 2.2 and 2.3. These do not just hold for any observation point, they must hold for the total DUT;
or in this case for the testing surface. This means that the spherically expanding waveform must have
an as �at as possible wavefront, which is speci�ed by the most critical time requirement: the rise time
tolerance bound of �0:5 ns. The time difference of arrival across the testing surface of 10 m x 10 m must
be no greater than 0.5 ns.

With the size of the testing surface it is now possible to make a �rst order approximation of the required
power. Knowing the �uence of the pulse is approximately 0.1145 J=m 2, the total required energy over
the surface of 100m2 is 11.45 J. Dividing this by the pulse width of 23 ns gives the required peak power
of the generator, giving 0.5 GW. This is the minimum required energy for a generator, as this estimation
does not include any losses occurring in the path from generator to testing surface.

The testing surface must exist in the radiated far �eld of the source; that is, the test requires the wave-
front to be �at enough to be considered a plane wave, electric- and magnetic �elds to be perpendicular,
and electric- and magnetic �elds to decay with 1=r. The exact distance from the radiator this happens is
dependent on the antenna used, but a distance of 100 m is de�ned in the project proposal. This relatively
large distance is used due to the coupling between wavelength and far-�eld distance; the NEMP-like pulse
contains very low frequencies that have a long wavelength, hence increasing far-�eld distance. This may
be adjusted to suit the needs of an eventual design: a shorter distance is better for achieving higher
�eld strengths if the far �eld requirement allows it, but a longer distance may be needed if the far �eld
requirement is not (yet) met at 100 m.

It is envisioned that this surface will be illuminated above the surface of sea water, as that is where the
envisioned device under test (DUT) will spend most of its time. This will bring frequency dependent
propagation effects. For now, these are assumed to be negligible. The frequency content of interest in
this project is of suf�ciently short wavelength that the �at seawater surface may be initially assumed to
behave like a PEC.
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2.4 Conclusion

The goal of this chapter was to de�ne the waveform that is to be generated by the NEMP simulator
that is to be designed in this thesis. The starting point for this was the NEMP standards, speci�cally
the IEC61000-2-9 [18]. Further distillation of the requirements was done after this to fully de�ne the
speci�cations of the waveform that is to be generated by the time domain array NEMP simulator in this
thesis. After all, NEMP standards are not equivalent to simulator requirements [21]. The requirements
are as follows:

Table 2.3: NEMP Test Speci�cation Requirements

Speci�cation Requirement Note

Peak electric �eld strength 5 kV/m �0= + 6 dB The standards require 50 kV/m
Rise time (10%–90%) 2:5 � 0:5 ns
Full width at half maximum 23 � 5 ns
Lower frequency bound 1 MHz
Upper frequency bound 1 GHz
Spectral magnitude tolerance �10 dB compared to theoretical DEXP
Polarization Horizontal and Vertical
Testing surface area 10 m � 10 m
Test distance from radiator 100 m To be tuned to antenna
Field homogeneity �0= + 6 dB MIL-STD-461G RS105

This list should be seen as the goal of this thesis. However, the �eld-strength target has been reduced the
desired �eld strength from 50 kV/m as required by the standards [18] to 5 kV/m in order to make this
thesis project achievable. Further deviation from this list of requirements may be necessary to maintain
practical viability. Any deviation will be considered with respect to the other requirements: some metrics
are more important than others. The peak electric �eld strength for instance is needed to evoke the
non-linear over-voltage effects, and hence is more important than for instance the �eld homogeneity or
the exact time �delity. The ability to radiate both polarizations is desirable, but if it requires a design
that is practically unfeasible it must be given up. The lower relevant frequency bound is set by the object
size in combination with a �=10 coupling-ef�ciency criterion. However, a lower bound of 1 MHz ef�cient
radiation would mean an antenna length of at least 150 meters, which is practically unfeasible. Instead,
a choice may have to be made to deviate from this list of requirements by increasing the lower frequency
bound and �nding another solution for the coupling between 1 MHz and the new bound. These are all
design choices that will be considered in the remainder of the design process in this thesis.
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Chapter 3

Baseline

To be able to meaningfully quantify any results achieved in this thesis, they must be compared to a base-
line. For this research, the baseline is the performance of the EMIS-III-VPD, the NEMP simulator used by
the Royal Netherlands Navy in the 90s. In this chapter, this simulator will be described, modelled and its
performance quanti�ed.

No publicly available sources describe the performance of this antenna exactly. Therefore, using infor-
mation that is available, a numerical model is made of this antenna. Numerical simulations run with this
model will provide some numbers estimating its performance, as well as give insight into design choices
and trade-offs made for this speci�c simulator. These numbers then serve as the baseline and form the
conclusion of this chapter.

3.1 The EMIS-III-VPD

The ”Electromagnetic Impuls Simulator” (EMIS) is the name given to the original three NEMP simulators
developed by TNO between 1970 and 1992. The successor of this series of simulators was the EMPSIS
(EMP SImulator for Ships) proof-of-concept, shown in �gure 1.2. This was a bounded wave, TEM-cell like
test that was proven to effectively generate a NEMP-like waveform while being impractical to implement
and having a de�nitive upper limit of DUT size [8].

EMIS consists of three test set-up designs. The �rst was a proof of concept and the second a bounded
wave, TEM-cell like test for army and Air Force vehicles. The third, EMIS-III, is of interest to this thesis
as it was designed speci�cally for military platforms that could �t under EMIS-II. The total test consists
of two antenna: a vertically polarized dipole (VPD) and a horizontally polarized dipole (HPD). The HPD
could also be adjusted to attach into a hybrid simulator into which a DUT (of limited size) could be
placed [9]. It was originally envisioned that all large platforms would be submitted to both the HPD and
the VPD, however in practice only the VPD was used to test warships of the Dutch Navy. The EMIS-III-VPD
is the simulator that provides the baseline for this thesis.

The EMIS-III-VPD is a monocone antenna with 20 meters height and 35 meter cone diameter [10]. A
monocone is half of a biconical antenna, which exists virtually when the monocone is placed above an
electrically conducting surface. As the antenna was placed on land, there must have been some form
of electrically conducting mesh placed under the antenna that guides the wave to at least the sea water
surface. A 500 kV Marx generator was placed in the tip of the cone. In �gure 3.1 on the next page the
set-up is shown with the M-frigate Hr. Ms. Van Nes in the test position. The antenna is placed on the
grass to the left of the ship, where mainly the �breglass pylons supporting the monocone and the pulse
generator are visible.
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Figure 3.1: The EMIS-III-VPD test set-up in Den Helder

3.2 First-order estimate

In this section the performance of the EMIS-III-VPD will be estimated to �rst order. There are no publicly
available sources quantifying the performance of the antenna, so an estimation must be made in order to
attain the baseline. There are sources that provide clues, such as the IEC-61000-4-32 [10] and the report
of a test by the EMPRESS-II [11], an American monocone VPD placed on a barge. a �rst-order estimate
is made using some ”back-of-the-envelope” calculations, which will be followed by a simulation of the
antenna in the next section.

The height of the antenna can be used to estimate the lower bound of the effective radiating bandwidth.
For wavelengths that are more than twice as long as the length of the dipole the antenna is no longer
ef�cient. Hence, a �rst-order estimate of the lower bound of the antenna is approximately:

f min �
c

4h
= 3:75 MHz (3.1)

Note that this upper bound is determined by �=4 with respect to the height of the antenna h. This is as
the antenna uses an electrically conducting plane which virtually doubles the length of the antenna. It
must also be noted that this is de�nitely not a hard cut-off, and lower frequencies still do radiate, albeit
with lower ef�ciency than frequencies above 3:75 MHz

a �rst-order estimate of the upper frequency bound is challenging, as it is dependent on the tolerances
of construction accuracy in the feeding region. This is dif�cult to estimate using images of the antenna.
Furthermore, this number is relatively uninsightful, as can been seen in table 2.2, where the shifting of
the lower limit of the frequency band by MHz's caused signi�cant alterations to the waveform.

If the EMIS-III-VPD had a requirement of upper operating frequency equal to that of this thesis, 1 GHz,
then the tolerance can still be estimated. The upper frequency bound fH is typically constrained by the
electrical size of the feed region. To maintain quasi-TEM behaviour and avoid strong localized resonances
at f H , the smallest feed-region features should remain electrically small:

` feed .
� H

20
; � H =

c
f H

: (3.2)
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With f H = 1 GHz, � H � 0:30 m and thus ` feed . 15 mm. The UWB nature of the antenna yields a
tens-of-meters tall structure to have mm constraints.

From �gure 3.1 the distance between the generator and the DUT can be estimated. The M-frigate of the
Karel Doorman class is known to be 14.88 meters wide, which when used as a scale reference allows
estimating the distance from DUT centre point to pulse generator to be approximately 100 meters. In
IEC-61000-4-32 [10] the electric far �eld strength is listed to be 2 kV/m at 100 meters distance, which
can be taken straight from the report to this thesis as �rst-order estimate for the baseline value. It must be
noted that the IEC report is a publicly available source, which is likely to have received the non-classi�ed
number for peak electric �eld strength. Furthermore, considering the desired bandwidth of a NEMP sim-
ulator in generator, it may be the case that at 100 meters the conditions are not yet purely far �eld.

The �eld homogeneity can be estimated with these numbers. The EMIS-III-VPD is designed to illuminate
the entire DUT. Hence, the surface it radiates must be as large as the largest warship currently in service
in the RNLN. This gives a testing surface that is rectangular, 200 meters long and 50 meters tall. The
VPD is assumed to be placed so it is 100 meters away from the middle of the testing surface sitting on
the ground. This test set up is schematically illustrated in �gure 3.2 on the next page.

Figure 3.2: Schematic of the EMIS-III-VPD set up to radiate on the testing surface

Assuming that �eld strength is dependent only on spherical spreading by 1=r, then the �eld strength at
the edges is dependent only on the longer propagation distance, which is calculated on the next page:

�r =
p

1002 + 1002 � 100 = 41:42 m (3.3)
Eedge

Emax
=

100
141:42

= 0:707 (3.4)

Eedge = 0:707 � E max = 1:41 kV=m (3.5)

1:41 kV=m is 3 dB lower than the original 2 kV=m that was assumed as the maximum electric �eld
strength. The difference in time of arrival can also be estimated from this geometry:

�t =
�r
c

=
41:42

3 � 10 8 � 138 ns (3.6)

a �rst-order estimate of the performance of the antenna gives a maximum electric �eld strength of
1:41 kV=m � 0 + 3dB with a maximum difference in time of arrival of 138 ns and a frequency spec-
trum starting at � 3:75 MHz
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Next, the power required at the feed-point can be estimated. Assuming far-�eld conditions and a directive
gain G in the direction of interest, the RMS electric �eld magnitude at range r can be related to radiated
power as

E(r) =

p
30 Prad G

r
) P rad =

(E(r) r) 2

30 G
: (3.7)

A biconical has a gain on the order of a half-wave dipole, i.e. G � 1:6 (� 2:1 dBi). The EMIS-III-VPD
geometry is a monocone over an electrically conducting surface with height h = 20 m and cone diameter
D c = 35 m. The cone angle follows from the geometry. With radius R = D c=2 = 17:5 m,

� = arctan
�

R
h

�
� arctan

�
17:5
20

�
� 41:2 � ; � = 2� � 82:4 � : (3.8)

Using the quasi-TEM approximation

Z in �
� 0

�
ln

�
cot(�=4)

�
; (3.9)

with � 0 � 377 
 yields R in � 59 
.

Since the monocone-over-PEC radiates into half-space, a �rst-order gain adjustment relative to a dipole-
like radiator is to take G � 2 � 1:6 � 3:2. Using E 100 = 2 kV=m, r = 100 m and G = 3:2 gives

Prad =
(E 100r) 2

30G
=

(2 � 10 3 � 100)2

30 � 3:2
� 4:17 � 10 8 W; (3.10)

and with R in � 59 
 the peak feed voltage estimate becomes

Vpk �
p

2 Prad Rin �
p

2 � 4:17 � 10 8 � 59 � 3:12 � 10 5 V � 0:31 MV: (3.11)

If this voltage is supported across a 15 mm feed region, the implied electric �eld strength at the feed point
is

E feed �
V
d

�
3:12 � 10 5

0:015
� 2:08 � 10 7 V=m = 20:8 MV=m; (3.12)

This electric �eld strength is above the � 3 MV=m air breakdown limit, implying that when operated in
the atmosphere the feed point would arc and short-circuit. However, it is known that the EMIS-III-VPD
used SF6 gas when operating, making the calculated electric �eld strength of 20:8 MV=m plausible.

These values give insight into the order of magnitude of the performance of the EMIS-III-VPD, and can
be used to validate the simulations performed in section 3.3.
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3.3 Simulation

Simulations of the EMIS-III-VPD are performed for two reasons. Firstly, it is to make a detailed estimation
of the performance of the EMIS-III-VPD in order to accurately quantify any improvements proposed by
this research. Furthermore, these simulations provide insight into the physical effect of end-termination
and resistive loading on the broadband behaviour of an antenna. Simulations are done using the CST Mi-
crowave Studio program, which amongst others has a time-domain solver. The CST time-domain solver
is based on the Finite Integration Technique (FIT), which discretizes Maxwell's equations in their integral
form on a hexahedral grid. The electromagnetic �elds are updated explicitly in time by computing the
curl relations between electric and magnetic �eld components, allowing broadband responses such as
S-parameters and radiation characteristics to be obtained from a single transient simulation [12].

The main challenge in simulating a structure such as the EMIS-III-VPD is building an ef�cient model. The
large size of the antenna in combination with the ultra wideband desired frequency range gives rise to a
huge number of discretization cells. This number can somewhat be reduced by making use of symmetry
in the antenna's shape, as well as by using a coarse discretization step-size and locally re�ning around
small objects, such as the feeding region, the termination region and the thin wires. A discretization
step-size of 10 per smallest wavelength was made over the whole model, with local re�nement to 20
around the feed region. Further improvement of model size was made by applying the 'thin wire model,'
a standard CST function in which the radius of thin wires is assumed to be zero. This alleviates the model
to discretize all around and in the wires, instead simplifying it to an in�nitely thin current [12]. Finally,
the PEC surface is modelled using a symmetry plane with zero electric �eld strength as de�nition.

To gain more understanding in what drives antenna operating characteristics, more than one model was
made. The �rst model contains the simplest architecture with 8 thin wires each �tted with a single termi-
nating lumped element. The second model expanded upon this by introducing resistive loading. Finally,
a model of a solid cone was made, an idealized model to which the 8-wire models can be compared.

3.3.1 Far-�eld considerations

The antenna size (20 m height and 35 m diameter) raises a concern about the validity of evaluating
the antenna (far-�eld) radiation patterns across the testing surface at 100 m distance. A more complete
analysis of this issue is done in Chapter 5, section 5.2, but for now it may be assumed that the radiated
electromagnetic energy has not yet settled into its asymptotic far �eld. This also concerns the post-
processing methodology adopted both in this chapter for the EMIS-III-VPD and in Chapter 5 for the
re�ector IRA models. All time-domain pulse reconstructions and �eld-strength predictions presented in
this thesis are derived from CST broadband far-�eld monitors. These monitors perform a near-�eld-to-
far-�eld transformation on the recorded surface currents and return the asymptotic far-�eld pattern of
the antenna [12]. The output of such a monitor at a stated reference distance r is, by construction, the
asymptotic pattern ~E1 (�; �; f ) scaled by 1=r:

~ECST (r; �; �; f ) =
~E1 (�; �; f )

r
; (3.13)

which is conceptually equivalent to placing the observer at in�nity and rescaling the amplitude, rather
than to evaluating the �eld at a �nite distance r. Two approximations underlie this construction [12]:
a planar wavefront at the observer, such that path-length differences across the aperture are evaluated
only to �rst order in angle, and pure 1=r amplitude decay without near-�eld reactive contributions.

As will be discussed in more detail in section 5.2, near-�eld measurements are subject to an effect called
near-�eld dispersion, in which contributions of the pulse originating from different locations on the
antenna arrive at different times. This causes pulse spreading, arti�cially elongating the rise-time and
the FWHM close to the antenna. Therefore, any results presented in this thesis on the EMIS-III-VPD must
be taken lightly. The choice to retain the far-�eld-monitor methodology despite the above is deliberate;
it is by far the most ef�cient metric to extract from CST, as the simulation intensity is signi�cantly lower
for the far-�eld assumption. Furthermore, synthesizing an array using an antenna is also signi�cantly
simpli�ed using the far-�eld addition of contributions.
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3.3.2 Cone Impedance

One problem that was encountered straight away was that early versions of the models presented in this
section used an incorrect value for reference impedance, based on the cone impedance of the structure.
It is stated in the IEC61000-4-32 [10] that the EMIS-III-VPD is a bicone with cone impedance 150
. As it
is actually a monocone placed above an (assumed to be) perfectly electrically conducting (PEC) surface,
the impedance of the monocone is half, yielding 75
. This value was taken to mean that all components
on the antenna were tuned to 75
.

Initial results were odd, showing the signs of bad impedance match across the full frequency spectrum
regardless of tuning the terminating resistances. Further investigation led to manually calculating the
antenna impedance, using the following equation for cone impedance de�ned by Tesche [13]:

Z = 120 ln
�

cot
�

�
2

��
(3.14)

In this equation, cone impedance depends only on �, which is the cone angle: the angle between the two
�aring parts of the antenna. Half this angle is the angle between the ground plane and the monocone,
which for the geometry of the EMIS-III-VPD is equal to 42:41� . Filling in gives a cone impedance of 60
.
Tuning all components to 60
 reference impedance eventually did give plausible results.

3.3.3 End-termination model

The �rst model made has the simplest architecture. It exhibits the same 8 wires that the EMIS-III-VPD
had, which meet at the base of the antenna. The wires do not meet directly, instead a small solid cone
of the same proportions as the antenna but only 0.3 m tall connects them, as shown in �gure 3.3a. This
was done in order to mitigate any numerical errors caused by the clipping of the wires at the base, which
led to distortion of the radiation pattern and the S-parameters. This solid cone is fed by a discrete port
at its tip, which covers the 0.1 meter long gap between the tip of the cone and the PEC surface. At the
top, each wire has a lumped element connecting the wire to the ring, which is intended to terminated the
current travelling through the wires, as shown in �gure 3.3b.

(a) The solid cone base connecting the 8 wires (b) The wire termination connecting to the ring

Figure 3.3: The base and termination of the �rst 8-wire EMIS-III-VPD model

To tune the end-termination of the wires ef�ciently, the model was slightly adapted to determine the
impulse response of a single wire. One termination of the structure is replaced by a discrete port with
a reference impedance of 60 
, while the discrete port originally located at the base feeding gap is re-
placed by a lumped element resistor of 60 
. The solver is then executed to observe the voltage and
current response along the wire using standard voltage and current monitors. By analysing the ratio of
voltage to current at an observation point, an estimate of the broadband matching behaviour of a single
wire is obtained. Because the correct termination impedance is generally not known a priori, the proce-
dure is performed iteratively by adjusting the termination resistance until re�ections along the wire are
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minimized, indicating that the termination matches the characteristic impedance of the structure. The it-
erative tuning procedure yielded an optimum termination of 60 
, which is consistent with the analytical
cone impedance estimate.

The structure was then replaced back into its correct form. The solver was executed again, this time with
far �eld monitors set up at several observation frequencies. The results are presented below, starting with
the S11 parameter over the full desired frequency range:

Figure 3.4: S11 parameter of the �rst model from 1 to 1000 MHz

While the S11 parameter shown in �gure 3.4 does �uctuate over the desired frequency band, most no-
tably showing deep troughs at 350 MHz and 615 MHz, it does remain below -15 dB for almost the full
spectrum. These deep notches are attributed to structural resonances and frequency-dependent modal
behaviour, for which the antenna input impedance approaches the 60 
 reference particularly closely.
Only at the very lowest frequencies, below approximately 50 MHz, the amount of energy re�ected to
the antenna feed is higher than -15 dB, approaching -10 dB at 1 MHz. At the low end of the band the
antenna dimensions are small compared to the wavelength, so the structure behaves as an electrically
short radiator and the input match degrades.

Next, the antenna radiation ef�ciency is inspected. It is presented below in �gure 3.5, which shows the
calculated radiation ef�ciency from 1 to 1000 MHz measured at 50 MHz intervals.

Figure 3.5: Radiation ef�ciency of the �rst model from 1 to 1000 MHz

The radiation ef�ciency is moderate at lower frequencies and reaches a minimum of approximately 0.6
near 200 MHz, after which it increases steadily toward unity at higher frequencies. The dip at 200 MHz
corresponds to the peak in S11 in �gure 3.4. Since the model uses only a 60 
 end termination, this
behaviour suggests that a signi�cant fraction of the accepted power is dissipated in the terminal load
at lower and intermediate frequencies. Inspection of the power loss in lumped elements con�rms this.
At higher frequencies the structure radiates more effectively, such that a larger fraction of the accepted
power is converted into radiation before reaching the termination.
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Next, the far �eld radiation patterns are inspected. At four frequencies these are presented in this paper;
1 MHz, 100 MHz, 500 MHz and 1000 MHz. This is shown in �gure 3.6 below.

(a) 1 MHz (b) 100 MHz

(c) 500 MHz (d) 1000 MHz

Figure 3.6: Radiation patterns of the �rst EMIS-III-VPD model at four frequencies.

At 1 MHz, the antenna is electrically small; it is 20 meters tall while radiating a 300 meter wave. The
radiation pattern therefore approaches that of an electrically short vertical monopole-like radiator above
PEC, with a distinct lack of directivity. There is only a null along the z-axis, both in positive and negative
directions.

From 15 MHz upwards the structure size becomes signi�cant for the wavelength. Hence, from this point
onwards the radiation pattern will re�ect the intended functioning of the monocone antenna. At 100
MHz this can be seen: the radiation is most intense in the XY-plane and decreasing as the angle � ap-
proaches zero. What is striking about this plot is the erratic nature of the radiation pattern, showing
many peaks and troughs across short distances. This is a result of the wires being sparsely distributed,
resulting in a signi�cant distance between the wires at the top of the antenna. This causes signi�cant
phase difference between radiation departing from different wires, causing the erratic radiation pattern.

At 500 MHz the erratic nature of the radiation pattern has decreased. The higher frequency means that
distances between peak and through are shortened to the point the radiation pattern smoothens.
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Finally, at 1000 MHz, grating lobes appear. Firstly, the main bundle of radiation is no longer directed in
the XY-plane, but is instead elevated to some degrees above this plane. Secondly, a grating lobe is point-
ing upwards has appeared with a trough between these two bands of higher radiation intensity. This is
attributed to higher-order current distributions on the electrically long structure.

Another interesting performance metric to inspect is the power absorbed in the terminating resistances.
These resistances will convert absorbed power into heat, which, considering the high power the EMIS-
III-VPD worked with, is interesting as it is a limiting factor of operation. The power absorbed by all
resistances is plotted below on the next page in �gure 3.7.

Note that this �gure is scaled to an input power of 0.5 W, which means that while the trend-line is
correct, the total absorption calculated must be scaled. Most power is absorbed around 200 MHz, where
approximately 26 % of input power is absorbed by the lumped elements. On average, 6.78 % of accepted
power is absorbed in the resistances. This can be used to then scale to total absorption: in equation 3.10
in the previous section it was estimated that 0.417 GW needed to be radiated to achieve the 2 kV/m
at 100 m distance. For this speci�c model, it would require 0.72 GW needs to be supplied to it, as its
ef�ciency is approximately 0.58 at its worst frequency. Assuming linear scaling of power absorption,
this would mean that 0.2 GW is absorbed as a maximum. Note that this is peak absorbed power; not
average power. The pulse duration the standard NEMP pulse 23 ns (FWHM), so the resistances absorb
approximately 4.6 J of energy.

Figure 3.7: Power absorbed by the end termination from 1 to 1000 MHz
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3.3.4 Resistively loaded wire model

A wire of �nite length is inherently narrowband. The endpoint of the wire will always re�ect a portion
of the wave back towards the feed, hence forming a standing wave along the length of the wire. Close
to the feed point this causes the local wave to a superposition of two waves: the wave that is fed to
the wire and the wave that is re�ected from the termination, each travelling in opposite directions. The
difference in distance travelled between the waves causes a phase difference, which hence causes the
superposition to result in a local maximum or minimum. In the case of a wideband feed, the wavelength
will also determine the phase difference, resulting in a portion of the fed frequency spectrum to have a
maximum at a certain location while another portion of the frequency spectrum has a minimum at that
same location. As the local voltage and current at the feed point together determine the input impedance,
the input impedance therefore is frequency dependent. Note that [14]:

Z in = Z 0
1 + �e �j2�L

1 � �e �j2�L (3.15)

End termination, as applied in the �rst model, will dampen this effect, but never completely eradicate it.
Hence, some form of ripple is always seen in the S11 parameter as a function of frequency.

Wu and King [15] proposed a method of resistive loading of a wire in 1965 to counter the standing
wave effect for the improvement of the broadband characteristics of a dipole antenna. They proposed
to segment the wire into a number of segments connected by resistances, with exponentially increasing
resistance as the distance to the feed-point increased. This would allow for a forwards travelling wave
from the feed to the end point to exist for long enough to radiate, while at the same time dampening it
suf�ciently to eradicate it before it is able to form a standing wave at the feed point.

It is never explicitly mentioned in open sources that the EMIS-III-VPD makes use of resistive loading on its
wires to enhance its broadband performance. Therefore, the resistively loaded wire model is introduced
here as a physically motivated comparison case. The �rst model is adapted to include resistive loading
to show the effect of applying the Wu-King [15] method. In order to apply this method, each wire is
segmented such that twenty uniformly distributed narrow gaps are formed, and these are consequently
�lled with lumped elements. The resistance of a given lumped element, Rk is given by:

Rk = k ln
�

h � z k�1

h � z k

�
(3.16)

In which k is the index of the lumped element, numbering from 0 to 20, h is the length of the wire and z k

is the position of the antenna. The lumped elements are uniformly distributed over the wire. To �nd the
total resistance of a wire, a parameter sweep was conducted. For this, a distribution of resistances which
together summed to 60 
, distributed according to equation 3.16, was applied to each of the wires. Each
resistance was multiplied by a parameter, named 'multiplier,' and the simulation was run across several
values for multiplier. One value for the multiplier provided the best match, and the process was repeated
with new values for multiplier around the value that provided the best match previously. This way the
best value was approached iteratively, albeit in a time-consuming manner. A slightly lower total value for
termination was found to be optimal: 0:85 � 60 = 51
. The segmentation of the wires is shown in more
detail below, in �gure 3.8. The feeding and termination is the same as in the previous model.

Figure 3.8: A wire segmented by lumped elements of increasing resistance
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As with the previous model, the S11 parameter is inspected �rst.

Figure 3.9: S11 parameter of the second model from 1 to 1000 MHz

The S11 parameter of the model with resistive loading, in �gure 3.9, shows some differences with re-
spect to with end-termination as in �gure 3.4. Firstly, the very low end of the frequency spectrum shows
signi�cantly less re�ection, only reaching to -10 dB at 1 MHz. It does however show a sharp peak in
re�ection around 200 MHz, which with end-termination was smeared out over a wider bandwidth at
the same frequency. Averaged over the 1-1000 MHz band, the end-terminated model yielded a lower
mean re�ection coef�cient than the resistively loaded model (about -20.2 dB versus -18.6 dB), indicating
that the addition of distributed resistive loading does not improve the average broadband match in this
implementation.

Next, the radiation ef�ciency is inspected. Once again, it is measured at 50 MHz intervals.

Figure 3.10: Radiation ef�ciency of the second model from 1 to 1000 MHz

The radiation ef�ciency with resistive loading, shown in �gure 3.10, is lower over the whole band that
it is for end-termination. Averaged over the 1–1000 MHz band, the end-terminated model exhibits a
mean value of 0.87, while resistive loading has a mean of 0.81. Lower radiation ef�ciency means more
electromagnetic energy is absorbed by resistances and convert to heat than is radiated by the antenna.
This result contradicts the fact that the resistive loading model had lower total resistance over each wire,
51 
 instead of 60 
, but the effect of having resistances earlier in the wire has more impact than lower
total resistance. The general shape of the radiation ef�ciency across the band of interest is similar to that
of the model with end-termination, as shown in �gure 3.10.
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Finally, the radiation patterns are inspected. For relevant comparison with the previous model, this is
done at 1 MHz, 100 MHz, 500 MHz and 1000 MHz.

(a) 1 MHz (b) 100 MHz

(c) 500 MHz (d) 1000 MHz

Figure 3.11: Radiation patterns of the second EMIS-III-VPD model at four frequencies.

The 1 MHz plot will be recognisable to the reader as the radiation pattern similar to a unit dipole, a
consequence of an extremely short antenna with respect to the wavelength. The differences between re-
sistive loading and end-termination start once the wavelength is proportional to the antenna size; around
15 MHz. At 100 MHz the radiation pattern still shows signi�cant peaks and troughs, a consequence of
the sparse wire distribution. However, these are cleaner and neatly distributed along the XY-plane, an im-
provement with respect to the previous model. The effect is more pronounced at 500 MHz, which shows
a signi�cantly cleaner radiation pattern than the previous model did. Terminating the waves earlier in
the wire causes there to be less energy to be radiated at the top of the wire, hence causing the large
distance difference between wires at this height to be a less signi�cant effect. Finally, at 1000 MHz, the
sidelobing that was seen with end-termination is gone. This too can be attributed to resistive loading:
damping the wave in the wire before it can form a sidelobe.
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Finally, the power absorbed by the resistances for the resistive loading is inspected:

Figure 3.12: Power absorbed by the resistive loading from 1 to 1000 MHz

Figure 3.12 shows the power absorbed by all resistances across the desired frequency spectrum by all
resistances in the resisitve loading system. It must be again noted that the total resistance per wire is
lower than it was for end-termination: 51 
 for resistive loading and 60 
 for end-termination.

This �gure is once again scaled to 0.5 W input power, so while the trend is correct the scale is not tuned
to a NEMP-like pulse fed to the EMIS-III-VPD. As with the end-termination model, most power is absorbed
in the 100 to 300 MHz band, but interestingly the resistive loading shows higher frequency dependency;
nulls and peaks dominate the pattern. The peak absorption is 28.4 % at just under 200 MHz, the average
absorption over the entire band is 6.6 %.

Using the same estimates as with the end-termination model, the peak absorbed power is estimated to be
equal to 0.23 GW, results in 5.3 J absorbed by a single pulse.
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3.3.5 Solid cone model

The �nal model that was made is a solid cone of the same proportions as the EMIS-III-VPD. This is the
shape the EMIS-III-VPD approximates with wires, but it does not do so perfectly. Distortions are especially
visible in the middle half of the frequency spectrum, where the distance between the wires is in the order
of magnitude of half the wavelength of the emitted pulse, hence effectively causing super-positioning. To
see what the far �eld would look like without distortion from the wires, the solid cone model is made.
This model will show the idealised performance of this antenna

Figure 3.13: The solid cone model of the EMIS-III-VPD

The feeding of the cone is done in the same manner as in previous models. The termination is done by
a smooth edge leading into a solid lumped element with the same radius as the top of the cone. The
edge was deliberately smoothed in order to prevent edge scattering, which became very dominant in
this architecture at higher frequencies. This was not a feature the actual EMIS-III-VPD had, but this is
acceptable as this model is intended to show an idealized conical radiator.

First, the S11 parameter of the solid cone model is shown:

Figure 3.14: S11 parameter of the third model from 1 to 1000 MHz
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The S11 parameter reveals a highly broadband response to an impulse. Especially at low frequency the
S11 parameter is as low as -40 dB, and omitting one peak at 690 MHz the S11 parameter does not exceed
-15 dB.

Next, the radiation ef�ciency is inspected.

Figure 3.15: Radiation ef�ciency of the third model from 1 to 1000 MHz

The radiation ef�ciency is once again only measured at 50 MHz intervals. Inspection reveals that the
radiation ef�ciency of the solid cone model is much higher than it was for the 8-wire models, which suf-
fered a dip in ef�ciency as low as 0.5 around 200 MHz. The solid cone model remains above 0.9 across
the whole band, approaching 1 at the lower half of the desired spectrum.

Finally, the radiation patterns are inspected. This is done at the familiar 4 frequencies: 1 MHz, 100 MHz,
500 MHz and 1000 MHz. This is shown in �gure 3.16, on the next page.

The 1 MHz plot once again shows a radiation pattern similar to a small dipole, with a distinct lack of
directivity. At higher frequencies, speci�cally the 100 and 500 MHz plots, the radiation pattern is as it is
intended: omnidirectional and smooth in the XY plane. At 1 GHz the pattern starts to break down: edge
scattering is more prominent and in the XY plane there are more peaks and nulls than at lower frequen-
cies. This is not perfect, but further optimization of this model is deemed irrelevant to this research.

The solid cone model has almost no need for its end-termination, as it almost perfectly radiates all the
supplied power. Therefore, an inspection of the power absorbed in the end-termination of the antenna is
deemed super�uous.
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(a) 1 MHz (b) 100 MHz

(c) 500 MHz (d) 1000 MHz

Figure 3.16: Radiation patterns of the solid cone model at four frequencies.
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3.3.6 Comparison and Observations

The three models presented in the previous subsections each represent a different level of idealisation
of the EMIS-III-VPD. The solid cone model represents the theoretical ideal of a conical radiator, the end-
terminated 8-wire model represents the closest approximation to the actual EMIS-III-VPD construction,
and the resistively loaded 8-wire model introduces a physically motivated modi�cation to investigate the
effect of distributed damping on broadband performance. Comparing the three models across the pre-
sented metrics provides insight into which physical effects dominate the antenna's behaviour across the
1–1000 MHz band.

The S11 parameters of the three models reveal that the solid cone is by far the best matched structure,
remaining below �15 dB across nearly the entire band and reaching as low as �40 dB at lower frequen-
cies. Both 8-wire models show more re�ection, particularly in the 100–300 MHz range where structural
resonances are most pronounced. The end-terminated model exhibits broad, moderate re�ection peaks,
while the resistively loaded model concentrates the mismatch into a sharper peak near 200 MHz. Av-
eraged over the band, the end-terminated model achieved a slightly lower mean re�ection coef�cient
(�20:2 dB versus �18:6 dB), suggesting that the Wu-King resistive loading distribution, while effective
at suppressing standing waves along the wires, does not improve the average broadband impedance
match in this particular implementation. This may be because the resistive loading was optimised for
travelling-wave behaviour on the individual wires rather than for the overall input impedance of the par-
allel combination of eight wires.

The radiation ef�ciency comparison is perhaps the most revealing. The solid cone model maintains an
ef�ciency above 0.9 across the entire band, approaching unity at lower frequencies. Both 8-wire models
suffer a signi�cant dip near 200 MHz, with the end-terminated model reaching a minimum of approxi-
mately 0.6 and the resistively loaded model dropping even lower to approximately 0.5. The resistively
loaded model exhibits lower mean radiation ef�ciency (0.81 versus 0.87 for end-termination) despite
having lower total resistance per wire (51 
 versus 60 
). This con�rms that the placement of resistances
along the wire is more signi�cant than the total resistance: absorbing energy earlier in the propagation
path removes it before it has the opportunity to radiate. This is the fundamental trade-off of the Wu-King
loading scheme—it improves travelling-wave behaviour and reduces standing-wave effects at the cost of
converting a larger fraction of input power into heat rather than radiation.

The radiation patterns expose the most signi�cant difference between the 8-wire models and the solid
cone. At low frequencies (1 MHz), all three models produce the expected electrically-small monopole
pattern with little directivity, which is expected as the antenna is orders of magnitude smaller than the
wavelength. In the intermediate frequency range (100–500 MHz), the solid cone produces the smooth,
omnidirectional pattern expected from a conical radiator. Both 8-wire models show erratic radiation
patterns at 100 MHz due to the large electrical distance between adjacent wires at the top of the cone,
which causes signi�cant phase differences between radiation contributions from different wires. How-
ever, the resistively loaded model produces noticeably cleaner patterns than the end-terminated model
in this range, as the distributed loading reduces the current amplitude at the wire endpoints where the
inter-wire spacing is largest. At 500 MHz this improvement becomes more pronounced: the resistively
loaded model's radiation pattern is signi�cantly smoother than that of the end-terminated model. At
1000 MHz, an interesting reversal occurs: the end-terminated model develops grating lobes attributed to
higher-order current distributions on the electrically long structure, while the resistively loaded model
suppresses these lobes by attenuating the current before it can contribute to such patterns.

The power absorbed in the lumped elements follows a consistent trend for both 8-wire models: ab-
sorption peaks in the 100–300 MHz range where a signi�cant fraction of the wave energy reaches the
terminations without being radiated. The peak absorption is comparable between the two models (ap-
proximately 26 % for end-termination and 28.4 % for resistive loading), while the average absorption
across the band is similar as well (6.78 % and 6.6 % respectively). Scaling these values to the estimated
0.72 GW input power needed to generate 2 kV/m at 100 m gives peak energy absorption on the order of
4.6–5.3 J per pulse, which is modest enough that thermal management of the resistances is not expected
to be a limiting factor for single-pulse operation.
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To arrive at an estimation of peak electric �eld strength at the testing surface, the realised gain of each
model was computed as the product of directivity, radiation ef�ciency and mismatch factor. The directiv-
ity was obtained by averaging the far-�eld directivity at � = 90 � over all azimuth angles �, which gives
a representative value for the nominally omnidirectional monocone. The input voltage was taken as a
DEXP pulse with 500 kV peak amplitude (consistent with the Marx generator), and the resulting time-
domain electric �eld at 100 m was synthesised via inverse Fourier transform. The results are summarised
in table 3.1.

Table 3.1: Estimated peak electric �eld strength at 100 m for the three EMIS-III-VPD models.

Model Peak E-�eld at 100 m [kV/m]
End-terminated 8-wire 1.28
Resistively loaded 8-wire 1.31
Solid cone (ideal) 1.98

The solid cone model produces a peak �eld of approximately 2 kV/m, which is consistent with the value
reported in IEC 61000-4-32 [10] for the EMIS-III-VPD at 100 m distance. This agreement serves as a
validation of the CST model and the calculation methodology. Both wire models produce approximately
1.3 kV/m, which is 3.6 dB below the solid cone. This difference is attributable entirely to the lower ra-
diation ef�ciency of the wire models: energy dissipated in the terminating resistances cannot contribute
to the far �eld. Notably, the end-terminated and resistively loaded models produce nearly identical peak
�eld strengths despite their different loading strategies, because the ef�ciency penalty of resistive loading
is offset by its marginally improved pattern uniformity when averaged over azimuth.

In summary, the comparison reveals that the 8-wire construction of the EMIS-III-VPD introduces two main
degradation mechanisms relative to the ideal conical radiator: reduced radiation ef�ciency due to ohmic
losses in the terminations, and distorted radiation patterns due to the sparse wire distribution. Resistive
loading mitigates the second effect (pattern distortion) at the expense of worsening the �rst (ef�ciency),
presenting a clear trade-off. For NEMP simulation purposes, where temporal �delity and pattern quality
are important, the resistive loading approach yields a more predictable and cleaner radiation pattern,
which may be preferable despite the lower ef�ciency. However, neither 8-wire model approaches the
performance of the solid cone, indicating that the wire approximation is a signi�cant source of degrada-
tion for a conical radiator operating over the 1–1000 MHz band. This observation is consistent with the
general principle that wire approximations degrade as the inter-wire spacing becomes comparable to the
wavelength.

3.4 Performance Estimation

With three models of the EMIS-III-VPD and a better understanding of their differences and ultra-wideband
performance, it is now time to use the models to estimate the performance of the actual EMIS-III-VPD.
The model of choice for this is the 8-wire model with end-termination, as this is as close to the real EMIS-
III-VPD as possible. Despite this, other models will also be shown to further illustrate the differences
between the models.

Firstly, the radiated frequency spectrum will be calculated and presented. As a starting point, the 500 kV
Marx generator mentioned in IEC-61000-4-32 [10] is assumed to perfectly feed its potential difference
across the antenna feeding gap. Any losses in the generator, connecting cables or feeding network are
omitted, meaning that any results shown are optimistic. The antennas radiated power per frequency is
multiplied by an averaged gain per frequency. The gain is averaged over the angle �, meaning that the
peaks and nulls caused by sparsity of the wires are omitted for this calculation, as that speci�cally will be
inspected in more detail next. Only spreading losses are assumed between the antenna and a point 100
m away from the antenna. The result is Fourier transformed to give the radiated electric �eld strength
per frequency over the desired band. The results are shown below in �gure 3.17
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Figure 3.17: Spectral content comparison of the three models across the desired band

Figure 3.17 on the previous page shows the spectral density of the three EMIS models across the desired
frequency band. The theoretical DEXP at 5 kV/m is added as a dashed black line to show the goal of
this thesis, as well as the accompanying 10 dB tolerance bound. What is clear is the lacking very low fre-
quency performance of the EMIS-III-VPD: it is simply too small to ef�ciently radiate 1 MHz and therefore
does not achieve the desired band. The low frequency performance is better for the solid cone than it is
for the 8-wire models: the solid cone enters the tolerance band at 4 MHz while the 8-wire models do so
at 6 MHz. From approximately 300 MHz onwards the 8-wire models have higher spectral density than
the solid cone, as that is where they overcome the 100 - 300 MHz performance gap described earlier as
well as edge scattering becoming more prominent for the solid cone model.

Over the whole band the EMIS-III-VPD is only barely within the �10 dB tolerance bound from the 5 kV/m
theoretical limit. This is to be expected as the EMIS only actually achieved 2 kV/m (solid cone model)
electrical �eld strength. It stands to reason that the low frequency performance is acceptable so long
as the radiated electrical �eld strength is at least 5 kV/m: higher �eld strength across the whole band
mitigates low frequency performance.

To visualise the spatial distribution of electric �eld strength across the testing surface, a heatmap was
generated for the 8-wire with end termination model at several frequencies. The testing surface is de�ned
as a vertical plane at x = 100 m from the antenna, spanning 200 m horizontally (y = �100 to +100 m)
and 50 m vertically (z = 0 to 50 m), discretised into a grid of 201�51 = 10;251 points at 1 m spacing. This
is as illustrated in �gure 3.2. For each grid point, the distance r, polar angle � and azimuth angle � with
respect to the antenna at the origin were computed from the Cartesian coordinates. The directivity at
each (�; �) was obtained by two-dimensional linear interpolation over CST far-�eld data exported at seven
elevation cuts (� = 60 � to 90� in 5� steps), each containing 360 azimuth samples (� = 0 � to 359� ). The
electric �eld magnitude at each grid point was then calculated as jE(f )j =

p
30 Pavail (f ) G real (f; �; �) = r,

where the realised gain Greal incorporates the interpolated directivity, the radiation ef�ciency and the
mismatch factor (1 � jS 11 j2) at the frequency of interest. The 1=r dependence is evaluated per grid point,
so the geometric spreading from the varying propagation distance across the testing surface is included.
The result of this calculation is shown in �gure 3.18 on the next page
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Figure 3.18: Heatmap of EMIS-III-VPD radiation across 200x50 m vertical testing plane at 100 m distance
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What �gure 3.18 on the previous page clearly shows is the distinct lack of homogeneity across the 200x50
m testing area as de�ned in �gure 3.2. This was already predicted in section 3.2, where a 3 dB path loss
was predicted between the centre of the testing area and the edge due to the path length difference. This
is re�ected well in the 1 MHz plot, which shows the antenna behaving as an electrically small antenna.

However, what was unaccounted for in the �rst-order estimate was the effect of the sparsity of the 8-wire
antenna. At frequencies where the antenna is not electrically small this effect causes large ripples of
peaks and nulls across the testing area, with up to 12 dB differences over meters of distance separation.
Inspection of all available frequency cuts shows that this effect is largest from 50 to 300 MHz, where
the antenna is electrically large but the distance between the wires is roughly a wavelength long. This
observation is consistent with what was observed earlier in this section.

The two other models were also observed in the same way. To compare their performance, the ratio
between maximum and minimum electric �eld strength across the testing area is calculated and presented
in dB in the table below:

Table 3.2: E-�eld homogeneity range across the 200 m � 50 m testing surface at 100 m distance

f [MHz] End-terminated Resistively loaded Solid cone
1 4.0 4.0 4.0
5 3.5 3.0 2.9

10 10.6 10.1 6.9
20 9.7 9.2 6.2
50 17.9 9.6 5.6
75 13.9 13.3 5.4

100 20.2 11.9 3.5
150 16.8 13.2 3.6
200 17.1 7.3 3.7
250 10.7 14.8 4.0
300 7.8 5.9 3.8
350 7.7 7.0 4.1
400 6.6 5.9 3.8
450 8.1 6.1 3.9
500 7.3 6.0 4.2
550 7.1 5.3 3.9
600 10.2 5.4 4.6
650 11.6 7.4 7.1
700 8.9 9.5 7.6
750 7.5 14.4 7.8
800 6.1 10.2 9.4
850 8.3 10.4 8.8
900 9.0 9.3 9.7
950 9.3 8.4 9.4

1000 9.5 7.8 9.5
Average 9.9 8.6 5.8

What the table shows is the clear homogeneity improvement when a solid cone is used as opposed to
the 8-wire models at lower frequencies. Only at very high frequencies does this difference become less
pronounced, as from 600 MHz onwards the difference is no longer as large. It also shows that resistive
loading generally speaking aids in improving homogeneity, with some exceptions. All in all, the average
ratio between maximum and minimum electric �eld strength is 9.9 dB for the 8-wire model with end-
termination, improved slightly to 8.6 dB with resistive loading and �nally 5.8 dB for the solid cone model.
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An additional point of view of the homogeneity can be visualised when considering the time difference
of arrival across the testing area. In the �rst-order estimate done in section 3.2, it was estimated that
the total time difference of arrival across the area would be 138 ns, which is signi�cant for a pulse with
a FWHM of just 23 ns. The pulse would have completely passed through the centre of the testing area
while not yet having reached the edges. This is visualized in the plot below:

Figure 3.19: Time domain �delity comparison

Figure 3.19 shows the E �eld intensity as a function of time at 4 different points on the testing surface as
described in �gure 3.2: all are at a height of 25 m above the horizontal plane, hence in the middle of the
testing surface. They differ in being at different positions with respect to the boresight, taking steps of 25
m off boresight out towards the edge of the testing surface.

What can be seen clearly is the increasing time difference of arrival with equal step size off-boresight,
a consequence of the circularly expanding wave from the omnidirectional radiator. Once the pulse at
50 m off boresight starts, the pulses that passed through boresight and 25 m off boresight have already
decayed into late-time ringing. The 100 m off boresight starts almost exactly at 138 ns, as predicted in
the �rst-order estimate.

The implication of this effect is that the different parts of the DUT are illuminated at different moments.
Therefore, one cannot speak of 'total illumination' when discussing the EMIS-III-VPD, as the time differ-
ence of arrival of the pulse across the DUT is signi�cantly longer than the pulse duration. Any effects that
may be incurred when the full DUT is illuminated homogeneously are unlikely to occur when the time
difference of arrival is as signi�cant compared to the pulse-width.

What is also interesting to see is the difference in overall pulse shape between these pulses and the
theoretical DEXP shape as described in chapter 2, speci�cally in �gure 2.1 or in 2.3. This is an expected
result that will be discussed in more detail on the next page, where time-domain �delity in general is
discussed.
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Finally, the time-domain �delity of the EMIS-III-VPD was inspected. A reconstruction of the time domain
pulse was made from the spectral density of the radiated pulse. This is not ideal, as the antenna certainty
radiates some energy outside of the 0.1 to 1000 MHz bound within which the radiated electromagnetic
energy was evaluated. However, this loss is considered negligible. For this speci�c graphic, the DEXP
pulse as described in chapter 2 was fed to the antenna. The results are displayed below:

Figure 3.20: Time domain �delity comparison for EMIS-III-VPD

Figure 3.20 presents the reconstructed time-domain electric �eld at boresight on the test surface (100 m
range, 25 m above the horizontal plane) for the three EMIS-III-VPD antenna models driven by a double-
exponential (DEXP) voltage pulse. All three waveforms exhibit the expected bipolar signature of an
impulse radiating antenna: a sharp positive peak corresponding to the fast rising edge of the feed pulse
(where dV=dt is large and positive), followed by a zero crossing and a negative lobe produced by the
slower exponential decay. The solid cone model, representing the theoretical ideal of a continuous con-
ical conductor, achieves the highest peak �eld of approximately 1.7 kV/m. Its broad positive lobe and
sustained negative tail re�ect the wideband, low-loss nature of the solid structure, which radiates ef�-
ciently across the full spectrum of the DEXP pulse. However, the prolonged negative excursion—still at
�0:4 kV/m at t = 100 ns—indicates that the unattenuated return current along the cone surface produces
a signi�cant late-time low-frequency contribution that would be undesirable in a practical EMP testing
scenario. Further tuning of the solid cone model is necessary to fully eliminate this effect.

The end-terminated 8-wire model delivers a peak �eld of roughly 1.2 kV/m, approximately 70% of the
ideal cone value. Its most notable feature is the rapid decay of the radiated pulse: the waveform settles
to near zero within 25–30 ns, with negligible late-time ringing. This clean pulse shape is a direct con-
sequence of the matched resistive termination at the wire ends, which absorbs the outward-travelling
current wave as it reaches the rim of the antenna aperture, preventing re�ections that would otherwise
re-radiate and distort the pulse. The trade-off is clear: the termination dissipates a portion of the input
energy, reducing the peak radiated �eld, but produces a compact, well-de�ned impulse that closely ap-
proximates the ideal monocycle waveform required for standardised EMP hardness testing.

The resistively loaded 8-wire model occupies a middle ground. Its initial peak is comparable to the
end-terminated variant at approximately 1.2 kV/m, but the distributed resistive loading along the wire
length is less effective at suppressing late-time oscillations. Residual ringing persists with an amplitude
of 0.1–0.4 kV/m out to roughly 50–60 ns before decaying. This behaviour is consistent with the nature of
distributed loading: while it progressively attenuates the current as it propagates along the wires, it does
not present a single well-matched termination point, allowing partial re�ections at each loading disconti-
nuity. The result is a waveform that offers a compromise between the high peak �eld of the unterminated
solid cone and the temporal cleanliness of the end-terminated design.
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The main parameters of the time domain pulses are summed up in the table below:

Table 3.3: Timedomain �delity metrics.

Model Peak E Rise time FWHM max dE=dt
[kV/m] [ns] [ns] [kV/m/ns]

Solid cone (ideal) 1.96 5.3 19.4 7.25
End-terminated (8-wire) 1.26 2.45 10.2 32.40
Resistively loaded (8-wire) 1.29 2.55 9.8 37.65
Thesis requirement 5.0 (�0= + 6 dB) 2:5 � 0:5 23 � 5 —

Note that in this table, the FWHM is measured for the envelope around the pulse, not the actual pulse
itself. That way a unipolar pulse can be compared to a bipolar pulse.

3.5 Simple two-element monocone array

With the three models of the EMIS-III-VPD, it is tempting to do a �rst order validation of the idea that an
array performs better than a single antenna. To analyse this, the radiated far �elds of the EMIS-III-VPD
from the 8-wire with end-termination model were coherently summed as if they originated from two sep-
arate positions. The model therefore includes no effects such as inter-element coupling, and it assumes
perfect and identical feeding and timing. Two array con�gurations were considered: a broadside con�gu-
ration with the two antennas placed at y = �50 m, and a timed end�re con�guration with both antennas
on the x-axis separated by 40 m (respecting the 17.5 m cone base radius), where the rear antenna �res
133 ns earlier to compensate for its longer path to the centre of the testing surface. At each point on
the testing surface, the complex electric �eld contributions from both antennas were summed as phasors,
accounting for the propagation phase e�jkr and the 1=r spreading from each antenna individually.

The broadside con�guration is shown in �gure 3.21 and the timed end�re con�guration in �gure 3.22 on
the next two pages. Note that these images show E-�eld strength in kV/m, not in dB as in previously in
�gure 3.18.
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