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Abstract— Unmanned Aerial vehicles (UAVs), also known 

as drones, have been misused by unauthorized groups such 

as drug dealers. Therefore, many methods including the use 

of high-power lasers have been proposed to neutralize or 

damage the drones. In this study, several experiments were 

performed on the surface of a quadcopter drone using a 

high-power fiber laser. The laser power was fixed at 900 W, 

the laser irradiation time was 5 s and the distance between 

the laser head and the quadcopter drone was 4.4 m. Three 

different laser beam diameters such as 0.60, 0.74, and 1.02 

cm were used in the experiment. The results have shown that 

the smallest beam diameter can lead to faster penetration 

through the surface of the drone in 0.375 s.  

 

  Keywords- Laser-material interaction, High-speed imaging, 

  UAV, Drone 
 

I. INTRODUCTION 

 

Directed energy systems comprised of high-power lasers, 

microwave sources, or particle beams have been considered 

as potential weapon systems to neutralize or damage 

commercial UAVs/drones involved in malicious activities 

[1]. In such directed energy systems, focused 

electromagnetic energy or atomic or subatomic particles 

beam has been employed for degradation, damage, or 

complete destruction of the targets [2]. In this research, the 

effect of the interaction of a high-power fiber laser with the 

surface of a quadcopter drone is studied. An appropriate 

selection of laser parameters could result in efficient 

damage to drones, which requires a deep insight into the 

laser-material interaction process. An in-depth 

understanding of the thermal damage process caused by a 

high-power laser on the mechanical structure of a drone, 

which holds and protects the electronics, could help in 

identifying the laser parameters needed to disrupt the 

desired performance of the drone. Three experiments have 

been conducted to understand the high-power laser effect on 

the surface of a static quadcopter drone. 

 

II. EXPERIMENT 

A. Experiment Setup 

 

A Continuous Wave (CW) fiber laser having a 

maximum power of 6 kW, and wavelength of 1080 nm was 

used to investigate its interaction with the surface of a 

quadcopter drone. The laser head was placed at 4.4 m from 

the body surface of the drone, which has an average 

thickness of 2 mm. The laser power and irradiation time 

were fixed at 900 W and 5 s, respectively. Three laser beam 

diameters were used, which are 0.60, 0.74, and 1.02 cm. A 

high-speed camera with an 850 nm band pass filter was used 

to capture the images from the laser- material interaction 

zone. 

 

B. Experimental Results 

Fig.1 shows the laser-irradiated surface of the drone at 

different laser beam diameters for a fixed laser power of 900 

W. The decrease in laser beam diameter increases the power 

density, which results in increasing damage to the drone. 

High-speed camera images were used to determine the 

damage time, which is found to be the shortest, i.e., 0.375 s 

for the smallest beam diameter of 0.60 cm. 

 

 

 
Figure 1. The drone surface after laser irradiation for a beam 

diameter and power density of (a) 0.60 cm and 3.18 × 103 W/cm2 

(b) 0.74 cm and 2.10 × 103 W/cm2 (c) 1.02 cm and 1.10 × 103 W/ 

cm2, respectively. 
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Abstract—CenterPoint Energy completed an effective, 
cost-efficient solution for High-Power Electromagnetic 
(EM) mitigation [1] to be used in electric substations. The 
EM module design exceeds the shielding effectiveness test 
levels of MIL-188-125-1. Following the development of the 
EM mitigation module, efforts focused on real-time 
shielding compromise and event detection for EM threats.  
For threats, the HEMP/IEMI detector uses magnitude and 
frequency to determine the need and appropriate level of 
alert.  Additionally, shielding compromise is evaluated 
using a differential measurement from an on-board tone 
generator. The detector allows for real-time detection and 
alerts, reduces the need for technician field visits by 
regularly testing for shielding compromise, as well as 
provides forensic data for post-event analysis. 
  

I. INTRODUCTION 
 
Based on a system-wide deployment strategy and an annual 
shielding effectiveness test per location, costs of an on-site 
IEEE std 299.1 testing program was determined cost and 
logistically prohibitive.  The use of a once annual testing 
program may also leave extended time periods of 
ineffective shielding, diminishing EMP resiliency.  
Alternatively, EMP response and resiliency would be 
greatly improved by the situational awareness gained from 
event detection.  For localized IEMI events, security and 
operational personnel can use alerts to initiate response 
plans for specific substations. In the event of wide-area 
HEMP effects, the detection would signal control room staff 
to initiate an appropriately scaled response.  In order to meet 
all operational requirements, the device had to be capable of 
detecting external EM threats and compromised shielding, 
transmitting real-time alerts as well as capturing EMC 
waveform data. The development of a multi-function 
detection and alert solution was achieved in 2019 and has 
been successfully deployed in field applications.  
 

II. DESIGN BASIS 
 
QinetiQ Ltd. Were engaged by CenterPoint Energy to adapt 
their Totem® detector [2] to the dual purposes of HPEM 

event detection and the additional feature of Shielding 
compromise detection. The event detection aspect was 
already fully operational but the shielding compromise part 
created new design challenges. Given cyber, security and 
spectrum licensing considerations, the team opted to 
consider a conducted shielding compromise test method 
over a radiated test method. A prototype was built and 
demonstrated and found to be capable of detecting 
uncontrolled apertures (door ajar) and cable penetration 
shield violations.  

 
III. OPERATIONAL DEPLOYMENT 

 
Prior to substation deployment, testing was completed on a 
mock enclosure to ensure the differential method would 
meet all operational requirements.  It was critical the tone 
generator did not disrupt substation protection and control 
equipment while testing was in progress.  Testing proved 
the low-order signals used for testing were safe for both 
equipment inside and outside the EMP mitigation module 
with no anomalous events detected.   
 

 
 

Figure 1.   EM Module with Detector Installed 
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Abstract—The effective mitigation of high-level fields from 
EMPs requires mitigation of both radiated and conducted 
energy.  Cost concerns are always central to the mitigation 
debate. This paper examines the financial costs of achieving 
various levels of shielding effectiveness (SE) from a range 
of implementation methods as compared to a module-based 
design [1]; using quantitative methods for costs and 
qualitative methods for mitigation effectiveness. 
 

I. Mitigating EMP effects in power substations 
 

The environments considered in this paper are HEMP (100 
MHz to 1 GHz) and IEMI (up to 10 GHz). Radiated fields 
should be addressed using hardened enclosures, shielded 
control cables and addressing POEs. Conducted energy 
should be mitigated with surge suppression devices as well 
as high frequency grounding and bonding. Device power 
protection is accomplished with HEMP filtering. Below is 
an evaluation framework for assessing effectiveness versus 
costs in mitigation decisions. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: HEMP/IEMI Protection Diagram 
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II. HEMP/IEMI Protection Alternativities 
 
Figure 1 represents four paths of mitigation including (1) 
device power, (2) overhead power conductor coupling, (3) 
direct radiation and (4) coupled energy resulting from 
radiated fields on metallic control cable. Based on Figure 1, 
ten configurations were identified for comparison to the 
module design. Initial implementation costs range from $0.5 
M to $2.5M. Figure 2 represents the initial installation costs 
and qualitative assessment of mitigation effectiveness. 
 

 
Figure 2: Quantitative Costs/Qualitative SE 

 
Life-cycle costs associated with maintenance and inspection 
for SE were also considered. Maintenance associated with 
SPDs is assumed to be proportional to the number of SPDs 
installed.  Door maintenance costs would be based on 
expected open/close cycles and SE testing costs 
proportional to enclosure size. Assumptions included an 
SPD failure rate of 1%, annual SE testing and a 20-year 
asset life.

 
Figure 3: Maintenance Cost Comparison 

 
[1] E. Easton, K. Bryant and W. Radasky, “Design Approach for HPEM 

Mitigation for Electrical Substations,” in press for APEMC 2020, 
Sydney Australia, May 2020. 
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Abstract—Voltages are induced on a secondary circuit in a 
substation owing to lightning impulse currents flowing into 
the grounding structure of a substation. The induced 
voltages may cause faults and malfunctions of sensitive 
electronic devices, and thus, to protect secondary circuits 
from lightning overvoltage, shielded control cables are 
employed. In this study, we simulate a test platform of 
primary and secondary circuits with an unshielded or 
shielded control cable in a substation using an 
electromagnetic transient analysis code developed on the 
basis of the hybrid technique of the three-dimensional 
finite-difference time-domain method and transmission-
line theory. Then, we calculate voltages induced on the 
control cable when lightning impulse currents flow into a 
grounding grid, and compare the calculated results with 
measured waveforms for validation. 
 
 Keywords-FDTD method, lightning, secondary circuits, 
shielded control cable, substation 

 
I. INTRODUCTION 

 
When lightning strikes a substation and transmission line, 
lightning impulse currents flow into the grounding 
structure of the substation through lightning surge arresters, 
shield wires, and so forth. Then, voltages are induced on 
the secondary circuits in the substation owing to the effect 
of the ground potential rises of the grounding structure and 
electromagnetic coupling, which may cause malfunctions 
and faults of electronic devices in the secondary circuits. 
As countermeasures against lightning overvoltage, 
shielded control cables are installed in the secondary 
circuits, and thus, it is useful to evaluate the effectiveness 
of shielded control cables through simulations. In this 
study, using the hybrid technique of the finite-difference 
time-domain (FDTD) method [1] and transmission-line 
(TL) theory, we calculated voltages induced on a control 
cable in a test platform of primary and secondary circuits 
in a substation, and we compared the calculated results 
with measured waveforms for validation. 
 

II. SIMULATED AND MEASURED RESULTS 
 
Fig. 1 shows the test platform of primary and secondary 
circuits in a substation, which was mainly composed of a 
grounding grid, a gas-insulated switchgear (GIS) model 
comprising a gas-insulated bus model and voltage and 

Akifumi Yamanaka                     
Electric Facility Technology Division 
Central Research Institute of Electric Power Industry 
Yokosuka, Kanagawa, Japan 
yamanaka3929@criepi.denken.or.jp 
 

current transformers (VT and CT), and a protection-relay 
unit. Here, the signal-output terminal of the CT was 
connected to the protection-relay unit via an unshielded or 
shielded control cable. In the case of the shielded control 
cable, the shield of the cable was grounded at both ends. 
Injecting a lightning impulse current into the grounding 
grid with a pulse generator placed near the grounding grid, 
we measured voltages induced on the control cable at the 
protection-relay unit (point A in Fig. 1). In the simulations, 
we modeled the grounding grid, gas-insulated bus model, 
shield of the control cable, and pulse generator by the 
three-dimensional FDTD method, whereas electromagnetic 
transient phenomena in the control cables were solved on 
the basis of the one-dimensional TL theory taking into 
account the effect of the surface transfer impedance of the 
shield of the control cable [2]. As shown in Fig. 2, we 
confirmed that the calculated induced voltages agree well 
with the measured waveforms. The hybrid technique is 
useful for evaluating the effectiveness of shielded control 
cables to suppress induced voltages. 
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Fig. 1  Experimental setup of a test platform of primary and 
secondary circuits. 
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Abstract—This abstract presents the simulation and 

experimental approach and results of the beam shaping and 

incoherent beam combining of two kW-order laser sources 

using incoherent polarization combining at infrared 

wavelengths. 

 

Keywords:  Beam shaping; incoherent combining; high-
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I. INTRODUCTION  

 

The development of more compact laser sources for 

high-power applications have brought the possibility to 

replace in near future high-brightness laser sources for 

material cutting or processing. 

Currently, the most widely used laser technologies for 

high-brightness industrial applications are disk, fiber, and 

CO2 lasers [1]. However, the availability of high-power 

commercial semiconductor laser diodes opens an 

opportunity to research on the development of bright laser 

sources based on beam combining at kW level [2], [3]. 

In this work, we are presenting the latest results from 

our team about the implementation of a kW incoherent laser 

diode stack beam combining. In section two of this abstract 

more details about the design are provided. 

 

II. HIGH-POWER BEAM COMBINING 

 

The incoherent beam combining implementation 

proposed in this work is depicted in Fig. 1. The laser sources 

used are laser diode stacks of ten laser diode bars emitting 

at 980 nm and having 110 W maximum optical power 

emission per bar. The laser diode bars are fast-axis 

collimated using micro lenses. For slow-axis collimation, 

commercial cylindrical lenses are used to obtain a 

rectangular emission shape. 

Two 1-kW laser diode stacks are placed in orthogonal 

position one to the other. The beam combining is done 

thanks to the use of a polarization coated mirror. In front of 

one of the laser diode stacks (Laser Source 2), we placed a 

half wave plate to change the beam polarization, then, this 

beam is reflected by the polarization mirror. 

 

 
Figure 1.   Schematic setup of the polarization-based beam 

combining (top view). 

 

From the simulation results, it is feasible to implement 

the polarization-based incoherent beam combining with a 

power efficiency of 99%. However, in laboratory 

implementation, the efficiency can drop significantly 

considering aspects such as the smile effect of the diodes 

and thermal stress on the lenses. This is going to be explored 

during the experimental stage of this work and shared 

during the conference.  
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Abstract—A full-wave Finite-Difference-Time-Domain (FDTD)
model is developed to evaluate the propagation effects of lightning
electromagnetic fields over mountainous terrain in the earth -
ionosphere waveguide (EIWG). The obtained results are validated
against simultaneous experimental data consisting of lightning
currents measured at the Säntis Tower and electric fields mea-
sured in Neudorf, Austria, located at a 380 km distance from the
tower. The waveform of the lightning-radiated electric field at
380 km includes both a ground wave and a reflected sky wave.
The presence of mountainous terrain mainly affects the time
delays and amplitudes of the ground wave, while the skywave
parts mostly depend on the effect of the ionospheric cold plasma
characteristics.

Keywords—FDTD, Mountainous terrain, Säntis Tower, Light-
ning, Ionosphere

I. EXPERIMENTAL DATA

In this study, we focus on lightning in the region around
the Säntis Tower located in the Swiss Alps. The 124-m Säntis
Tower has been instrumented since 2010 and it serves as an
experimental station for the direct measurement of lightning
currents. We consider the topography between the Säntis
Tower and a 380-km distant electric field sensor in Neudorf,
Austria based on global digital elevation model version 2 data.

II. FDTD MODELING

Very low frequency (VLF)/low frequency (LF) waves gen-
erated by lightning discharges are well known as an effi-
cient tool to probe the localized variation of the ionospheric
D region (60 km - 90 km) parameters. In order to include
the ionospheric characteristics in the D region, the FDTD
model includes three fundamental equations including two of
Maxwell’s equations and a modified Ohm’s equation (some-
times called the Langevin equation).

III. RESULTS AND DISCUSSION

Fig. 1 shows two examples of the measured lightning return
stroke currents (a,c) of an upward flash obtained at the Säntis

Tower and the simultaneously measured electric fields (b,d)
at 380-km distance in Neudorf, occurred at 17:26:00 UTC on
Sep 25, 2019. It can be seen that, after taking into account
the effect of the irregular terrain along the propagation path
and the electron density profile in the ionosphere, both the
initial peak and overall waveform of the vertical electric fields
calculated by using the FDTD model were found to be in good
agreement with the measurements obtained from the 380-km
sensor in Neudorf for the considered cases. The use of either
the electron density profile or the terrain profile is not enough
to obtain a complete match between the simulated and the
measured waveforms. The presence of the mountainous terrain
mainly affects the time delays and amplitudes of the ground
wave parts. However, the skywave parts mostly depend on the
effect of the ionospheric cold plasma characteristics.

Fig. 1. Two lightning return stroke currents measured at the Säntis Tower
(a,c) and the comparison between the E-field observations and the FDTD
modeling results at the 380-km Neudorf station (b,d). The ground wave and
its reflected sky wave are marked as G and S, respectively.
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Abstract—. 
 
Beside the books and articles by dr. Dave Giri, his 
personal involvement to the scientific research programs in 
the Netherlands in the field of ultra-wide Band high power 
microwave systems has been paramount. By his expertise, 
an ultra-wide band radar system was build and this system 
was used in the field of detection of unexploded ordnance 
as well as in in high power microwave susceptibility tests. 
In this contribution these important contributions are 
reviewed and discussed. 
 
High Power Microwaves, High Power Electromagnetics, 
Impulse radiating antennas, land mines 

 
I. INTRODUCTION 

 
In the nineties of the last century, the author of this paper 
was introduced into the field of Nuclear Electromagnetic 
Pulse Protection (NEMP) and High Power Microwaves 
(HPM) by the workshops organized by the late dr. Carl 
Baum. This was the very beginning of the applied scientific 
engagement with dr. Giri. In the Netherlands, we were 
running research programs on NEMP and the interest 
shifted from NEMP to HPM. End of the nineties also a 
program was started in the field of Humanitarian Demining. 
At TNO we were enthusiastic about the famous Impulse 
Radiating Antenna (IRA) and its ability we thought this 
antenna could help us to investigate the IRA-performance 
in detecting unexploded ordnance [1] and [2]. We 
investigated the system and as well as with aid of the 
Brewster Angle. Dr. Giri was involved to help us design the 
IRA. This system contained both a transceiver and a 
receiver IRA. Its specifications were to detect buried 
objects. Jointly, we wrote a research report on the design 
and we tested the detection system [1]. During the ISAF 
mission, we also used the system to detect IEDs. 
In the presentation during this special session, the author 
will highlight the important influence of his scientific 
talents within the Dutch High Power Microwave research 
programs, the humanitarian demining program. Dr. Giri’s 
contributions, not only scientifically but also personally. 
will be highlighted.. 
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Abstract—Direct injection test and high power radiation 

test are carried out respectively in order to investigate the 

effect of HPEM pulse on a RF front-end. From the 

comparison of test results, the correlation between two 

experimental methodologies can be verified. 

 

Keywords-HPEM, Effect, RF Front-end 
 

I. INTRODUCTION 

 

The RF front-end, composed of an antenna, a filter stage and 

a low noise amplifier, is one of the vulnerable parts of RF 

receiving system when it is exposed to high power 

electromagnetic(HPEM) environment and the threatening 

electromagnetic signal is induced by the front door coupling. 

A lot of researches have been reported to investigate the 

effect on HPEM pulse for RF front-ends from circuit level 

to system level by using various experimental 

methodologies [1,2]. When these experiments were planned 

and designed in detail, common interests might be 

efficiency and reality for the HPEM effect analysis. In this 

point of view, we will introduce two different types of 

HPEM effect tests on RF front-end, direct injection test and 

high power radiation test will be introduced and the test 

results will be compared. 

 

II. EFFECT TEST 

 

A. Direct Injection Test 

The main feature of direct injection test on RF front-

end is simplification. In this test setup, the wave propagation 

from HPEM source to a receiving antenna can be eliminated 

and the threat signal is induced into RF circuit under test 

directly. Instead of real high power sources, the solid state 

power amplifiers(SSPAs) are typically used to generate the 

simulating HPEM threat signal. When the SSPAs is used in 

the HPEM effect test, the core advantage is that parameters 

of electromagnetic signal can be controlled quiet freely in 

time domain as well as frequency domain due to its 

wideband characteristics. So, it is possible to simulate a 

number of HPEM environment cases efficiently using this 

abbreviated test methodology. 

To study the effect of RF front-end in a 

telecommunication system, one kilowatt in-band SSPA 

with a signal generator is prepared to generate the 

equivalent HPEM threat. Then, the input and output signals 

of every component are monitored while changing 

parameters of the injected signal such as frequency, power, 

pulse width, and so on. Figure 1. (a) shows the typical  
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square pulse profile of the injecting signal generated at 

SSPA and Figure 1. (b) shows the damaged low noise 

amplifier circuit after direct injection tests. 
 

 
(a) (b) 

Figure 1.  (a)  Injecting HPEM signal, (b) Damage of RF circuit 

(yellow circle). 

 

B. High Power Radiation Test 

In spite of efficiency and versatility of direct injection 

test, the test results should be verified in the real 

environment conditions. Because it must be a test method 

with assumption and there are some differences with the real 

HPEM environment. One of the most unmatched conditions 

is the injected signal characteristics. Practically, gigawatt 

class high power sources such as a relativistic vacuum tube 

generate a specific nonlinear output pulse signal due to 

pulse shortening, mode competition, frequency shifting, and 

so on [3]. Therefore, radiation effect tests on the RF front-

end including a receiving antenna with a high power source 

are carried out at outdoor experimental site. In the 

comparison of the two test results, the correlation between 

two HPEM effect test methods can be verified. 
 

III. CONCLUSION 
 

In this paper, the direct injection test and the high power 

radiation test to investigate the HPEM effects via front door 

coupling were discussed correlatively. Results of the 

comparison test give us reliability of the experimental 

method for various types of RF front-end.  
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Abstract—In this paper effects of the position of a ship’s 

mast on its radar cross section (RCS) are examined in the 

high frequency (HF) band. Depending on the relative 

placement of masts it is shown that the monostatic RCS of 

a ship will change considerably. Hull, command bridge, 

and other objects will influence the RCS also. Results of 

electromagnetic simulations indicate that mast placement 

and bridge positioning allow for an increase or decrease of 

monostatic RCS for a particular direction. 
 

Keywords – radar cross section (RCS), high frequency 

over the horizon radars (HF OTHR), mast placement, 

monopole antenna. 
 

I. INTRODUCTION 
 

Over the horizon radar (OTHR) is a system used for 

long-range maritime surveillance, which employs the high 

frequency (HF) surface wave which is vertically 

polarized [1]. It was shown that in this system a significant 

contribution to RCS can come from vertical structures 

such as masts, antennas, and towers [2]. This is even more 

pronounced when the height of vertical structures is near 

resonant. With certain arrangements of vertical structures, 

monostatic radar cross section (RCS) can be canceled in 

specific directions. In this paper, we will examine some of 

these effects through numerical simulations. 
 

II. NUMERICAL MODELS AND RESULTS 
 

To investigate the mechanism of RCS cancelation, a 

simple model of two monopoles separated by λ/4 is 

simulated (λ being the free space wavelength). Monopoles 

are placed above an infinite ground plane and illuminated 

with transverse electromagnetic (TEM) waves traveling in 

the horizontal plane. The results for monostatic RCS in the 

horizontal plane are calculated by the WIPL-D Pro [3] and 

shown in Fig. 1. A clear null in monostatic RCS is seen for 

directions in the horizontal plane containing the plane of 

both monopoles, as expected. 
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Figure 1. Monostatic RCS of two monopoles separated by λ/4. 

 

On the other hand, for ships with two masts separated 

by /2, there are some effects not present in the previous 

model. Ships have multiple masts and a command bridge 

with different electromagnetic surroundings and the ship’s 

hull could not be seen as an infinite ground plane. A 

simplified realistic model of an oil tanker with two masts 

and a bridge is presented in the inset of Fig. 2. The ship is 

illuminated with vertically polarized TEM waves traveling 

in the horizontal plane. Monostatic RCS for three 

situations, two λ/2 separated masts and a command bridge 

separated by λ/4 (blue line), front mast excluded (red line), 

and both masts excluded (green line) are shown in Fig 2. 
 

 
Figure 2. Ship RCS for two masts (blue line), 1 mast (red line) 

and bridge only (green line). The illustration of ship orientation is 

shown with yellow object in the center of the diagram. 
 

From Fig. 2 it is observed that monostatic RCS in the 

direction of ship’s axis is reduced when 1 or 2 masts are 

added compared to the command bridge. Results are 

generally are dependent on the number of masts and angle 

of monostatic RCS. 
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Abstract— The University of New Mexico (UNM) stood up 
its Directed Energy Center in Fall 2021, a congressionally 
mandated initiative. This positions UNM as the only 
University in the U.S. to have a leading academic research 
program in both Directed Energy Lasers and Directed 
Energy Microwaves, with both having experimental and 
theoretical capabilities. This research effort is 
complemented by the UNM Global and National Security 
Policy Institute’s Introduction to Directed Energy online 
course that has been offered every semester since Spring 
2017 as part of the Professional Master of Science in Global 
and National Security (https://gnspi.unm.edu/degrees-and-
certificates/masters-degree-.html). The initial focus of the 
Directed Energy Lasers research is on: Radiation Balanced 
Fiber Lasers; Integrated Modal Control and Beam 
Combining of High-Power Diode Laser Arrays for the Next 
Generation HEL System; Power Scalable Electrically 
Driven Monolithic IR Surface Emitting Lasers; Novel 
Microstructured Fibers for Advanced High Power Fiber 
Lasers; and Hollow-Core Optical Fiber Gas Lasers. The 
evolving focus of the Directed Energy Microwaves research 
is to support the U.S. DOD’s Electromagnetic Spectrum 
Superiority Strategy. In this context, the focus is on high 
power sources of microwaves ranging from X-band to Ka-
band. This presentation will summarize the activities of 
DEC@UNM. 
 
Keywords-directed energy, fiber lasers, semiconductor 
lasers, quantum dots, high power microwaves 

 
I. INTRODUCTION 

 
The University of New Mexico (UNM) established its 
Directed Energy Center (DEC) to conduct fundamental and 
applied research in high-power laser science and technology 
and high-power microwaves (HPM). The research at UNM-
DEC focuses on the ongoing development of optical fiber 
lasers, semiconductor lasers, other solid-state lasers that can 
be used in high-power applications; and of HPM oscillators, 
amplifiers, and components. The primary technical 
objective of UNM-DEC is to conduct cutting-edge research 
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in lasers and HPM in materials and systems, encompassing 
theoretical and computer modeling to device fabrication to 
prototype development. There is a strong demand for DE 
lasers and microwaves, both in technological innovation 
and workforce development, to preserve and enhance the 
dominance of the U.S. in DE technologies. UNM-DEC 
provides an exceptional platform for both technological 
innovation and workforce development in DE microwaves 
and lasers to cater to this demand, which is of prime 
importance to the national security of the U.S. for 
commercial and defense technologies. 
 
 

II. DIRECTED ENERGY LASER RESEARCH 
 
A. Fiber Lasers 

  
Initially, postdoctoral scholars and graduate students are 
working to establish the DE fiber laser laboratory. Several 
main research tracks are pursued in the initial phase of the 
work. These tracks include: (1) the development of high-
power sources at 1030 nm wavelength to be used for solid-
state laser cooling of Yb-doped silica, and eventually 
making high-power radiation-balanced fiber lasers; (2) the 
study and development of fiber lasers and amplifiers in 
disordered Anderson localizing optical fibers at around one-
𝜇m wavelength; (3) the study and development of 3-5 𝜇m 
wavelength gas fiber lasers. The latter will potentially 
necessitate the development of fiber-based or 
semiconductor pump sources at various wavelengths such 
as 1.5-	𝜇m, 2.0-	𝜇m, and so on [1,2]. For all these projects, 
extensive theoretical and modeling efforts are performed 
using the existing fiber laser and amplifier simulation 
models or by developing new simulation tools. The 
simulation tools include pre-developed and newly 
developed Matlab, Mathematica, Python, and C++ codes, 
and Comsol Finite Element Models. Some of this 
development may be performed at the UNM Center for 
Advanced Research Computing (CARC), which is the hub 
of computational research at UNM and one of the largest 
computing centers in the State of New Mexico (NM). 



B. Semiconductor Lasers  
 
For the semiconductor laser portion we will develop NIR 
976 nm quantum well (QW) and quantum dot (QD) diode 
lasers. The QW diodes for pumping Yb fiber amplifiers are 
mature with electrical to optical efficiencies approaching 
70%. Our initial objective will be to replicate these 
efficiencies. We will make use of advanced computations 
based on many body calculations to design these lasers and 
model them prior to fabrications. We shall later transition 
from QW diodes to QD diodes. The dots have superior 
characteristics compared to wells in terms of metrics such 
as Dl/DT, threshold and beam quality degradation. These 
will be verified by comparing to QW lasers. We will also 
put effort into the optimization of epitaxial processes for 
such lasers. UNM has a state-of-the-art, fully automated 
VEECO ® GEN 10 reactor for the growth of III-As QW and 
QD lasers, the reactor is shown in Figure 1. UNM has three 
decades of expertise in semiconductor QW and QD lasers 
[3,4].  
 

 
 
Figure 1. VEECO ® GEN 10 solid source molecular beam epitaxy 
reactor for the growth of InGaAs QW and InAs QDs.  
 
 

III. DIRECTED ENERGY MICROWAVE 
RESEARCH 

 
For the HPM portion [5], new students are being brought on 
board who will learn how to run particle-in-cell (PIC) codes 
(MAGIC, ICEPIC) and other electromagnetic solvers, such 
as CST Microwave Studio and HFSS for virtual prototyping 
of HPM sources and components.  Newly brought on 
students will also be mentored by research faculty on 
experimental techniques using the two accelerators in the 
Pulsed Power, Beams, and Microwaves Laboratory (Figure 
2). These new students will complement ongoing research 
activities on the development of HPM amplifiers, and on 
continued advances in the relativistic magnetron and the 
relativistic magnetron with diffraction output (MDO).  
 
Whereas our recent interest has primarily focused in low 
frequency, L-band and S-band, we did advance E-band (78 

GHz) sources under the auspices of the DARPA INVEST 
program. The UNM group is now seeking, as part of the 
recently established DEC@UNM to develop pulsed power-
driven high frequency HPM sources in the X-band-to-Ka-
band range to generate considerable power for front-door 
disruption against radars, sensors, and other assets 
employed by our near peer adversaries. Because of the Pf2 
scaling (where P is the output power and f is the frequency) 
of beam-driven HPM sources, we expect that the power 
outputs from these sources will decrease as a function of 
frequency. We will investigate linear beam devices such as 
backward-wave oscillators (BWOs) and traveling tube 
amplifiers (TWTs), as well as a relativistic magnetron with 
diffraction output (MDO), a crossed-field device. In 
addition, we will advance our earlier work on an E-band 
power combiner and apply it to the X-band-to-Ka-band 
frequency range. 

 
Figure 2. Photographs of the SINUS-6 accelerator (top) and the 
modified PI-110A accelerator (bottom) used in HPM studies. 
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Abstract— The response of the thin-wire half - circular 
loop perpendicular to PEC ground to the lumped voltage 
source by application the Regge-Watson transformation is 
reduced to the sum over frequency-dependent complex 
values mv(k) (v=1,2,3...). Corresponding curves 
{Re(mv(k)), Im(mv(k)} on the complex m-plane describes 
deep physical properties of the scattering system. 
 

 Keywords- thin wires; circular loop; Regge theory  
 

I. INTRODUCTION  
 

Direct numerical methods, e.g., Method of Moments 
usually used to calculate EM field coupling with wiring do 
not allow deep research into the physical essence of the 
problem. This can only be achieved by using analytical or 
semi-analytical methods. The exact analytical solutions 
that are possible for structures with high geometrical 
symmetry are especially important: an infinite straight 
wire, a circular wire, a helix wire and their combinations 
that keep symmetry, e.g., an infinite straight wire over an 
PEC surface, half-circular loop perpendicular to PEC 
surface, twisted pairs, etc.  
 

II. RESULTS 
 

Here, we consider a circular half-loop perpendicular to the 
PEC ground. This structure is the only finite transmission 
line - like wiring structure for which there is an exact 
solution to the mixed-potential integral equations. This 
solution can be obtained by Fourier series for any type of 
excitations [1], including distributed excitations (e.g., by 
external plane wave) or lumped excitations (e.g., by 
voltage source). The solution for the lumped excitation is 
especially important because it is a Green's function for the 
current and yields the solution with arbitrary excitation. 
To obtain this solution with appropriate accuracy, one has 
to use 100-400 terms in the Fourier series. In our previous 
paper [2], we have shown, how to simplify this Fourier 
solution and, using the phenomenological physical 
method, approximately obtained the main term of the 
current excited by lumped source. This current is analog of 
TEM mode excited by a lumped source in the infinite 
straight wire above a PEC ground. In this work, we use the 
Watson - Regge transformation and represent the Fourier 
sum as an integral in the complex plane of the parameter 
m, which is an integer in the classical Fourier solution. The 
integral is defined by the zeros of the modal impedance 
per-unit length in the complex plane of the parameter m, 
which zeros define the so called Regge poles, in analogue 
with scattering theory in quantum mechanics [3].  
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Figure 1. Regge trajectories (26 poles) for circular loop R=4m, 
r0=1cm, 0.75 m-1≤k≤3.875 m-1.  
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Figure 2. Frequency dependence of the admittance function for 
current for the circular loop (R=4m, r0=1cm) calculated by Regge 
and Fourier methods. Voltage source and observation point are 
arranged at the points ϕ=0 and ϕ=π. 
 

The positions of the poles on the complex plane depend on 
the frequency and form so called Regge trajectories (see 
Fig.1). The sum over the Regge poles is an exact solution 
of the problem and equals the sum of Fourier series (see 
Fig.2). The term corresponding to the pole with the 
smallest imaginary part coincides with the 
phenomenological solution. Moreover, after some 
manipulation on this term, one can obtain the SEM poles 
of the first layer for the wiring structure. 
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Abstract—This paper details the design and modeling of a 

500 kV pulse generator based on a Tesla transformer for 

driving a matched low-impedance high-power microwave 

(HPM) source for a duration of 50 ns. An analytical design 

approach based on the off-resonance mode of operation of 

the Tesla transformer is made, and simulations are performed 

to validate the design process. 

 

Keywords-component; Tesla transformer; pulse generator; 

numerical analysis. 

 

I. INTRODUCTION 

Tesla transformers (TTs) have been used as a primer for 

particle accelerators and high-power microwave (HPM) 

sources due to their compactness and high pulse repetition  

rate capabilities. TTs operating in the off-resonance mode 

due to a ferromagnetic core exhibit improved coupling 

coefficient, lower primary circuit voltages, and can be 

designed with high voltage transformation ratios (~ 1500) 

[1]. This work aims at presenting an analytical approach and 

simulation to validate the design of a TT. 

 

II. DESIGN OF THE TT 

Fig. 1 shows a schematic diagram of a pulse generator based 

on a TT, and Fig 2 is a 3D model of the TT. Two inductively 

coupled circuits oscillate at a resonance frequency, 𝜔 to 

elevate a low voltage into the kV and MV range within a nano 

or microsecond period.  

𝐿1 and 𝐿2 are the primary and secondary inductances; 𝐶1 and 

𝐶2 are the capacitance of the primary and secondary circuits, 

respectively. The maximum secondary voltage, 𝑈2𝑚𝑎𝑥  when 

the circuits oscillate at their resonant frequency is given as;  

Korovin showed that the coupling coefficient 𝑘 due to the 

presence of a magnetic core can be written as [2];  

where 𝐹(𝛽) is a structural function defined in [2], 𝑅𝑒𝑥 is the 

radius of the external core, and  𝐿𝑝𝑓𝑙 is the length of the 

magnetic core. From (2), it shows that for TTs with magnetic 

cores, 𝑘 depends only on the geometric properties of the core.  

 

 

III. SIMULATION RESULTS 

The input parameters of the TT are shown in Table I. Based 

on an analytical design approach explained in [2], the 

calculated parameters of the TT are shown in Table 2. PSICE 

simulation waveform in Fig. 3. shows that an output voltage 

and current of 250 kV and 37 kA, respectively, with a 51 ns 

duration, can be achieved.  

 

 
 

 
 

 

Future work will include electromagnetic simulations to 

determine areas of electric field enhancements in the PFL and 

the maximum flux density. The authors look forward to 

presenting the electromagnetic simulation results during the 

conference. 
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Figure 1. Circuit diagram of open-ferromagnetic cored TT. 

 

 

Figure 2. Magnetic core structural diagram of the TT. 

 

TABLE 1.     INPUT PARAMETERS OF THE TT 

Parameters 𝑈𝑜 𝑈2𝑚𝑎𝑥 𝑇𝑑𝑢𝑟 𝑍 𝜖𝑟 

Values 580 V 500 kV 50 ns 6.7 Ω 81 

 

TABLE 2.      CALCULATED PARAMETERS OF THE TT 

Parameters 𝐿𝑝𝑓𝑙 𝐿𝑏 𝑅𝑖𝑛 𝑅𝑒𝑥 𝐿𝑠 

Values 833 mm 375 mm 41 mm 110 mm 80 nH 

Parameters 𝐿𝑚 𝐿1 𝐿2 𝑘  

Values 0.90 µH 0.98 µH 1.24 H 0.96  

 

 
Figure 3. Tesla transformer waveform at rated operations. (Uload: 60 

kV/div., Iload: 20 kA/div., 50 ns/div). 
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Abstract— This work presents the characterization of a 

38-kJ capacitor-based pulse forming unit used as part of the 

energy source of an electromagnetic accelerator. The 

voltage and currents through the main components are 

measured after a 0.6 kV discharge test. 

 

 Keywords; capacitor bank, electromagnetic launcher, PFU 
 

I. INTRODUCTION  

 

An electromagnetic accelerator (EMA) thrusts a mobile 

armature by converting electrical energy into kinetic energy 

by using the Lorentz force principle. It consists of a 

capacitive power supply that stores energy and then drives 

a current pulse to a load made up of parallel rails with a 

moving armature [1]. Due to the low impedance of the rail-

armature setup, the discharge generates currents of dozens 

of kA from pulse forming units (PFU) charged to voltages 

of tens of kV. One possible configuration for a PFU 

comprises a capacitor bank discharged through an inductor 

by triggering a high-current switch, such as a thyristor; 

however, spark gaps and thyratrons can also be used [2]. 

 

This work presents the experimental characterization of a 

38-kJ PFU discharged into the pulse-forming inductor itself. 

Fiber optic link transceivers were used for both 

measurement and control subsystems, allowing safe and 

remote operation of the accelerator. 

 

II. PULSE FORMING UNIT TEST SETUP   

 

The assembly of the 38-kJ energy source for the EMA is 

shown in Fig. 1a. The module consists of 6 x 125 µF/10 kV 

capacitors, three 90-kA thyristors, four diodes serving as 

freewheel mechanisms to protect the capacitors, and a 

solenoid inductor of 50 µH that connects the power supply 

to the load. The pulse-forming inductor is short-circuited to 

the ground to act as the load during the discharge test. Fig. 

1b shows the schematic model of the PFU under test.  

 

The capacitor bank charging is remotely controlled via 

serial communication over a fiber optic link. The control 

system consists of a compact RIO module, sending a TTL 

pulse to the thyristor-gate-driver circuit, which triggers the 

thyristor to discharge the capacitor bank. The measurement 

system consists of a high-voltage probe and a Rogowski coil 

whose output signal is transferred to an oscilloscope via 

fiber optic transceivers, working from DC to 25 MHz. The 

control system flow diagram is depicted in Fig. 2.  

       
Figure 1. (a) PFU prototype. (b) Circuit model 
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Figure 2.   Block diagram of the discharge control. 

 

III. MEASUREMENT RESULTS 

 

Preliminary tests with the PFU charged to 0.6 kV (375 J) 

were performed. The results are shown in Fig. 2. The load 

current shows 190 µs rise time and reaches a 1.95 kA peak, 

indicating a good agreement with the theoretical peak value, 

computed as 

 ( )0 0 0exp 4 2.01 (kA)peak PFU PFUI V L R L  = − =  (1) 

Where 𝜔0 = 1/√𝐶𝑃𝐹𝑈𝐿𝑃𝐹𝑈, and R is the equivalent circuit 

resistance. The resistance from the solenoid (16 mΩ) is the 

main contributor to R and was used in the calculation. 

Higher voltage discharge results will be presented during 

the conference. 

 
Figure 3. Preliminary experimental results 
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Abstract— This paper investigates the electromagnetic 

properties of E-glass and balsa wood, two commercially 

available dielectric materials. The samples are characterized 

by calculation and measurement over the X and Ku band 

frequency ranges (8.2 -18 GHz). A rectangular waveguide 

system is used for the measurement. The Nicolson Ross 

Weir (NRW) algorithm is implemented to calculate the 

complex permittivity and magnetic permeability from the 

measured S11 and S21 parameters. In addition, this paper 

discusses some limitations of the NRW technique to 

characterize complex permittivity and permeability of low 

loss materials at frequencies corresponding to multiples of 

one-half wavelength in the material. 

Keywords- electromagnetic characterization, electric 

permittivity, magnetic permeability, Nicolson Ross Weir 

(NRW) method, rectangular waveguide 
 

I. INTRODUCTION 

The electromagnetic characterization of dielectric materials 

is relevant to a wide range of practical applications [1]. The 

use of radar absorbing material (RAM) is a must to stealth 

the object by reducing the radar cross-section. Several 

experimental techniques and methods have been developed 

over the years to measure the complex relative permittivity 

and complex relative permeability of the materials [1]–[3]. 

In this paper, the NRW technique is implemented to extract 

the complex permittivity and permeability of E-glass and 

balsa wood samples in the X and Ku frequency bands. The 

equations used and the algorithm to convert from S 

parameters to dielectric properties are presented. The 

measurement setup, the calibration, and the measurement 

procedure are outlined. The measurement results are then 

compared with the calculation for validation. Finally, the 

divergence of the NRW technique at frequencies 

corresponding to multiples of one-half wavelength in the 

material is highlighted and discussed. 

 

II. MEASUREMENT SETUP 

To validate the technique, the samples are measured using a 

rectangular waveguide system: WR90 for operating 

frequencies from 8.2 to 12.4 GHz and WR62 from 12.4 to 

18 GHz. The experimental setup is shown in Figure 1[2]. A 

VNA Rhode ‘and’ Schwartz ZNB20, operating from 100 

kHz to 20 GHz, and WR90 and WR62 Standard CLKA1 

waveguides from Rhode & Schwarz are used to performing 

the measurement. The material under test is placed between 

the waveguides, and the S-parameters are measured at the 

ends of the coaxial cables. 

 
Figure 1: (a) Waveguide section filled with material sample, (b) 

Experimental setup. 

III. METHOD AND DISCUSSION 

By assuming no source and load mismatch and solving the 

boundary condition at d = 0 and d= t, S11 and S21 can be 

written as functions of the reflection coefficient (R) and the 

transmission (T) coefficient between the two faces of the 

sample [4]: 

𝑆11 =
(1 − 𝑇2)𝑅

1 − 𝑇2𝑅2
 (1) ; 𝑆21 =

(1 − 𝑅2)𝑇

1 −  𝑇2𝑅2
 (2) 

The permittivity and permeability are extracted using the 

following relationships: 

 𝜇𝑟 = (
1+R

1−R
)

𝛾

𝑗2𝜋√
1

𝛾0
2−

1

𝛾

 
(3) ; 𝜀𝑟 =

𝜆0
2 [

1
𝜆𝑐

2 − (
𝛾

2𝜋
)

2

]

𝜇𝑟

 (4) 

Here 𝛾 and  𝛾0 are the propagation constants in the material 

and vacuum respectively, and 𝜆0 is the free space 

wavelength and 𝜆𝑐 is the cutoff wavelength of the 

waveguide. The algorithm to extract the complex 

permittivity and permeability is implemented using the 

above equations. 
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Abstract— This paper presents the implementation of a 

broadband Radar Cross Section (RCS) measurement system 

inside the Semi-Anechoic Chamber (SAC) of the Directed 

Energy Research Center. The setup is used to measure the 

RCS of a PEC canonical target, and the results are compared 

with numerical simulations using a rigorous method. 

 

Keywords: Radar Cross-Section (RCS); RCS measurement;  

I. INTRODUCTION 

The RCS of a target can be estimated using numerical 

electromagnetic modeling if an accurate 3D geometry of the 

target is available [1]. An exact numerical calculation of the 

RCS in the X or Ku band frequencies and for a large 

bandwidth is often very long and requires a prohibitive 

memory effort [2]. Therefore, to estimate and validate the 

numerical prediction, it becomes necessary to have a 

suitable RCS measurement facility. In general, the 

measurement of RCS takes place in anechoic chambers [4], 

that simulate free-space and far-field conditions and where 

the unwanted reflections are reduced.  

This paper focuses on the implementation of an RCS 

broadband measurement system in a SAC where fully 

anechoic conditions are not available, and consequently, 

spurious reflections and interferences become important. 

Background subtraction and a time gating are performed to 

extract the target RCS. Finally, the measurement result is 

compared to numerical calculations.  

II. MEASUREMENT SYSTEM 

The measurement system is presented in Figure 1.The target 

is positioned on a Styrofoam column support of 1.5-meter 

height, and the support is placed on a turntable to rotate the 

target in azimuth. A laptop is located inside the control room 

to simultaneously control the VNA and the turntable. The 

measurement is performed in the azimuth range from -90 to 

90 degrees around the target, with a 0.5-degree resolution. 

 
Figure 1: Schematic diagram of the measurement system. 

 

III. RESULT AND DISCUSSION 

The RCS of a metallic square trihedral corner reflector of 

30 cm sides is measured at 10 GHz for vertical transmit and 

receive polarization. The measurement is performed using 

the following steps: First, a full 2-port SOLT (short-open-

load-thru) calibration is performed to establish the reference 

plane at the output of the coaxial cables. Secondly, a 

metallic sphere of 30 cm diameter (see Figure 2) is used as 

a reference. The third step consists of measuring the 

response of the target. 

 
Figure 2:Calibration sphere in the SAC 

The geometry of the trihedral and a comparison between 

measurement and numerical simulation are shown in Figure 

3.  

 

 
Figure 3: Monostatic RCS of a trihedral corner reflector of 30cm.  

According to the plots in Figure 3, between 0 and 90 

degrees, the agreement between the simulation and 

measurement results are very good. Below 0 degrees, the 

differences are most likely caused by the impact of the 

imprecise reference target used for calibration. Further 

discussion will be presented during the final presentation. 
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Abstract— This paper introduces the concept of a 

Resilience based approach rather than a protection-lead 

approach to High Power Electromagnetic (HPEM) threat 

mitigation. It is shown that a resilience based approach is 

much more intuitive and is how the risk from the majority 

of common threats are mitigated. The resilience approach 

and a framework for the management of HPEM resilience 

is being developed for an update to IEC 61000-5-6. 

 

I. THE PROTECTION-LEAD APPROACH 

 

The earliest standards for High-altitude Electromagnetic 

Pulse (HEMP) protection of facilities were developed for 

military use [1]. This is at least partially because the HEMP 

threat was first acknowledged by the military sector who 

required a zero-disruption or ‘work-through’ solution for 

the HEMP threat. Military HEMP protection standards 

generally require a high degree of protection, mainly due to 

the requirement to work-through HEMP events, and also 

due to the inclusion of significant protection margin so that 

degradation in the protection performance does not impact 

the ability of the facility to work-through. 

However, military electronic equipment tends to operate in 

a well bounded-networked manner and is resilient by 

design. Military facilities that are HEMP protected tend to 

be continuously staffed with trained professionals who may 

have dedicated responsibilities for maintenance of the 

HEMP protection. The protection-lead approach is known 

to be very effective as long as the ‘as-built’ protection 

performance is maintained and continuously assured.  

 

II. A RESILIENCE APPROACH 

 

A protection-lead, work-through, approach described above 

can be cost intensive, inefficient and very difficult to apply 

for modern applications and facilities for a variety of 

reasons which will be discussed in the presentation.  

A definition of resilience, used here, is: ‘The ability of a 

system to anticipate, withstand, respond to and recover 

from a transient electromagnetic disturbance(s) in a timely 

and efficient manner’. Note that this definition of resilience 

includes the requirement for protection (withstand) but 

other attributes are added. A key change here is a shift in 

emphasis implied in the protection-lead approach from 

‘shall continue to work-through’, to a ‘shall be capable of 

timely recovery’ emphasis in the resilience based approach. 

For the resilience based approach there is an implied 

acceptance that the mission or function of a system or 

facility may be affected or disrupted and therefore that 

prompt restoration and recovery are likely to be required. 

A simple model that describes the necessary attributes that 

can be used to develop a framework based approach for a 

resilience based approach is shown in Figure 1. This model 

is derived from existing, authoritative and peer reviewed 

principles and practices developed for cyber threats 

described in the National Institute of Standards and 

Technology (NIST) Cyber Security Framework [2].  

 
Figure 1   Resilience model 

 

The resilience based approach is intuitive and is used for 

many other types of common threats. Consider for example 

the risk of a fire to populated building.  

The emphasis in this scheme is in reducing the 

consequential impact, restoring function and returning to 

normal operations as quickly as possible. People are not 

required to work-through the fire. 

 

III. SUMMARY 

 

The resilience based approach is consistent with the 

practices employed by many modern critical facilities who, 

for business continuity reasons, often have a clear response 

and recovery strategy. 

The resilience approach and a framework for the 

management of resilience to HPEM threats is being 

developed for an update to IEC 61000-5-6 [3] and will be 

discussed in the presentation. 
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Abstract— The Totem® detector developed by QinetiQ 

Ltd. has now been deployed on a trial basis by several 

different organizations worldwide. 

The detector has been devised and developed to detect High 

Power Electromagnetic (HPEM) environments that may 

pose a threat to mission critical electronics, and is 

specifically designed for ground based critical infrastructure 

settings. 

This paper describes the features of the Totem® detector 

and summarizes some observations and lessons learned 

from trial deployments. 
 

I. INTRODUCTION 

 

The Totem® detector provides prompt detection of radiated 

transient E-fields that could pose a threat to the function of 

electronic systems [1]. The detector has a novel broadband 

spiral antenna and uses a logarithmic receiver [2]. The 

detector has on-board flash memory for storing event data, 

an integral uninterruptable power supply, fiber-optic 

connections for event data transmission and can be 

configured to interface with a 24/7 web service. A 

photograph of the TOTEM detector is shown in Figure 1. 

 

 
Figure 1.   TOTEM detector, Courtesy of QinetiQ Ltd. 

 

II. FEATURES 

 

The characteristics of this detection system are as follows: 

 Frequency Range: 10 MHz to 10 GHz 

 Instantaneous bandwidth: ~ 100 MHz – proven to 

detect Hyperband environments (200 ps pulse width) 

 GPS/GNSS interference detection 

 Event Log: EM protected event logger recording event 

time, date and magnitude – approx. 1e6 event records 

 Includes integrated battery backup in the event of 

power outage in normal operating conditions 

 Fiber-optic ports for data transmission 

 

EM detection is a vital component for efficient, effective 

and timely recovery of a system function, if a Resilience 

approach to EM threat mitigation is used [3].  

The primary use and benefits of detection of man-made 

HPEM is to aid efficient and timely recovery and provide 

condition monitoring/data intelligence. Such data can be 

used to identify the prevalence of radiated EM threats and 

guide the adoption of cost-effective protection. The 

installation of detectors also serves to raise awareness of the 

plausible existence of the threat to system operators. 

 

II. RESULTS 

 

Figure 2 shows data gathered from deployment of the 

Totem® detector at a High Voltage (HV) electrical sub-

station site in Scandinavia. 

 

 
Figure 3.   Event data from a Scandinavian HV sub-station 

 

After some analysis and comparisons with data from 

substation switching logs it was identified that the recorded 

events correlated perfectly (within 1 second) with a 

particular circuit breaker switching (closing). No malicious 

events were detected during the 9 month trial and all events 

were correlated to the radiated fields from the circuit 

breaker. Interestingly, the events on the right hand side of 

figure were quite severe in magnitude, yet no malfunction 

of equipment at the substation was reported. 

We will explain and provide further examples in our 

presentation. 
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Abstract—For various reasons, some facilities are 

constructed below ground. One reason could be protection, 

but not necessarily against IEMI. The ground or rock will 

however provide some shielding. In this work, 

measurements has been carried out to explore protection in 

underground facilities that was not planned for IEMI 

protection. Originally, the study was only meant to 

investigate the rock. 

 

 Keywords-IEMI protection; underground facilities 
 

I. INTRODUCTION  

 

Soil and rock can provide a certain protection against IEMI. 

The attenuation will depend on several parameters, like 

thickness, humidity and chemical composition. Concrete 

lining, with rebar will also have an effect. The shielding will 

be greatly dependent on frequency. However, like for 

shielding enclosures there is an issue about access to 

shielded space and connection to the outside world. When 

the shield is quite thick, handling these penetrations can be 

more complicated.  

 

 
Figure 1 Some calculations of attenuation in coverage[1] 

 

II. MEASUREMENTS 

 

The first investigation of the facility was planned to be 

done by using whatever transmitters that were present for 

the higher frequencies, and for lower frequencies a 

magnetic field transmitter was placed on the inside of the 

facility. 

 

 

  

 

 

 

 

 

 

 

A. High frequency measurements 

Simple measurements were done by measuring field  

strength from transmitters for radio, TV and cellular base 

stations on the outside and on the way inside the facility. 

The signal was dramatically reduced after the first bend of 

the tunnel. 

 

B Low frequency measurements 

For low frequency measurements, a magnetic transmitter 

was placed inside of the facility.  Measurements were then 

done on the outside of the facility with some distance to the 

tunnel opening. Attenuation in rock and concrete lining 

could be up to 50 dB at 10 MHz. 

At a location a road with lampposts were crossing over the 

facility. Stronger signal was found near the lampposts than 

closer to the transmitter. Between the road lighting and the 

location of the transmitter there were transformers, and the 

cabling between them were in a quite long trace.  

 

 
Figure 2 Low frequency measurements, magnetic transmitter 

inside facility 
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Abstract — Since the 1970’s, the Swiss defense authorities 
became increasingly concerned about threats posed by 
Nuclear Electromagnetic Pulse (NEMP) and started to 
investigate the effects as well as protection methods against 
High-Power ElectroMagnetic (HPEM) sources. The Swiss 
EMP Group in the Lab Spiez met Dr. Dave Giri in 1985 on 
the occasion of an “EMP Interaction and Hardening” short 
course in Interlaken, Switzerland. This was the beginning of 
a fruitful and enduring cooperation with Dave. He had a 
close scientific and personal relationship with Dr. Carl 
Baum, who already then was a leading scientist in the 
HPEM community. Carl’s theories and ideas and Dave’s 
talent to make ideas work for Swiss protection needs formed 
a unique combination which contributed a lot to the HPEM 
community and to standardization.  
 
Keywords - NEMP; HPEM; interaction; hardening; 
protection, standardization  

 
I. YEARS OF VALUABLE COLLABORATION  

 
From the beginning of our cooperation Dave Giri’s talent to 
translate complex theory into understandable technical 
information was the key to lead Swiss research projects to 
success. In a pragmatic way Dave identified opportunities 
from discussions with research partners and helped to find 
ways simple enough for quick implementation.  
As a neutral country and due to the lack of standards until 
the 1990’s Switzerland had to evaluate and define its own 
protection requirements. These had to be realistic, yet still 
meet the limited budget of a small country. The 
requirements were based on theory and were verified by 
threat-level tests in our lab. Over the years many results 
were presented to an interested audience during HPEM 
conferences. This brought wide recognition and some 
results also contributed to international standardization. 
 

II. EXAMPLES OF JOINT RESEARCH 
 

Over the years Dave Giri supported many Swiss research 
projects, such as the investigation of the shielding 
effectiveness of cylinders and cubes made of rebar mesh 
by theoretical models and experiments, including time-
domain tests using the Swiss MEMPS simulator. The 
immunity of electronic components was tested using Low 
Power Microwaves (LPM). The source was taken from a 
modified microwave oven with a parabolic antenna. 
As the world’s leading EMP-simulator designer Dave Giri 

also calculated the antennas of the Swiss EMP simulators. 
He was involved in the design of VERIFY, one of the fastest 
EMP-simulators, and in the VEPES modification. 
In 1995 Dave Giri and Armin Kälin (then head of the 
Swiss EMP group) sketched the first HPEM spectrum [1] 
(Fig. 1) and presented it at AMEREM’96 in Albuquerque. 
Later the HPE-spectra were adapted for the IEC standards 
61000-1-5 [2], 61000-2-13, 61000-4-35 and 61000-4-36.  
 

 
Figure 1. Initial version (1996) of HPEM-spectra [1].  
 
Further collaboration with Dave includes the development 
of Swiss Impulse Radiating Antennas (SwIRA diameter 
1800 mm and SwHIRA 1410 mm).  
Typical Swiss civil protection shelters were assessed with 
respect to HPEM threats. In 2006 Dave designed 
oscillators for the generation of damped sinusoidal pulses. 
Armasuisse purchased 200 MHz and 500 MHz oscillators 
with output voltages up to 30kV. These are used as 
electromagnetic wave radiators in the Swiss Half IRA 
(SwHIRA) for the test of various objects.  
In 2009 Dave designed and realized a 300 kV feed which 
permits to use the GTEM 3500 cell in pulsed mode.  
These and more collaboration projects with Dave will be 
presented in more detail during the oral session.  
Over the years Dave Giri shared a lot of ideas and 
experience with us. For us Dave is much more than a 
scientific mentor, he is a very good friend. 
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Abstract—Three methods (M1-M3) are implemented to 

extrapolate the missing spectrum of a truncated cable 

transfer function. The accuracy of the extrapolation 

methods is tested by de-embedding the measurement of 

several time-domain pulses with a rise time between 100 to 

1000 ps. Rise time and peak amplitude errors are calculated 

and compared with the incident pulses waveform 

parameters.  

Keywords— Extrapolation, Hilbert transform, transfer 

function  

I. INTRODUCTION 

Subnanosecond HPEM sources produce fast pulses with 

spectral content reaching the GHz range. The measurement 

chain used to characterize such systems comprises 

numerous elements such as sensors, baluns, attenuators, and 

cables (see, e.g., Figure 1). Interpolation and extrapolation 

methods are usually required during signal processing to 

adequately compensate in the frequency domain since the 

measurement chain elements are generally characterized in 

separate frequency spans and different frequency steps.  

 

 
Figure 1. Simplified block diagram for time-domain 

measurements.  

 

The real and imaginary parts of the complex transfer 

functions obtained after interpolation and extrapolation 

must satisfy the Kramers-Kronig relations. Previous authors 

have proposed reconstructing missing or corrupted data 

using these criteria. For example, a minimum phase 

reconstruction of a waveform from its spectral magnitude 

response was proposed in [1]. A comparison between the 

Cauchy method and the discrete Hilbert transform 

properties is proposed for interpolating and extrapolating a 

corrupted spectrum in [2]. The Hilbert transform integrals in 

the Z-domain were used to guarantee causality in [3].  

II. MEASUREMENT SETUP 

The measurement setup is composed of a D-Dot sensor, a 

balun, a variable attenuator, and a semi-rigid cable 

connected to a fast 40 GSa/s – 6GHz oscilloscope, as shown 

in Figure 1. The S-parameters of the semi-rigid cable were 

measured using a Vector Network Analyzer (VNA) 

between 100 kHz to 20 GHz in 104 points. The cable 

transfer function (TF) was truncated between 10 MHz and 3 

GHz to test the accuracy of extrapolation algorithms.  

Three extrapolation methods were implemented to 

reconstruct the truncated TF missing spectrum. M1 uses a 

constant extrapolation by keeping the last measured value 

of the truncated spectrum, while M2 uses 10 dB/dec 

attenuation to reconstruct the high-frequency spectrum. 

Finally, M3 uses the Hilbert transform in Z-domain [3]. The 

comparison between the measured and extrapolated TFs is 

shown in Figure 2.  

 
Figure 2. Extrapolated transfer functions of the semi-rigid cable.  

 

III. RESULTS 

Several incident EM pulses are simulated with a rise time 

between 100 ps to 1000 ps and 30 kV/m peak amplitude to 

test the accuracy of the extrapolation. The expected signal 

at the oscilloscope is calculated numerically using the 

measured cable transfer function. Then, the incident electric 

field is determined by compensating for the cable presence 

by using the reconstructed spectra with M1-M3. The D-Dot 

sensor, balun, and variable attenuator are assumed as ideal 

elements. The obtained waveform parameters (rise time and 

peak amplitude) are calculated and compared between the 

incident and compensated electric fields.  

REFERENCES 

 
[1] F. M. Tesche, “On the use of the Hilbert transform for processing 

measured CW data,” IEEE Transactions on Electromagnetic 

Compatibility, vol. 34, no. 3, pp. 259–266, 1992, DOI: 
10.1109/15.155838. 

[2] S. Narayana, T. K. Sarkar, R. Adve, M. Wicks, and V. Vannicola, “A 

Comparison of Two Techniques for the Interpolation/Extrapolation of 
Frequency Domain Responses,” Digital Signal Processing, vol. 6, no. 

1, pp. 51–67, 1996, DOI: 10.1006/dspr.1996.0006. 

[3] J. Becerra, F. Vega, and F. Rachidi, “Extrapolation of a Truncated 
Spectrum With Hilbert Transform for Obtaining Causal Impulse 

Responses,” IEEE Transactions on Electromagnetic Compatibility, 

vol. 59, no. 2, pp. 454–460, 2017, DOI: 10.1109/temc.2016.2613044.  



Spectral Response of the Conical Monopole Sensor 

Calibration Setup 
 

Hamad Deiban, Fernando Albarracin, Chaouki Kasmi, and Nicolas Mora 

Directed Energy Research Center, Technology Innovation Institute, Abu Dhabi, United Arab Emirates 

Hamad Deiban@tii.ae 

 
Abstract—This work presents experimental results of the 

conical monopole over a ground plane when used as a 

calibration setup for electric and magnetic field sensors 

working up to several GHz. 
 

Keywords-component; conical monopole antenna, sensor 

calibration, D-dot, B-dot, spectral response. 
 

I. INTRODUCTION 
 

The measurement of the transient electromagnetic fields 

from high-power electromagnetic (HPEM) sources 

demands the spectral characterization of wideband sensors. 

A calibration setup with a known multi-decade spectral 

response is preferred to obtain meaningful results when the 

sensor under test (SUT) is present. The use of a short conical 

monopole over a ground plane has been first proposed in [1] 

to calibrate D-dot and B-dot sensors up to 3 GHz. The 

authors presented the spectral response analysis of the 

conical monocone in [2].  

The calibration setup scheme is shown in Fig. 1a. The ratio 

of the electric field Eθ to the input voltage Vin, namely the 

calibration setup transfer function TFCS, can be expressed in 

a closed form for θ close to 90º (i.e., near the ground plane), 

as 

 
(1), 

where Eθ is the radiated electric field, Vin is the input 

voltage, Yin is the monocone input admittance, a2 is the 

generatrix, r is the distance between the monocone and the 

SUT, f is the frequency, c0 is the speed of light, and η0 is the 

free space impedance. 

II. EXPERIMENTAL SETUP 
 

A stainless steel, 2.4 x 2.4 m2 table is used as the ground 

plane. A resin base was 3D printed to hold the conical 

monopole. An RG405 coaxial cable with an SMA connector 

is used to feed the monopole. A picture of the calibration 

setup is shown in Fig. 1b. 
 

    
                    (a)                                                (b)  

Figure 1: Short-Monocone Setup. (a) Test scheme. (b) Fabricated 

setup inside a semianechoic chamber 

A. Impedance characterization 

A comparison of the measured, simulated, and calculated 

input impedance of the monopole is shown in Fig 2. The 

shifting towards lower frequencies in the measurements can 

be attributed to a higher permittivity of the resin in the apex 

of the monopole. 

 

  
Figure 2:  Conical monopole impedance 

B. Radiated Field Response  

Fig. 3 shows TFCS computed as (1), for the setup in Fig. 1a., 

comparing both cases of the analytical and the measured 

conical monocone impedances. An R&S® VNA is used to 

measure the S21 parameter from 100 kHz to 20 GHz, with a 

resolution bandwidth of 5 kHz. This test considered three 

distances 150 mm, 300 mm, and 500 mm.  

 

 
Figure 3: TFCS(f) experimental response 

A steeper increase in the magnitude of TFCS is observed 

around 700 MHz, this is due to the inverse relation of Eθ 

with the cone impedance in (1). Fluctuations in TFCS at 

higher frequencies are expected due to imperfections in the 

coaxial-monocone transition, and the presence of the resin 

support. The response at lower frequencies agrees on the 

analytical up to 300_MHz. The upper bound of the available 

bandwidth is the frequency at which the TFCS is predictable. 

The lower bound depends on the noise floor of the VNA, 

once the amplifiers are included. These results are 

promising for the calibration of commercial electric and 

magnetic sensors.  
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Abstract—High-frequency surface-wave over-the-horizon 

radar (HF SW-OTHR) systems have proven themselves to 

be a reliable tool for maritime surveillance. However, the 

surface-wave mode of propagation is closely bound to the 

surface of the sea, making it not suitable for detection and 

tracking of targets at greater altitudes, such as airplanes. 

This paper explores the possibility of using 

free-wave-propagating electromagnetic wave for aerial 

targets surveillance using radar in the HF band. 
 

Keywords - High-frequency OTHR radar, aircraft 

detection.  
 

I. INTRODUCTION 
 

High frequency (HF) radar systems for aerial target 

detection is a well-known area, as some of the first radar 

systems in the world operated close to, or in this frequency 

band. Despite that, there is renewed interest in aerial target 

detection in this frequency band as high-frequency 

over-the-horizon radars (HF-OTHR) are becoming more 

common for ship detection and tracking. The possibility of 

extending the usability of HF-OTHR for airplane detection 

and tracking is explored in this paper.  
 

II. NUMERICAL MODEL AND COVERAGE 

ZONE  
 

The surface-wave mode of propagation generated by 

the HF-OTHR systems decays exponentially away from the 

air-sea boundary surface [1]. In the HF band, and for 

standard seawater electric parameters [2], the result is that 

the amplitude of the electromagnetic (EM) field will decay 

e ≈ 2.72 times at heights of several tens of meters. As most 

aircraft fly at altitudes higher than that, this makes the 

surface-wave mode of propagation not suitable for the 

detection of aerial targets and free-wave mode should be 

used instead. For successful detection using free-wave 

mode, following conditions should be met: (i) Total 

distance between radar transmitter (Tx) and target, and 

between target and radar receiver (Rx) must satisfy the radar 

equation [3] for the signal-to-noise ratio (SNR) to be high 

enough for a target to be detectable. (ii) There must be a line 

of sight between the radar and the target. Refraction of EM 

field occurring in the atmosphere, altitudes of radar sites and 

the target must be taken into account [4]. The radar cross 

section (RCS) for the commercial airplane (Boeing 737) is 

estimated using 3-D EM modeling software 

WIPL-D Pro [5], as seen in Fig. 1. A frequency of 25 MHz 

was considered with a horizontal polarization to suppress 

the surface-wave mode of propagation. 

 
Figure 1. WIPL-D model and RCS for Boeing 737.  
 

The zones of coverage are approximately calculated 

and shown in Fig. 2 for a hypothetical bistatic radar scenario 

for which existing Vlatacom HF radar [6] is used to detect 

Boeing 737 from Fig. 1. In Fig. 2 distances of possible 

detection are represented in different colors for different 

altitudes of flight. For the presented results it is estimated 

that for large targets (Boeing 737) detection is possible over 

400 km, depending on the altitude of flying. In these results, 

the line of sight is the stricter limiting factor for detection 

(condition (ii)). For smaller targets, this is not the case, and 

condition (i) must be also considered. Elliptical arcs having 

constant mean distance between the radar and target are 

shown in white line (Tx and Rx are their focal points, shown 

in red dots). 

 
Figure 2. Coverage zone for a bistatic HF radar. 
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Abstract—This paper presents an investigation aiming to 

determine the thresholds that lead to the destruction of the 

MOSFET transistor used in flyback switch mode power 

supplies. This thresholds will be used to build behavioral 

failure models able to predict the destruction of power 

supplies in the case of HEMP scenario.  

 

Keywords—HEMP; NEMP; Switch-Mode Power Supply 

(SMPS); MOSFET failure; behavioral model; modelling. 

 
 

I. INTRODUCTION  

 

Intentional Electromagnetic interferences such as High 

Altitude Nuclear EM Pulse (NEMP/HEMP) are able to 

generate electrical disturbances, similar to those produced 

by lightning. In such scenario, NEMP couples efficiently on 

aerial lines of the electricity distribution network and 

parasitic currents/voltages are propagated to the different 

electronic devices plugged to the grid, such as Switch-Mode 

Power Supplies (SMPS) [1]. To predict the SMPS failure 

level using simulation tools, it is important to study and 

understand the effects of such high amplitude current pulse. 

During several tests consisting in injecting high current 

pulses at SMPS input, it has been observed that the 

disturbance flows through all the SMPS functions causing 

the destruction of several components. The chronological 

events of the destruction effects have shown that MOSFET 

transistor was the first destroyed element in SMPS [2]. The 

aim of this paper is to determine the destruction levels of 

SMPS MOSFET transistor and develop a predictive failure 

model.   

 

III. FAILURE MODELLING  

 

An electrical stress generator is used to inject various 

electric pulses on MOSFET terminals. Injection stress on 

the gate permits to obtain a gate failure threshold. Moreover, 

the injection of an increasing voltage signal between drain-

source (gate short circuited) has shown the failure limit due 

to avalanche phenomenon. Associated to measurements, X-

rays pictures and microscopy analyses have been performed 

on destroyed transistors to observe failures in MOSFET 

structure. Based on obtained experimental failures results 

(avalanche voltage failure threshold and gate voltage failure 
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threshold), a MOSFET failure model has been built. The 

modelling of MOSFET failure consists in using switches 

controlled by the determined failure levels. In this way, the 

equivalent component state after failure (Equivalent failure 

model in Fig. 1) replaces the manufacturer model when 

simulated voltage or/and current, for a specific time 

duration, are higher than the failure levels. Switches and 

equivalent failure model are described in a VHDL-AMS 

model block that is presented in Fig.1. 

 

 
                   

Figure 1.  Experimental setup to inject stress between MOSFET 

drain-source terminals.  

 

The developed model has been integrated into Simplorer 

simulation software. The amplitude and the global shape of 

the signals simulated during disturbance injection correlate 

with the measured voltage and current. The comparison 

between simulation and measurements permit to validate 

the built MOSFET failure model. 

 

IV. CONCLUSION 

 

This paper describes the failure modelling method on the 

MOSFET transistor in SMPS. For each destroyed 

component, failure models have been developed and 

integrated into Simplorer simulation software in order to 

understand and predict the SMPS behavior when a very high 

amplitude current pulse is injected at its input. 
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Figure 3: Measured co- and cross-polarized signals in time domain 
for an MUT permittivity of εr,e = 2.48. 
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Abstract—This contribution discusses a novel, dielectric 
waveguide (DWG) based, permittivity sensor. A design 
concept, that realizes a pseudo-transmission measurement 
approach for attenuating disturbing feed-side reflections, is 
presented. Measurement results, which prove the high 
measurement accuracy and sensor applicability, are 
discussed in detail.  
Permittivity Sensor, Dielectric Waveguide, Time Domain 

 
I. INTRODUCTION  

Microwave based, time domain (TD) sensors are a popular 
alternative for the measurement of material parameters 
such as the material’s permittivity. Independently of the 
actual sensor design, TD sensors have in common that 
when stuck into a material under test (MUT) the 
propagation velocity of an electromagnetic wave is altered. 
Furthermore, all TD sensors must tackle the challenge of 
feed-side and multiple reflections as these can mask or 
disturb the actual signal of interest. In the past, this 
challenge has been mastered by designing transmissometry 
sensors for line-bound setups [1] or pseudo-transmission 
sensors for free-space applications [2]. In this work, a 
pseudo-transmission sensor is introduced that realizes a 
pseudo-transmission approach on a DWG. 
 

II. SENSOR DESIGN 
Quadratic DWGs provide a broad mono-mode operation 
area for their fundamental mode, which is ideal for a 
sensor design. By applying a transpolarizing reflector to 
the DWG’s end, a pseudo-transmission structure is 
realized as the in- and outbound signals are decoupled in 
their polarization and are therefore orthogonal. However, 
when using DWGs as TD sensor, one need to consider that 
the DWG’s group velocity increases with the surrounding 
permittivity. By applying Marcatili’s approximation, the 
group velocity of a specified DWG can be calculated as 
shown in Fig. 1. The sensor setup is completed by adding 
an orthomode transducer, which discriminates the 
polarizations of the in- and outbound signal, a DWG feed 
as well as a transpolarizing reflector must be added to the 
DWG structure. Fig. 2 shows a photograph of final sensor 

setup. The transpolarizing reflector was realized by 
metallic, λ/4-deep gratings, orientated 45° to the 
propagation mode’s electrical field direction.  
 

III. RESULTS 
The illustrated sensor operates in K-band and is capable to 
measure permittivities in the range of 1< εr,e < 3. Test 
measurements were recorded by means of a calibrated 
VNA and 3D-printed test objects with different 
permittivities. Consequently, the S11-parameter illustrates 

the direct reflection signal, which contains all disturbing 
reflections, while the S21-parameter represents the pseudo-
transmission signal. Fig. 3 shows that the pseudo-
transmission design is successfully realized as feed-side 
reflections are attenuated by more than 15 dB compared to 
S11. Fig.4 reveals that the fundamental dependency 
between surrounding permittivity and increasing group 
velocity was proven. Moreover, the proposed setup is 
applicable for permittivity measurements as the obtained 
permittivities have an error of only 0.4%.  
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Figure 2: Photograph of the sensor setup indicating: a) OMT, b) 
corrugated DWG feed, c) rectangular DWG, d) MUT, and e) 
transpolarizing reflector. 

 
Figure 4: Measured propagation times and derived, MUT permittivities 
compared to the ideal MUT permittivities. 

 
Figure 1: Group velocity of a quadratic DWG (w = 8.5 mm, εr,D = 3, 
f =25 GHz) for different environmental permittivities εr,e. 
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Abstract—This paper presents an overview of the 

Electromagnetic Compatibility (EMC) testing capabilities 

that are available within the Technology Innovation 

Institute (TII) - Directed Energy Research Center (DERC). 

The EMC Lab provides a large panel of testing services 

covering several international standards (automotive, 

industrial, or military). The facility can perform emission 

and immunity testing on systems, subsystems, or platforms 

up to the size of a vehicle.  
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I. INTRODUCTION 

 

The TII-DERC has designed and built cutting-edge 

laboratories for acoustics, electromagnetics, and optics to 

support all their research activities. These laboratories have 

been built with a network of partners keen to support the 

center's vision. The EMC laboratory aims to provide large 

testing facilities within the UAE to perform engineering 

tests for local/ regional partners. Our research activities are 

developed in strong connection with the industry; therefore, 

in the spirit of generating more robust products, the center 

is constituted as a network of experts that supports the 

industry in facing the upcoming challenges. We want to 

raise the EMC competence within the region and be 

recognized as a reference in the field.  

 

II. EMC LABORATORY CAPABILITIES 

 

The laboratory offers a large scope of testing for 

Electromagnetic Interference (EMI) and Electromagnetic 

Susceptibility (EMS), with a special focus on MIL-STD for 

subsystem [1] and system [2] testing. Both conducted and 

radiated tests can be performed using the latest technology 

equipment. The laboratory consists of 3 chambers: a Semi-

Anechoic Chamber (SAC) that can hold large systems, a 

Pulse Power laboratory (that can be connected to the SAC), 

and a Low-noise Semi-Anechoic Chamber (Fig.1). A 

Faraday cage and a reverberation chamber are planned to 

ensure more flexibility and reduced testing time.  

 

A. EMI – Emission testing 

Conducted and radiated emission tests can be performed for 

different specifications. The antennas, probes, and EMI 

receivers measure from 2Hz to 40 GHz.  

 
Figure 1.   Low-Noise Semi-Anechoic Chamber at TII-DERC. 

 

B. EMS – Immunity testing 

For susceptibility testing, in addition to the conducted and 

radiated immunity (RI) tests, all transient phenomena tests 

such as High Altitude Electromagnetic Pulse (HEMP), 

Electrostatic Discharges (ESD), or Lightning EMP are 

available. The current limits are 250V/m for RI (Fig.2 & 

Fig.3), 300mA for BCI, 300 kV for ESD, and up to 50kV/m 

for HEMP. 

 

 
Figure 2.   Diagram of the radiated susceptibility vehicle test 

 

 
Figure 3.   Picture of radiated susceptibility vehicle test. 

 

REFERENCES 
[1] MIL-STD-461G, "Requirements for the control of 

electromagnetic interference characteristics of subsystems and 

equipment", Department of defense interface standard, 2015. 

[2] MIL-STD-464C, "Electromagnetic environmental effects 

requirement for systems", Department of defense interface 

standard, 2010. 



Destruction Scenario of Power Supply Due to 
Conducted Pulse from HEMP 

  

G. MEJECAZE, L. CUROS, F. PUYBARET 
CEA, DAM, CEA-Gramat 
F-46500 Gramat, France 
guillaume.mejecaze@cea.fr 
 

Abstract— This article presents the effects of a high 
current conducted pulse, induced by a high-altitude nuclear 
electromagnetic pulse (NEMP/HEMP) coupling on a 
global electric power distribution network, on the electrical 
behavior of a flyback switch-mode power supply. Current 
and voltage measurements have been performed around 
each destroyed component during the injection to build a 
power supply destruction scenario. 
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I. INTRODUCTION 
 

Several studies show that the conducted parasitic current, 
of hundreds of amperes and voltage of several kilovolts, 
induced by the coupling of a HEMP on a global electric 
distribution network, involves the destruction of 
equipment’s power supplies plugged to the grid [1]. 
Whereas the power supply is impacted first, only few 
studies deal with the effects of EMP on switch-mode 
power supplies (SMPS) [2]. Due to the system complexity, 
only ascertainment of the electronic equipment destruction 
is done and only few studies propose an analysis of the 
destruction effects at component level. However, the 
precise understanding of the mechanisms leading to the 
SMPS destruction are still insufficient to allow correct 
prediction and modelling. In this context, a failure scenario 
of a SMPS has been determined with the understanding of 
each component failure. 
 

II. EXPERIMENTAL SETUP 
 

A current injection platform gives the possibility to 
reproduce electrical bi-exponential stresses of several 
hundreds of amperes (some tens of nanoseconds rise time 
and hundreds of nanoseconds duration) representative of 
disturbances induced by the coupling of an HEMP, as 
defined in the IEC 61000-2-9 standard, on distribution 
network long cables. After preliminary analyses, a 57 W 
flyback SMPS, representative of a majority of commonly 
used power supplies, has been specially designed in order 
to facilitate the destructions understanding, and 
manufactured of 100 samples. Its simplified electrical 
schematic is given in Fig. 1. High current pulse injections 
have been carried out firstly only in differential mode on 
the designed power supply. In fact, the interference signal 
at the SMPS input cannot be considered as a pure common 
mode signal but also contains a differential mode part due 
to the contribution of several elements, such as unbalance 
of SMPS input impedances on phase and neutral. 
____________________________________ 
This study has been carried out with the support of Direction Générale de 
l’Armement belonging to the French Ministry of the Armed Forces. 

T. DUBOIS, J.-M. VINASSA 
Univ. Bordeaux, CNRS, Bordeaux INP 
IMS UMR 5218, F-33400 Talence, France 
 

III. FAILURE SCENARIO 
 

In order to understand the mechanisms leading to each 
component failure, current and voltage measurements have 
been specially performed during the destruction, in “harsh” 
and noisy environment, with appropriate probes. 
 

 
Figure 1. Simplified electronic schematic of the SMPS. 

 

SMPS analyses after their failure have shown that the same 
components were destroyed due to too high currents of 
several hundreds of amperes. These components are 
(circled in Fig. 1): rectifier bridge, MOSFET and its 
associated resistors, diode of the PWM controller supply 
and PWM controller. After hundred SMPS destructions, a 
scenario giving the chronology of the destruction events 
has been built. The chronology has been determined 
through current and voltage measurements carried out at 
different specific nodes during the destruction of the 
SMPS and by analyzing the datasheet maximum ratings 
and the destroyed components (using X-rays and optical 
microscope). 
 

IV. CONCLUSIONS 
 

In this paper, effects of current pulse injection of several 
hundreds of amperes on a representative flyback SMPS 
have been studied. It has been observed that four main 
components were often destroyed and the failure 
mechanism of each of these components has been 
explained. Measurements have permitted to build a 
scenario explaining the SMPS failure through the 
chronology of destruction events. This scenario is a first 
step in order to model the susceptibility of power supplies 
during an electrical pulse injection. 
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Abstract—This paper is submitted for the special session 
titled SS3: Dave Giri - Life and Legacy. We have 
collaborated on may projects for US DoD and other 
agencies. We document some representative projects that 
we have jointly worked on. The first author’s training and 
work experience is in designing and fabricating state-of-the 
art pulse power machines. The second author is an expert in 
applied electromagnetics, designing large electromagnetic 
facilities such as HEMP E1 simulators. There is also the 
area of pulser-antenna or pulser-transmission line 
interfaces. The pulser is not merely a high voltage generator 
but is to be treated as part of a wave launching system. The 
two authors’ individual expertise has resulted in many 
successful facilities delivered to sponsors, that became work 
horses for various US Govt agencies, as well as in western 
European countries.  
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I. INTRODUCTION  
 
Greetings to the attendees of GLOBALEM2022, from Ian 
Smith. I am very pleased indeed that GLOBAL EM is 
honoring the career and times of Dave Giri. My own career 
has been in the field of pulse-power, which has provided the 
high-power drive for many of the electromagnetic systems 
that Dr. Giri has helped to create, and that combination has 
led to many collaborations with him. 
 
In 1960 I joined the group of Charlie Martin in the UK that 
launched pulse-power, then I moved to the USA to help its 
great development. The application of pulse-power to EMP 
simulators soon brought me into contact with Dave Giri, and 
I enjoyed collaborations with him that lasted over more than 
40 years before I retired in 2014. It is a pleasure to recall 
some of those collaborations today. 
 
When I went to the USA I joined Physics International 
Company, and there I built 1.5 MV pulsers to drive the 
Airforce Weapons Lab’s Research EMP Simulators, RES, 
R, E, S, for short.  RES 1A and 1B were long resistively 
loaded antennas, one horizontal and one vertical, carried 
aloft by helicopters. Although I knew Dave had contributed 
to the design of these antennas, I think I did not meet Dave 
till I supplied a similar pulser called High Altitude 
Generator 1, or HAG 1, which provided 1.8 MV with a few 
ns risetime to the ground based HPD, or Horizontally 

Polarized Dipole antenna, that he was helping design at the 
Airforce Weapons Lab in Albuquerque. After that I 
interacted with him at many meetings about other EMP 
simulator systems he was involved with. 
 
To describe another type of project Dave and I collaborated 
on, I will jump ahead to the mid-1990s. By then I had left 
Physics International and co-founded the company Pulse 
Sciences, Inc., or PSI—the “I” stood for Ian. Dave was 
instrumental in designing Impulse Radiating Antennas, and 
PSI built pulsers to drive two of these. The first was a 120 
kV, 100 ps risetime pulser driving a transmission line that 
terminated at a paraboloidal reflector. That could create a 
100 ps full-width-half-max impulse with a (range x field) 
product of 1.2 MV. Then we collaborated on the more 
powerful JOLT, which was driven by a megavolt and had a 
corresponding parameter of 6 MV. PSI’s pulsers used 
switches with hydrogen or flowing oil and had repetition 
rates of hundreds of pulses per second. The Impulse 
Radiating Antennas were projects of the Air Force Research 
Lab, as the Airforce Weapons Lab had become known. 
 
Pulse Sciences grew to well over 100 people, and was 
bought by Titan Corporation, who bought Physics 
International and placed it under PSI to form Titan Pulse 
Sciences Division. This was later bought by L3 
Communications. Under these ownerships PSI worked with 
Dave on projects that included in 1998 “VERIFY”, a 
vertically polarized guided-wave EMP simulator driven by 
600 kV with a 1 ns risetime, that we exported to 
Switzerland. They also included a transportable source of 
high-power microwaves, which were produced at many 
specific frequencies by spiral antennas designed by Dave 
and driven by our repetitive 2 MV Marx generator—that 
was in 2009. 
 
Over these decades, I saw Dave contribute to many other 
electromagnetic systems, too numerous for me to recall. 
And I can’t address his contributions in other areas, for 
instance in electromagnetic effects. He was not only a great 
colleague but a good friend. He and I were big cricket fans; 
I recall the time we travelled, together with my wife Sheri, 
to the San Francisco Peninsula to see Sunil Gavaskar, the 
great Indian batsman, probably the best in the world. He was 
visiting to play in a local match. It is a great pleasure for me 
to have a part in the GLOBAL EM session that honors Dave 
Giri and his splendid career. 
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Abstract—The computation of lightning electromagnetic 

fields computation usually requires a considerable 

computational effort if the Channel-Base Current (CBC) 

realistic waveform and the  finite soil conductivity are taken 

into account. This work proposes a closed-form expression 

for the radial and vertical electric field and the azimuthal 

magnetic field generated by a lightning discharge. This is 

possible thanks to the representation of the CBC expression 

and of two other suitable functions as Prony series that allow 

to analytically solve the integrals appearing in the classical 

field formulas. Since the number of terms required for this 

approximation is limited, this results in a noteworthy CPU 

time saving. 

 

 Keywords-Lightning, Electromagnetic fields, 

Computational effort 

 

I. INTRODUCTION 

 

The numerical evaluation of lightning ElectroMagnetic 

Fields (EMF) using the general field expressions (e.g., [1]) 

involve numerical integrations, hence, requiring a high 

computational effort, which could be incompatible with 

cases where the EMF should be computed at different 

observation points (e.g., lightning-induced voltages and 

Lightning Performance (LP) evaluation [2]).  This paper 

proposes an approach, based on the Prony series of some 

particular functions, that allows to significantly lower the 

computational effort. The method does not require any 

assumptions on the CBC and the attenuation function along 

the channel. The proposed approach has been validated by 

comparison with the numerical approach [1] and it 

guarantees an increase in the computational speed of up to 

100 times.  

 

II. GENERAL IDEA OF THE METHOD 

 

The lightning magnetic field above an ideal ground 

expression can be found in [1]. In the proposed approach, 

we first compute the magnetic field according to the 

following steps (see [3] for further details). 1) For any 

model (except the TL one), the channel is discretized into N 

segments; along each segment the attenuation function is 

considered as constant. 2) After some mathematical 

manipulations, the magnetic field due to each segment can 

be expressed in terms of the convolution integral of the CBC 

and a function 1y  of the time t defined in [3]. 3) the CBC 

and ( )1y t  are expressed by means of their Prony series, 

which makes the convolution integrals analytically 

solvable.  The radial and vertical components of the electric 

field can be then computed for a perfectly conducting 

ground by means of the Maxwell’s equations applied to the 

channel geometry. This implies the discretization of a 

function 2 1y ty=   by means of its Prony series.  Once the 

radial term of the electric field is computed, the soil 

conductivity is taken into account by means of the Cooray-

Rubinstein formula, suitably converted in the time domain.  

 

III. VALIDATION AND COMPARISON 

The proposed approach is compared with the results of a 

numerical code applied to the equations proposed in [1]. 

Fig.1 shows the EM fields computed considering an 

observation point located 200 m far from the lightning strike 

and placed 10 m above the ground. A typical first stroke is 

considered and the soil conductivity is 10 mS/m. The 

channel height is 8 km, while the propagation velocity is the 

half of the light speed. The MTLE is considered. As can be 

observed in Fig.1, the two approaches produce the same 

result. It is important to notice that, in terms of 

computational time, the proposed approach is more than 50 

times faster than the numerical one. 

 
Fig. 1 Comparison between the proposed approach and the numerical one  
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Abstract— Electromagnetic environments are becoming 
increasingly complex and congested, creating a growing 
challenge for electronics that are susceptible to 
electromagnetic aggression, particularly in reverberant 
environments. The use of reconfigurable intelligent surfaces 
(RIS) provides a potential means of re-directing and re-
distributing waves to protect sensitive electronic 
components in such environments.  We have developed 
several approaches that utilize RIS to modify the 
electromagnetic fields inside reverberant enclosures for the 
purpose of taming these fields and protecting sensitive 
components inside.  Examples include the use of RIS to 
create cold spots at locations inside the cavity where a 
minimal amount of energy is delivered in a given frequency 
band.  We have also used RIS to create coherent perfect 
absorption (CPA), and the complementary anti-CPA state.  
CPA (anti-CPA) is a condition under which all (a minimal 
amount of) radiation incident on an enclosure is absorbed 
inside the enclosure.  The RIS can be programmed to 
achieve these conditions using a variety of algorithms and 
machine learning (ML) methods.  In general, we 
demonstrate that ML proves to be remarkably adept at 
creating desired scattering properties in the complex 
enclosure.  We have also utilized a nonlinear RIS to actively 
translate deleterious waves to new frequencies where their 
effects on sensitive electronics can be minimized.  Our 
technique is enabled by the reverberant nature of the cavity, 
and is effective with an RIS that covers only about 1.5% of 
the total cavity surface area. 
 
 Keywords-Electromagnetic statistics, reconfigurable 
intelligent surface, machine learning. 

 
I. INTRODUCTION  

 
We are concerned with the problem of high-power 
microwave signals disrupting the operation of sensitive 
electronics located inside complex reverberant 
environments.  Our approach to this problem is to use 
reconfigurable intelligent surfaces (RIS) embedded within 
to modify the statistics of electromagnetic waves in the 
enclosure.  The RIS is made up of individually 
programmable pixels whose normal-incidence reflection 
phase can be digitally toggled between values of 
approximately 0 and π in a given frequency range.  Our RIS  
______________________________________        
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has 240 such pixels, and can significantly modify the fields 
and scattering properties despite covering only 1.5% of the 
surface area of the enclosure.   
 
II. RIS PROGRAMMING AND PERFORMANCE 

 
Several algorithms have been developed to set the RIS 

pixels to achieve desired properties inside the enclosure.  
One such algorithm uses a modified steepest descent 
method to create cold spots and CPA/anti-CPA states in 
desired frequency ranges [1].  A ML algorithm was also 
developed to predict the pixel settings of the RIS required 
to achieve a given scattering profile S21(f) from 3 to 4 GHz 
inside a complex reverberant enclosure [2].  The ML 
algorithm was successful at identifying the correct pixel 
settings 97.7% of the time, and the remaining errors were 
mainly confined to mis-identifying the state of just one 
pixel.  These algorithms were extensively tested 
experimentally in a reverberant scattering setting in the 
microwave frequency range. 
 

III. NONLINEAR RIS 
 
      A new nonlinear RIS has been developed to establish 
new types of control over the reverberant fields.  The pixels 
are made up of square resonant patches that are loaded with 
4 varactor diodes.  Under global voltage bias, the patches 
change their resonant frequency, and reflection phase shift, 
over the 3-4 GHz band.  This unique RIS can be used to alter 
the statistical properties of the enclosure, in part by varying 
the loss parameter of the enclosure, as described by the 
Random Coupling Model (RCM) [3].  The RIS can also 
translate the frequencies of signals reverberating in the 
enclosure, effectively sequestering highly energetic signals 
from resonant absorption in sensitive electronics.  We shall 
review the experimental demonstration of the nonlinear RIS 
and describe its effects on the statistical electromagnetic 
properties of complex enclosures. 
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Abstract—Our objective is to understand the coupling of 
pulsed high-frequency radiation into complex structures 
through one or more routes of ingress, and to predict the 
induced voltages on objects located inside the enclosure.  
The deterministic study of such scenarios is usually 
computationally expensive and incapable of capturing the 
extreme sensitivity to scattering details. We develop a 
hybrid computational and statistical model to understand 
coupling and reverberation of the wave energy that dwells 
inside a complex enclosure.  The model assumes minimal 
information about the enclosure, in the same spirit as the 
Random Coupling Model (RCM), which has found great 
success in providing a statistical characterization for wave 
chaotic systems in the frequency domain.  The 
computational approach captures the details of the incident 
waves and coupling effects, and combines it with a 
stochastic Green’s function approach to predict the wave 
distributions inside the enclosure.  In addition, the RCM can 
be transformed into the time-domain and generalized to 
include early-time short-orbit transmission path effects 
between the ports, and the inclusion of arbitrary nonlinear 
or time-varying port load impedances. We have conducted 
short-pulse time-domain illumination experiments on a 
variety of wave chaotic enclosures with different types of 
aperture coupling.  We compare the results of the hybrid 
model to the experimental data and generally find good 
agreement. 
 
 Keywords-Electromagnetic coupling, Random Coupling 
Model, Time-domain measurements. 

 
I. INTRODUCTION  

 
The Random Coupling Model (RCM) has successfully 
treated the statistical electromagnetic properties of complex 
enclosures in the short-wavelength limit [1].  It has been 
extended to treat the effects of short orbits between ports 
[2], and the effects of finite radiation efficiency of the ports 
[3], as examples.  We are now concerned with the question 
of how radiation couples into complex enclosures through a 
variety of apertures, and then how that radiation 
reverberates and delivers energy to ports inside the 
enclosure.  Sensitive electronic components inside the 
enclosure can be treated as one such port. 
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II. HYBRID RCM / STOCHASITC GREENS 
FUNCTION MODEL 

 
Our approach is to join a numerical treatment of 

pulsed wave energy impinging on the enclosure and finding 
its way through apertures, with a stochastic Green function 
numerical model [4] for fields inside the enclosure that is 
inspired by the RCM. At its heart, our hybrid approach 
integrates full wave, high fidelity solutions of subsystems 
(i.e. apertures and electronics of interest) occupying 
portions of the domain [5], with the RCM effectively 
simulating the large volume separating the fully-modeled 
subsystems.   
 

III. EXPERIMENTS 
 
      Experiments have been carried out both in the frequency 
domain and time domain.  A broadband horn antenna is used 
to illuminate various structures, and a short-dipole 
measurement port is located inside the enclosure.  
Frequency domain 2-port S-parameter measurements are 
performed with a network analyzer.  A time-domain version 
of the same experiment is also performed with an arbitrary 
waveform generator attached to the antenna and an 
oscilloscope attached to the short dipole. 
      We compare statistical properties of induced voltages in 
the target dipole in both the frequency and time domains. 
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Abstract—Standardized electromagnetic susceptibility 
testing for airworthiness qualification according to RTCA 
DO-160 demands coverage of the frequency range from 10 
kHz up to 18 GHz. The Direct Current Mode Stirred 
(DCMS) test method, which combines Direct Current 
Injection (DCI)/ High Level Direct Drive (HLDD) with the 
resonant properties of a Reverberation Chamber (RC), aims 
at fulfilling the high field level requirements for the whole 
frequency range. In order to establish the DCMS method as 
a standardized EMC test, a conversion method between 
injected power into the Equipment under Test (EUT) and 
equivalent external field strength is needed. Therefore, a 
measurement campaign including several test sites and 
EUTs, supported by numerical simulations, is conducted to 
provide reliable measurement data and simulation models 
for corroborating a potential conversion theorem in the 
future.  
 
Reverberation Chamber; DCMS; DCI; HLDD 

 
I. INTRODUCTION 

 
The DCI method works particularly well in the low kHz 
frequency range up to some hundred MHz [1] by utilizing 
the surface conductivity of an EUT and directly injecting 
the interfering current that would normally be induced by 
the external field in a HIRF test. To match the generators 
wave impedance, the EUT must be clamped in a return line. 
With increasing frequency, the return line starts to radiate 
due to increasing electrical length. By placing the EUT in a 
RC this normally lost energy can be utilized as a radiation 
source for stirred RC operation. To further improve the 
confidence in this so called DCMS method as an EMC test 
an ongoing study provides measurement results from 
different RC test sites with multiple EUTs, which are 
compared to their corresponding numerical simulations. 
 
II. MEASUREMENT AND SIMULATION SETUP 
 
Fig. 1 shows the setup for one of the RC test sites. Inside an 
Open Coaxial Return Rig (OCRR) a generic missile 
(GENEC) is clamped in as EUT and everything is placed 
within the test volume of the RC. Inside the GENEC two 
electric field probes and an Electronic Explosive Device 
(EED) with an attached fiber optic temperature sensor, to 
monitor the EED’s current, is located. The RC is operated 
in DCI, DCMS and RC mode as described in [2]. 
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Figure 1.   Reverberation chamber setup with GENEC 
 

Those measurements are conducted on four RC test sites 
with different dimensions to validate the results.  
Numerical simulations have been conducted with the 
software FEKO and its MLFMM solver in the past, but the 
resulting electric field strength results showed dependencies 
on the mesh density [3]. In this study Dassault Systemes 
CST Studio Suite with its frequency domain solver is used 
for the frequency range up to 1 GHz. Of interest for the 
comparison with the measurement results are mainly the 
frequency dependent current maximas through the EED and 
the electric field strength over frequency inside the GENEC 
for DCI, DCMS and RC operation. Furthermore, for RC 
operation, the external electric field strength inside the 
chamber’s test volume has to comply to the homogeneity 
requirements defined in DIN EN 61000-4-21. 
 

III. RESULTS 
 
First simulation results were used to iteratively improve the 
simulation model, the final version is in good agreement 
with the measurement results regarding external and 
internal electric field strength. The precise modelling of the 
EED wiring turned out to be a major challenge. 
Appreciation goes to the German Customer WTD81 
Greding GF410, who enabled this project as a Technology 
Demonstration.  
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Abstract—This paper will introduce the Arreghini-problem 

proposed by Dave Giri to validate Multiconductor 

Transmission Line Networks (MTLN) solvers. The 

topology of the problem together with its analytical solution 

are presented. Then various evolutions are showed to 

demonstrate recent evolutions on Current-Return-Networks 

(CRN) and Field-to-Transmission-Lines (FTL) problems. 

Finally, complex applications of such problems, made 

possible by those modified Arreghini’s problems, are 

illustrated. 
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I. INTRODUCTION 

 

My interactions on EM with Dave Giri have been numerous 

since I have been knowing him and since I began to present 

my results in conferences. While I progressively became 

one of Carl Baum’s “protégés” as he used to say it, I also 

began having interactions with Dave Giri and progressively 

we became friends. Particularly, I had the chance to be 

invited in the academy of the HPE-courses, which offered 

me the opportunity of having so many fructuous scientific 

exchanges with Dave and brilliant scientists. 

In the HPE courses, I taught EM Topology and MTLNs, 

both of them illustrated by a demo with the BLT-based 

MTLN CRIPTE code. It happens that in the 2007-Bonascre, 

France, edition (close to Toulouse), Dave challenged me 

with a problem that he had solved several years before for 

one of his former EMP-course (the former name of HPE-

courses) student. This student was named, “Franck 

Arreghini” and without any intentional purpose, this name 

eventually became famous in many of my activities. Mr. 

Arreghini’s problem is presented in Figure 1, formulated by 

Dave Giri’s hand himself. On my side, it became 

Arreghini’s challenge, exactly formulated as follows by 

Dave: 

- “Goal: compute currents and voltages in time domain” 

- Purpose: do the problem analytically, so that time domain 

computer codes can be tested in special simple cases” 

 

II. ANALYTICAL RESOLUTION 

 

The problem is indeed very simple in terms of application 

case but its resolution requires a non-negligible amount of 

mathematical development that must be done with care in 

order to establish the exact solution. This development also 

shows why MTLN computer tools become unavoidable as 

soon as the topology of the problem becomes slightly more 

complex (more branches, more wires in branches, cable-

shields, various positions and distributions of sources), not 

to mention physical properties of the wiring (frequency 

dependence, losses..) or EM-coupling physics (FTL, 

CRN…).  

However, Arreghini’s problem is of real interest for MTLN 

computer code validations because of its branched topology 

involving transmission-lines and junctions. As far as 

frequency domain solvers are concerned, such as CRIPTE, 

the time-domain voltage excitation becomes a specific 

challenge that requires appropriate signal processing based 

on well-dimensioned Fourier Transform operations. 

 
Figure 1.   Arreghini’s problem description by Dave Giri’s hand. 

 

II. AREGHINI’S TEST-CASE OFFSPRING 

 
The Arreghini’s problem topology has finally provided the 

validation for many improvements that we have made in the last 

10 years in the CRIPTE code. This will be illustrated with complex 

CRN [1, 2] and FTL [2, 3] problems.  
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Abstract—We present in this paper an example of the 
numerous contributions made by Dr. Dave Giri in the field 
of high power electromagnetics that have found applications 
in other fields. Specifically, we discuss how his definition 
of the risetime has been applied to lightning-originated 
waveforms.  
 
 Keywords-lightning; signal risetime. 

 
I. INTRODUCTION  

 
The risetime of the lightning current and of 

electromagnetic fields is an important parameter in the 
context of electromagnetic compatibility since it 
responsible for induced voltages and thus for disturbance 
and damage to circuits and systems. However, the definition 
of the risetime is not unique and difference methods to 
measure it are used in different fields. In this abstract, we 
describe two of the methods. One of them, commonly used 
in the Nuclear Electromagnetic Pulse and the High-Power 
Electromagnetics research fields, was proposed by Carl 
Baum and Dave Giri ([1-3]). The other is widely used in the 
lightning field and in standards and it is defined based on 
the instants at which the waveform in question crosses 
thresholds defined as percentages of the peak value.  
 

II. Risetime definitions  
 
A. The 10% to 90% risetime or t10-90 risetime 

The t10-90 risetime is defined as the time between the 
instant at which a waveform reaches 10% of its peak and the 
time at which it reaches 90% of its peak (see [4]). In spite 
of its simplicity, the t10-90 risetime is not generally applicable 
since some waveforms exhibit an oscillatory behavior 
during the rising part that makes the 10% and 90% 
thresholds be crossed more than once. 
B. The rate-of-rise risetime 

An alternative definition of the risetime was proposed 
by Carlo Baum and Dave Giri and it is commonly used in 
the Nuclear Electromagnetic Pulse and the High-Power 
Electromagnetics research fields [1-3]. The definition is 
given in terms of the maximum rate of rise of the waveform. 
It is given in Eq. (1). 
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Fig. 1 shows an example of a measured lightning current 
waveform at the Säntis tower characterized by a complex 
early-time behaviour to which the two definitions for the 
risetime were Applied. The application of Eq. (1) results in 
a risetime of 0.3 μs, while the use of the t10-90 definition 
yields a risetime of 0.7 μs.  
 

 
Fig. 1. The use of the two definitions for the determination of the risetime: 
application to a measured lightning current waveform at  the Säntis tower 
(adapted from [5]). 
 
It was observed [5] that the tmr risetime is in general more 
consistent with the maximum frequency content of the 
signals and the probability distributions are more consistent 
with the expected lognormal distributions.  
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Abstract— High power laser systems have evolved 

dramatically over the years contributing to the development 

of new technologies in manufacturing and material 

processing, communication, and medicine. High Power 

Fiber Laser (HPFL) is a special type of laser which uses 

silica fiber doped with rare earth element as an active 

medium for light amplification. The various geometries of 

fiber, along with the highly directed beam and wavelength 

range offers a wide range of possible new industrial 

opportunities which makes fiber laser research an interest of 

the Directed Energy Research Centre (DERC) at 

Technology Innovation Institute (TII). The aim of this 

research at DERC is to obtain state of the art outputs power 

emitting in the near infrared range using Yb and Tm doped 

fibers which provides highest output power among rare-

earth elements. This paper will review high power lasers in 

industry, high power fiber laser application and 

configuration. In addition to state-of-the-art facilities of 

DERC for fiber processing showing results and future work.  
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I. REVIEW OF INDUSTRIAL HIGH POWER 

LASER  

 

High energy lasers played a critical role in the development 

of new industrial technologies including material 

processing like cutting, welding, drilling, and marking 

different materials for manufacturing purposes. The primary 

high power lasers used in material processing are CO2 

emitting at 10.6 µm, thin disc emitting at 1.03 µm, and fiber 

lasers emitting at 1-2 µm operating in both continuous 

mode, where a continuous beam is emitted, and pulsed 

mode where a highly intense pulse of laser is emitted. The 

shorter wavelength of thin disc and fiber laser gives them 

advantage over the CO2 since shorter wavelength result in 

higher absorption in metals and higher wall-plug efficiency 

[1]. On the other hand, fiber lasers produce a higher beam 

quality and efficiency compared to thin disc because of its 

geometry. In addition, fiber laser introduces a more compact 

and robust design compared to the complex and costly free 

space design of thin disc laser [2].  

 

II. REVIEW OF HIGH-POWER FIBER LASER  

 

Fiber lasers offers an integrated system with high quality 

and robustness maintaining lower cost compared to other 

types of lasers.  Fiber lasers are considered solid state lasers 

where the core of the fiber is doped with rare earth elements 

and pumped with laser diodes. The interest of this 

conference paper is Yb doped fibers at 1 µm wavelength 

which are popular in material processing industry and Tm 

doped fibers at 2 µm wavelength which are popular for soft 

tissue surgery, eye surgery and lithotripsy [3]. The system 

component consists of different architectures of an active 

fiber as the gain medium, laser diodes as pumping source, 

Fiber Bragg Gratings (FBG) as reflectors, combiners to 

combine the pump laser. 
 

III. FIBER PROCESSING STATE OF THE ART 

FACILITIES  

 

The aim of this research at DERC is to realize two all fiber 

laser platforms in a Master Oscillator Power Amplifier 

(MOPA) configuration which consists of two parts one for 

producing the beam and the second to amplify the beam 

using optical devices that are fiber based.  In order to build 

an all fiber system, state of the art fiber processing system 

have been selected which is based on fusion splicing using 

CO2 laser, graphite filament, and arc discharge heating 

sources providing high precision splices and low loss. 

Along with splicing the product series is designed to 

perform other several tasks including stripping, cleaning, 

cleaving, recoating, and proof testing. The goal is to adjust 

the processing system parameters to achieve high quality 

splices then test the quality with splice active monitoring 

system which uses a low power laser diode to test active and 

passive fibers output power before and after splicing. 
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Abstract— In this paper, results of a numerical study of the 
shielding of a screen room is conducted and presented. 
Several movies illustrating the behavior of the transient E-
field in and around the shielded room due to an incident 
HEMP-E1 pulse are produced and the global shielding 
behavior of the enclosure is summarized using cumulative 
probability distributions. 
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I. INTRODUCTION  

 
Shielding is an important consideration in the design of a 
system, which is to be protected against the unwanted 
effects of electromagnetic (EM) fields. via currents flowing 
on penetrating conductors. In general, these conductive 
penetrations arise from the telephone, communications, 
power, and other non- electrical conductors. In addition to 
these penetrations, there are several apertures (holes) in the 
facility enclosure (e.g., the entrances of the facility), and 
EM fields may penetrate the interior at these points. 
Finally, EM field diffusion through the facility walls and 
roof is a possibility. The above three fundamental ways by 
which external EM energy can penetrate facilities can be 
characterized by the acronym CAD as follows:  
C  Conductive penetrations A Aperture coupling, 
and D   Diffusive coupling.   
 
II. ENCLOSURE GEOMETRY AND EXCITATION  

 
In this section, we will be interested in the EM fields inside 
and outside the enclosure shown in Figure 1.  We model the 
entry door into the facility and will illustrate the effects of 
EM fields passing into the door. The incident angles are 
represented by using the angles θ and φ in the spherical 
coordinate system. It should be noted that these angles 
specify the direction from which the incident field arrives.  
A vertically polarized excitation field is considered here. 
Using the FDTD code , a model of the enclosure was 
developed. The enclosure was located in a computational 
grid of maximum dimensions (x, y, z) = (121, 121, 60), 
which yields a total of 5.27 million unknown E and H field 
components that must be determined in each time step. The 
mesh dimensions for this model were ∆x = 7.2 cm, ∆y = 8.8 
cm and ∆z = 8 cm, and the resulting time step was ∆t = 0.14 
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ns. Typical computation times were on the order of 3 
minutes for 500 time points. 
 

 
 

Figure 1. Cut-away diagram of a shielded room, 
showing an empty interior 

We will assume that the incident field arises from a 
HEMP-E1 and has the form 

 (1)  
where the waveform parameters are Eo = 60  (kV/m),  G = 

1.2 a = 3.75 x 107  (1/s), b = 8.46 x 108  (1/s).                           

For the case of  θ = 90o and φ = 180o. (Door open) Figure 
2 presents a surface plot of the total E-field at a time t = 
15.56 ns in a 4x5 meter section of the 1-meter-high plane 
for the facility. In this plot it is easy to see the outline of the 
shielded enclosure and the location of the front door. At this 
time, the incident HEMP field has already swept across the 
facility, and only a remnant of the waveform tail is evident 
at the far end (x = 4) of the plot.   
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Figure 2. Surface plot of the total E-field in a 4 x 5-meter 
plane at a height of 1-meter over the ground for the 
facility and HEMP E1 excitation, at a time t = 15.56 ns.              

Several such computations and  cumulative probability 
distributions have been computed and will be presented.  
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Abstract— For statistical prediction of electromagnetic 
(EM) coupling in the wave-chaotic cavity, the random cou-
pling model (RCM) has been utilized. RCM can also be a 
useful tool for practical applications such as cavity with ap-
erture excitation, but there are limited experimental verifi-
cations. Here, we present a method for predicting the statis-
tical properties and induced voltage in a wave-chaotic cav-
ity where an EM wave is incident through an aperture. Uti-
lizing the aperture impedance based on transmission line 
theory, the effectiveness of the proposed approach is 
demonstrated via measurement. 
 
Keywords-HPEM, EMC, random coupling model, wave-
chaos, aperture excitation 

 
I. INTRODUCTION 

In recent years, the random coupling model (RCM) has re-
ceived considerable interest in the field of electromagnetic 
compatibility and high-power electromagnetics in that it can 
predict the statistical properties of waves inside electrically 
large cavities in the short-wavelength regime based on 
wave-chaos [1]. By utilizing the impedance and scattering 
parameters of cavities and ports, RCM provides statistical 
predictions of electromagnetic (EM) coupling effects on the 
target of interest [2].  

However, in order to employ RCM in a broader range of 
applications, it is desirable to predict coupling effects in a 
more practical environment where the input power is inci-
dent through the aperture. Hence, we present an extended 
RCM for predicting statistical properties and induced volt-
age in a wave-chaotic cavity with aperture excitation. The 
proposed concept can be demonstrated using a scattering 
matrix derived from the aperture impedance. 
 

II. RCM WITH APERTURE EXCITATION 
Figure 1 illustrates the experimental setup and general idea 
of RCM prediction in a wave-chaotic cavity for an incident 
EM wave from external radiation through an aperture. The 
cavity (1.2 m × 1.2 m× 0.7 m) is composed of a rectangular 
aperture (0.2 m × 0.15 m), a target (receive antenna), and a 
mode stirrer (generating 200 different sets of ray trajecto-
ries). With the aperture, our experimental investigation in-
volves two-stages: stage 1) the free-space propagation stage 
where the wave is incident on the aperture of the cavity, and 
stage 2) the cavity propagation stage where the incident 
wave undergoes ray-chaotic propagation and couples to tar-
get with the loss parameter α.  
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Here, the purpose is to predict only the statistical proper-
ties inside the cavity using the RCM by obtaining α. To this 
end, α should be determined using the scattering matrix in 
the stage 2, but the measurement provides the scattering ma-
trix between the transmit horn antenna and the target, which 
includes both stages. Hence, our proposed approach is to 
obtain the ABCD parameter of the stage 1 ( 𝐴𝐵𝐶𝐷௙௦ ) 
through theoretical derivation, and then calculate the ABCD 
parameter of the stage 2 (𝐴𝐵𝐶𝐷௖௔௩) through matrix opera-
tion with the converted ABDC matrix from the measured 
scattering parameter (𝐴𝐵𝐶𝐷௠௘௔௦). Since the surface of the 
aperture can be represented as a transmission line, the aper-
ture impedance and the resulting 𝐴𝐵𝐶𝐷௙௦  are calculated 
through transmission line theory [3].  
 

III. CONCLUSION 
A method for predicting the EM coupling in a wave-chaotic 
cavity through aperture excitation is proposed. By utilizing 
the aperture impedance, the statistical properties inside the 
cavity can be predicted using RCM even for the coupling of 
incident power entered through an aperture. Further devel-
opment of impedance analysis for other aperture shapes can 
expand the scope of the proposed RCM approach.  
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Figure 1.   Illustration of the experimental setup and ABCD 
parameters for each stage based on the proposed approach. 
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Abstract— Lightning-originated overvoltages are a major 

cause of outages in distribution lines. In medium-voltage 

distribution lines equipped with a periodically grounded 

shield wire and surge arresters, lightning outages associated 

with indirect lightning are less frequent than those 

associated with direct ones. Recent analysis concerning 

medium voltage lines equipped with a shield wire shows 

that the electromagnetic pulse radiated from the channel 

may enhance the overvoltage across insulators during direct 

strikes. This contribution is aimed at further discussing this 

aspect. 

 

Keywords – LEMP lightning electro-magnetic pulse, 

distribution lines; lightning protection; direct lightning, 

grounding 

I. INTRODUCTION  

Flashovers on medium-voltage distribution lines due to 

lightning activity are caused by indirect and direct strikes. 

For the assessment of the direct lightning performance, 

circuit-theory-based electromagnetic transient programs, 

such as EMTP or ATP, are widely used. In these 

calculations, a direct lightning strike on a distribution line is 

typically represented by a lumped-current source in parallel 

with a resistance, and the influence of electromagnetic field 

associated with the return-stroke current, namely the 

lightning electromagnetic pulse LEMP, is typically 

disregarded. However, according to recent studies, e.g. [1], 

overvoltages induced by the LEMP may significantly affect 

the direct lightning performance of some type of MV 

distribution lines, with specific reference to those equipped 

with a shield wire. The conclusions of the analysis are 

supported by the close agreement between the results 

obtained by means of two different approaches: the three-

dimensional finite difference time domain (3D-FDTD) 

method [2] and the LIOV-EMTP code [3]. 

II. CONTENT OF THE PAPER 

Figure 1 shows the overvoltages due to a first stroke in a 

line equipped with surge arrester installed every 200 m 

calculated with the 3D-FDTD and with the LIOV EMTP, 

with and without considering the LEMP contribution. The 

results are reported for both the cases of a first and a 

subsequent stroke channel base current waveform. Further 

results will be presented in the contribution that show how 

important can be for some cases the effect of the LEMP 

coupling on the amplitude of induced voltages even for the 

cases of direct strikes. 

 
Figure 1.   Voltages across insulators at lightning struck pole. 
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(b) Subsequent stroke 
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Abstract  A problem of development of shielding materials 

capable of protection of electronic equipment and systems 

against HPEM impact includes the tasks of effective HPEM 

shielding and the produced heat release. Composite and 

hybrid materials containing fillers of various types are 

investigated against the HPEM shielding efficiency and 

thermal behavior.  
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microwave absorption, heat distribution 
 

I. INTRODUCTION  

The impact of high power electromagnetic (HPEM) pulses 

(>100 V/m, duration upto 1.0 ns) on radio-electronic systems 

and equipment results in losses (distortion) of information, false 

alarms of security, fire and other alarm systems, equipment 

malfunctions, blocking of data transmission channels (both 

wired and wireless), faults and failures of electronic devices, etc.  

Shielding is an important element of an integrated approach to 

protect electronic equipment, systems and networks against the 

HPEM impact.  

 

II. SHIELDING AND ABSORBING MATERIALS  
 

A. Components justification  

The present investigations cover a wide range of composite 

materials, containing conductive materials, including those with 

magnetic properties, such as carbon or metal particles, nickel and 

iron powders, ferrites, conducting polymers, liquid solutions, 

and their combinations and other fillers, dispersed in specific 

structural materials, such as elastic polymers, synthetic resins, 

concrete, mortars, etc (Figure). Particle size, concentration, 

distribution in the matrix, and shape (grains, fibers, flakes, etc.) 

play a significant role. Synthesis of composite, multilayered 

filler materials and hybrid structure designing increase the 

shielding efficiency of the shields and absorbers.  
 

B. EM power absorption requirements 

In general, the EM power absorbed per volume unit Ploss is 

determined by the frequency of the incident radiation f and 

the dielectric losses  of the composite material: 
 

𝑃𝑙𝑜𝑠𝑠 = 𝜔𝜀0𝜀′′
𝑟|𝐸|20,556 ∙ 10−12𝜀′′

𝑟𝐸2𝑓, 𝑊/𝑐𝑚2 
 

An important problem for shields and microwave absorbers 

development is to develop a material, which is thermally stable 

for a long period of radiation exposure or quickly restore its 

properties after short-term heating without reducing the 

efficiency characteristics.  

 

  
a 

 
b 

Figure. Complex permittivity for some of the developed polymer-based 

composites with various powder fillers in the frequency band of 8–12 GHz 

 

The problem of HPEM shielding materials development 

includes the following aspects: 1. Analyze the application 

conditions; 2. Select the types of fillers and binders to achieve 

high shielding efficiency, as well as the workability of the 

resulting material; 3. Analyze the heat release processes in a 

composite material upon absorption of HPEM energy. 
 

C. Heat release analysis 

The impact of microwave electromagnetic radiation produces a 

temperature increase per dielectric volume unit: 
 

 
𝑑𝑄

𝑑𝑡
= 8 · 10−12𝐸2ſ

ɛ𝑟
′′

𝛾𝑐
 , 𝑑𝑒𝑔/𝑚𝑖𝑛 

 

γ – is bulk density, g/cm3; с – is a specific heat capacity, cal/gdeg. 

Since composite materials have a heterogeneous structure, there 

are losses due to thermal conductivity and radiation and the heat 

distribution process depends on multiple factors. The power Ph, 

which is required to heat a dielectric of weight G by ΔQ deg, can 

be approximately determined as follows: 

𝑃ℎ = 4,186 ∙ 𝐺 ∙ 𝑐 ∙ ∆𝑄, kW 

The measuring installation includes a pulse voltage generator 

PVG 50-1000 and an electric field digital indicator. The 

shielding efficiency regarding UWB electromagnetic pulses, 

averaged over the frequency range for their spectrum, is defined 

as the ratio of the electric field amplitudes measured before the 

shield was installed (E1) and after it was installed (E2): 

SE = 20 ∙ log (
Е1

Е2

) , 𝑑𝐵 

A thermal portrait of a material while HPEM absorption in 

practice is obtained using a thermal imager. 

Real part 

Imaginary  part 
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Abstract—This work presents the design and experimental 

characterization of a 3D printed absorbing frequency 

selective surface (FSS) working in the S-band. Conductive 

polylactic acid (PLA) is used to manufacture the unit cells 

composing the high impedance surface.  
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I. INTRODUCTION 

The study and development of frequency selective surfaces 

(FSS) to implement high impedance surfaces (HIS) have 

been a well-reported topic in the past years [1]. A HIS is 

implemented by placing an FSS on top of a grounded 

dielectric slab. These structures are designed to exhibit a 

perfect magnetic conductor (PMC) behavior over a certain 

frequency range. Applications include surface current 

suppression, radar cross section reduction, and microwave 

thin absorbers. Numerous techniques can be used to 

implement a microwave thin FSS-absorber, such as photo 

etching from conductive layers and printing of conductive 

inks [2]. Additive manufacturing using conductive material 

is an alternative for quick prototyping of FSSs. In this work, 

a 3D-printed wideband absorbent FSS in the S-band is 

designed and implemented. Experimental results of the 

absorption level and the characterization of the PLA 

material are presented.  

II. ABSORBING FSS DESIGN 

The surface impedance of the absorbing-FSS can be 

computed as the parallel connection of the FSS impedance 

and the grounded substrate impedance: 

 .FSS d
abs

FSS d

Z Z
Z

Z Z
=

+
 (1) 

When the reactance of ZFSS cancels the inductance of Zd, the 

parallel circuit resonates, and Zabs becomes real-valued [1]. 

The real part of Zabs must match the free-space impedance 

to effectively absorb the incoming wave. Under this 

condition, an optimum value RFSS = Re{ZFSS} can be 

extracted [1]. 
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where d is the dielectric thickness, η0 and ε0 are the free-

space impedance and permittivity, respectively, P is the FSS 

periodicity, and A is the area covered with PLA per unit cell. 

β is the propagation constant and ω is the angular frequency. 

The FSS sheet resistance, Rs (Ω/sq), is related to the PLA 

conductivity σ, and thickness ht, as [1] 
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h j j h     

= 
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 (3) 

The dielectric parameters of the conductive PLA material 

were characterized using an open-ended coaxial probe, and 

the results are plotted in Fig. 1. 

 
Figure 1.   Conductive PLA measured characteristics. 

A crisscross geometry is selected as the FSS unit cell due to 

its simplicity and wideband response [2]. The thickness of 

the unit cell is optimized via full-wave simulation, using the 

PLA material characteristics. An array of 6 x 7 squared unit 

cells with a 6.25 cm side was 3D-printed with a 100% 

density. Fig. 2a shows the prototyped unit cell. The FSS is 

glued on one side of a 12 mm thick Styrofoam layer 

(εr=1.1), 38x44 cm2. A layer of aluminum foil acts as the 

ground plane.  

III. RADIATION TEST RESULTS 

A two antenna, quasi-monostatic setup was used to 

characterize the FSS in an anechoic environment. The 

transmission parameter (S21) from an aluminum plate of the 

same dimensions as the FSS is used as the reference. A 

comparison of the measurement and simulation results is 

presented in Fig. 2b. Discrepancies are observed at low 

frequency. However, almost the complete S-band is covered 

with the presented design for absorbance levels better than 

-10 dB. 

 
                  (a)                                               (b)              

 Figure 2.   3D-printed absorbing FSS prototype. (b) Measured 

reflection coefficient on boresight.  
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Abstract—We present an efficient computer code based on 
the method of moments (MoM) for the analysis of arbitrary 
grounding systems embedded in a lossy soil. 
 
 Keywords- Grounding system; numerical method; method 
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I. INTRODUCTION 

Accurate analysis of grounding systems is an important 
topic in electromagnetic compatibility (EMC) studies. The 
importance mainly lies in the fact that grounding systems 
play a crucial role in protecting people and facilities from 
disturbances generated by faults, lightning strikes and other 
transients. The aim of this paper is to present an efficient 
computer code based in the Method of Moments for the 
analysis of grounding systems.   
 

II. CODE STRUCTURE 
The proposed code is based on the mixed potential integral 
equation method presented in [1]. The tangential component 
of the total electric field over the grounding object is forced 
to zero in this method. By substituting the scattered field 
with the vector of magnetic potential and electric potential 
scalar and performing the expansion and testing procedure 
in the Method of Moments (MoM), linear algebraic 
equations can be obtained. Solving these equations yields 
the current distribution along the grounding system.  
The structure of the code can be divided into three parts: 1) 
Input, 2) Kernel, and 3) Output as illustrated in Figure 1 (a). 
In the input part, one should define the geometry of the 
grounding system, the electrical parameters of the soil, and 
the frequency range of the simulation. In the Kernel part, all 
the numerical steps needed for the simulation of the 
grounding system response and the calculation of the input 
impedance are embedded, for example, finding the 
junctions, meshing the structure, and creating all the sub-
matrices to calculate the input or mutual impedance, Zin or 
Z12. Finally, the user can plot the required part of the input 
impedance in the Output part. The code has been validated 
using as reference numerical results in [2]. 
 

III. NUMERICAL EXAMPLE 
We consider a 60×60 m2 grounding grid with 6×6 meshes 
buried at a depth of 0.5 m [2] as shown in Figure 1 (b). In 
this figure, the solid-black lines, blue circles and red crosses 
show the ground electrodes, the nodes, and the excitation 
port (the lightning attachment point), respectively.  

 

 
Figure 1.  (a)The structure of the code for the analysis of grounding 
systems. (b) A 60×60 m2 grounding grid with 6×6 meshes buried 
at a depth of 0.5 m. 
 
The grid is composed of 7-mm radius rods. In Figure 1 (b), 
Port-1 and Port-2 are considered to be located at the center 
and at one corner of the grid, respectively. The soil is 
characterized by a permittivity of ε = 9.   
The magnitude of the input impedance of the considered 
grounding grid is shown in Figure 2 for different soil 
conductivities. The obtained results are consistent with the 
results presented in [2].  

 
Figure 2.  Magnitude of the input impedance of the 60×60 m2 grid 
buried at 0.5 m depth in a homogenous soil excited from the center 
and corner ports as shown in Figure 1. 
 
The main advantage of the MoM is that the mesh cells 
needed to solve the problem is limited to the grounding 
structure only, unlike other numerical methods such as 
finite-difference time-domain or finite-element 
methods. Future work includes the extension of the code to 
take into account stratified soils.  
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Abstract—In this paper, the interaction between a 

measurement system, the landmine, and the soil is 

investigated to detect an unknown buried object. In 

particular, the performance of different approaches for 

landmine localization using electromagnetic time reversal 

(EMTR) methods is investigated in terms of their detection 

efficiency and computational efficiency. The considered 

methods include the classical time-domain EMTR, iterative 

EMTR, EMTR-DORT (decomposition of the time reversal 

operator), and EMTR-MUSIC (Multiple signal 

classification). The obtained simulation results show that 

EMTR is a promising technique for landmine detection and 

localization. 

 

 Keywords- Landmines; time reversal base methods; 
 

I. INTRODUCTION 

 

Although a large spectrum of methods has been investigated 

to detect landmines, only enhanced metal detectors and 

ground penetrating radars have been used in the field [1]. 

The performance of these methods is still far from the 

desired levels due to the complexity of the environmental 

and field conditions. In this paper, time reversal methods in 

both the acoustic and the electromagnetic regime [2] have 

been applied to localize landmine(s). We present the results 

of an investigation in which different types of EMTR based 

methods (classical EMTR, iterative EMTR, DORT, and 

TR-MUSIC) are applied to the problem of landmine 

localization. These methods have shown to be promising in 

terms of accuracy and efficiency in localizing landmines, 

and could potentially replace or complement existing 

methods in the future.  

 

II. COMPARISON BETWEEN EMTR-BASED METHODS 

The simulation results showed that both the TR-MUSIC and 

DORT methods, implemented in a single frequency, were 

able to accurately locate the targets. The resolution of the 

DORT method can be increased by increasing the number 

of antennas. However, even with a higher number of 

antennas, DORT does not allow to achieve super-resolution. 

With a similar computational cost to that of the DORT 

method, EMTR-MUSIC is able to achieve super-resolution 

to distinguish targets located within distances as low as 

λ/20. The classical EMTR method implemented in the time-

domain requires higher computational resources compared 

to DORT and TR-MUSIC.  

 

In summary, TR-MUSIC appears to outperform other 

EMTR-based methods, allowing to detect multiple closely 

spaced targets using a reasonable number of sensors. 

 

III. NUMERICAL RESULTS 

As seen in Figure 1 (a), A 5-mm radius spherical metallic 

target is buried in a homogeneous soil at a depth d = 0.4 m.  

Three identical dipole antennas are used as transmitters with 

length and radius 135.5 mm and 2.5 mm, respectively. At 1 

GHz, the antenna return loss is about 20 dB, which is 

appropriate to detect landmines at this frequency. All dipole 

antennas are at a height h = 0.5 m above the ground. The 

horizontal distance between adjacent antennas is s = 0.5 m. 

The frequency range of the excitation Gaussian pulse is 

from 0 to 2.0 GHz.  

 

 
Figure 1.  (a) A view of the geometry of the homogenous soil half-

space problem. (b) 2D view of the TR-MUSIC pseudospectrum. 

The red circle and the black cross show the actual and estimated 

landmine locations. The soil permittivity and conductivity are 4.0 

and 0.01 S/m, respectively.   

 

Figure 1(b) shows the TR-MUSIC pseudospectrum 

obtained using the CST-MWS time-domain solver. The red 

circle and black cross show respectively the actual and 

estimated target locations. In this case, TR-MUSIC could 

localize the landmine with a localization error of 3.58 mm.  
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Abstract—This work presents experimental results from a 

radiation test of the tapered impedance half impulse 

radiating antenna (TI-HIRA) when fed by a commercial 50-

Ω pulsed generator. The design of a prototype and the 

measured electric field waveform are presented. 

 

Keywords- electric field measurement, impulse radiating 

antenna, tapered impedance converters. 

I. INTRODUCTION 

During the last decades, the impulse radiating antenna IRA, 

has been widely used for radiating high-amplitude 

electromagnetic pulses for EMC and IEMI studies. The 

half-IRA (HIRA), is the monopolar version of the IRA and 

is implemented by introducing a ground plane in the 

horizontal symmetry plane [1]. In the conventional 

operation of a HIRA, a constant-impedance TEM 

transmission line composed with coplanar-plate feeders 

illuminates a parabolic metal dish with a spherical wave, to 

finally generate the main radiated pulse. A correlation  

between optimal illumination of the dish and feeder size 

constrains the HIRA input impedance to values close to 100 

Ohm [2]. Therefore, a commercial unbalanced 50-Ω 

generator would need an external wideband impedance 

transformer to feed the HIRA. As an alternative, the authors 

introduced the tapered impedance HIRA (TI-HIRA) [1] by 

integrating a TEM feeder whose characteristic impedance 

changes as a function of the radial distance from the focal 

point to the dish aperture. The TI-HIRA is sketched in Fig. 

1a.   

II. TI-HIRA DESIGN 

The impedance of a TEM feeder arm, when the exponential 

progression is selected, can be computed as 

 1

( ( ))
( ) 60 ,

(1 ( ))
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−
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where r is the radial distance measured from the focal point, 

the exponential coefficient is 2 1(1 )ln( / ).F Z Z = Z1 is the 

arm impedance at, Z2 is the terminating impedance at the 

reflector side, F is the focal length. K(m(r)) is the complete 

elliptic integral of the first kind, and m(r) is a parameter 

defining the impedance of the TEM feeder [1]. Once F, Z1, 

and Z2 are defined, m(r) is numerically solved for each value 

of r in (1). The feeder geometry is sketched in Fig. 1b. The 

aperture angles of the feeder arm, β1, and β2, become a 

function of r, computed as    
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Figure 1.  (a) TI-HIRA. (b) Feeder geometry: Exponential 

impedance arms (continuous line) and constant impedance arms 

(dashed line). 

A dish with a diameter of 1.2 m and F = 0.46 m is used. 

Z1 and Z2 are 100 Ω and 200 Ω, respectively. Note that the 

TI-HIRA input impedance is expected to be the parallel 

connection of two feeding arms i.e., 50 Ω.   

III. RADIATION TEST RESULTS 

A 50 Ω solid-state pulsed generator, with a peak voltage of 

14 kV, a risetime of 100 ps, and a pulse width of 3 ns is used 

to drive the TI-HIRA prototype in a semianechoic 

environment. On the receiving side, a B-dot free-field 

magnetic field sensor, with an equivalent area of 9∙10-6 m2 

was used. The B-dot is connected to a 6 GHz oscilloscope 

through an ultra-wideband balun. The receiving chain was 

placed inside a shielded box and powered via UPS. A 

comparison of the measured and the simulated electric field 

waveform on boresight, reduced to 1 m, is presented in Fig. 

2. Small discrepancies can be observed in the prepulse area. 

As it can be seen there is excellent agreement between the 

experimental and simulated results. 

   
 Figure 2.   TI-HIRA Electric field waveform, reduced to 1 m. 
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Abstract—In this work, erosion on electrodes used in gas-

filled spark gap switches is experimentally investigated. 

Two different electrode profiles, including a new profile 

with axial holes proposed here for laser-triggered gas-filled 

spark gap switch, are considered. Based on experimental 

results, the life span of the electrodes and the degradation of 

main parameters, including rise time, and hold-off voltage, 

are estimated.  

 Keywords: Spark gap, Electrode profile, Streamer, Gas-

filled spark gap switch, Electrode erosion  
 

I. INTRODUCTION  

Gas-filled spark gap switches have widely been used in 

pulsed power technology due to their simple construction, 

low cost, and ease of operation [1]. The reliability of gas-

filled spark gap switches is based on the surface quality of 

the electrodes, gas decomposition and dissociation, and the 

insulator damage that occur as the energy is dissipated in the 

switch [2]. Different studies have been conducted to 

investigate the chemical and physical processes responsible 

for the erosion of the spark gap electrodes [2]. In this study, 

different electrode materials and profiles are considered. 

One of the profiles includes axial hole through which a 

femtosecond laser can be coupled axially between the two 

electrodes to trigger and achieve a lower jitter compared to 

the self-breaking spark gap switches.  

 

II. ELECTRODE PROFILE 

Erosion rates are determined by material, electrode profile, 

dimensions, gap length, polarity, voltage, and current. The 

profile with axial hole is shown in Fig.1. Due to the 

geometry and the field enhancement between the electrodes, 

it is important to investigate the erosion on the surface. The 

erosion rate of the electrodes is substantial around the tip of 

the electrodes in accordance with the electric field 

distribution shown in Fig. 2. Similar behavior has been 

reported for hemispherical and Rogowski electrodes [1] 

since discharges are confined around the center of the 

electrodes. 

 

III. EXPERIMENTAL SETUP  

Different electrode profiles and materials have been 

considered.  The gap between the electrodes can be varied 

from 0.5 to 2 mm and nitrogen gas is used as a spark gap 

medium. The spark gap is connected to a charging capacitor 

through a resistor. The capacitor is charged by a DC voltage 

source capable of delivering up to 60 kV. The accurate 

distance between the two electrodes is measured with a 

feeler gauge. Erosion surface area is estimated by 

microscopic measurements of pits on the tips of the 

electrodes. 

 

 
 

Fig.1 Laser-triggered gas-filled spark gap prototype design.  

 
Fig. 2 Electric field simulation of electrodes with 1 mm gap 

distance for 50 kV.  

 

IV. DISCUSSION  

Electrode erosion after a certain number of pulses results in 

field distortion that degrades and deteriorates the hold-off 

voltage and rise time for high voltage applications. 

Electrodes have been subjected to high local pressure from 

the arc area due to the expansion of plasma which could lead 

to the pit formation on the tips of the electrodes. Appropriate 

selection of electrode profile along with material can reduce 

the electrode erosion rate, which can lead to higher 

reliability of the switch. 
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Abstract—We have developed two different types of 3D 

lightning mapping systems for observing winter lightning in 
Japan. One of the systems consists of 12 stations. At each of 

the station, a discone antenna is used for the sensor and its 

output is sampled at 25 MS/s with 16 bits. This system uses 

time-of-arrival technique and is called DALMA (Discone 

Antenna Lightning Mapping Array). Another system 

consists of 3 stations. At each of the stations, a broadband 

interferometer with 3 discone antennas as sensors was 

deployed. In this system, the outputs from all antenna are 

sampled at 1GS/s with 16 bits. The latter system primarily 

uses interferometry technique and is called InLMA 

(Interferometer-type of Lightning Mapping Array). Both 
systems are GPS-synchronized. Using these two systems, 

we have recorded many winter lightning discharges. This 

paper is to report the two systems and one example result 

obtained. 

 

 Keywords- Lightning, Lightning mapping, Winter 

lightning, Upward lightning 
 

I. INTRODUCTION  

 

As it is well known, winter thunderstorms in Japan are 

usually much lower than summer thunderstorms. In addition, 

many upward lightning and positive lightning occurred 

during winter thunderstorms in Japan. These factors make 
3D mapping of winter lightning in Japan a very challenging 

issue since all lightning mapping systems suffer an intrinsic 

deterioration in the uncertainty for locating low altitude 

sources, particularly sources of positive leaders.   As a 

matter of fact, we have tried to use the FALMA (Fast 

Antenna Lightning Mapping Array) for 3D mappings of 

winter lightning but failed [1]. In this study, we have 

developed and deployed two systems which are capable of 

doing 3D mapping of winter lightning within the area 

covered by the FALMA. This paper is to report the two 

systems and one interesting flash observed by the two 

systems. 

 
II. RESULT 

 

As an example, a lightning flash mapped by DALMA [2] is shown 

in Fig.1. Unlike summer lightning, this winter lightning exhibited 

very complicated progression features. During the conference, we 
will report the detail of the complicated features with the result by 
InLMA included. 

           Figure 1.   3D mapping of an interesting lightning flash  
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Abstract—This paper presents the concept of a resonant 

source for High Power Electromagnetic applications based 

on a Switched Oscillator (SWO) box. The single unit design 

will be discussed and validated. The final prototype of array 

was manufactured and presented in the paper. 
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I. INTRODUCTION 

 

In this paper, we present a 4x3 transmitter array system for 

high-power electromagnetic applications. This system 

consists of multiple resonating transmitters, tuned at 

different frequencies, and integrated into a single radiating 

rack. Each transmitter is comprised of an antenna, switched 

oscillator, HV-source, and pneumatic system. The system 

can be used to test the susceptibility and vulnerability of 

devices in a frequency range of 100 to 900 MHz following 

IEC 61000-4-36 standards.  

 

II. SINGLE UNIT DESIGN AND VALIDATION 

 

A single transmitter box, shown in Fig. 1, has been designed 

and integrated to be portable, compact, and independent of 

any external power source.  The TEM horn “box-like” 

antenna has been designed [1] in which the cavity formed 

between the arms of the TEM horn and the ground plane has 

been used as housing for the SWO, the SF6 pneumatic 

system and the connecting elements. The HV pulsed source 

and the electronic control system have been installed in a 

small box attached to the back of the antenna. The whole 

system has a box-like form factor, with side dimensions of 

0.44 λ. The single box is expected to produce an electric 

field around 10 kV/m at 1 m. 

 

 
Figure 1. Single SWO box 

 

The designed unit was tested and the electric field was 

measured in time domain. The reported peak amplitude was 

9.51 kV/m at a charging voltage of 29kV with a central 

frequency of 330 MHz.  

 
III. THE CONCEPT OF AN ARRAY 

 
Based on the reported results of the single box, a concept of the 

array system has been developed combining 12 of the designed 

SWO boxes. The concept, shown in Fig. 2, presents the integrated 

system where each unit has its independent single-ended HV 

source, antenna, and radiating source. However, the 12 units has a 

single pneumatics circuit where each box is connected in series. 

The system is designed to have a peak electric field of 90 kV/m 

at 1 m. Moreover, this system has advantages over other systems 

with similar E-field ranges due to its low cost and easy 

maintenance. The manufactured final prototype is shown in Fig. 

2. 

 

 

IIII. CONCLUSIONS 
 

A design of a SWO Box array was presented based on a 

validated single SWO Box unit. The design is independent 

of any external power sources, low-cost, and easily 

maintained. The expected electric field is above 20 kV/m.  
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Abstract— In this study, a 3D printed Luneburg lens-based 

direction finder was designed, manufactured, and tested. 

The paper discusses the material characterization process, 

followed by the design, construction, and finally the test of 

the prototype.  
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I. INTRODUCTION 

 

Direction of Arrival (DOA) estimation at microwave 

frequencies is important in many sensor applications such 

as wireless communications [1]. There are two known 

techniques used for DOA estimation [2]: the amplitude 

comparison which is wideband, low cost and portable but 

has low accuracy [2], and the phase interferometer system 

with high accuracy but is expensive and complex. 

Therefore, a DOA estimation system that is at relatively low 

cost, portable and possesses high accuracy is highly 

desirable in many applications. In this study, this will be 

achieved through a 3D printed stackable Luneburg lens. 

 

II. LENS DESIGN AND MANUFACTURING 

 
A Luneburg lens is a gradient index device in which the 
refractive index gradually changes inside the material [3]. 
The l variation in the permittivity profile of the lens is 
achieved by placing air inclusions in the base material, 
lowering the base permittivity to the required value [4]. The 
final design is shown in Fig. 1. 

The lens was manufactured out of Acrylonitrile Butadiene 

Styrene (ABS) using Stereolithography (SLA) technology, 

which presented a dielectric constant of 3.07 at 1.5 GHz, 

and had finer details with an accuracy of ±0.01 mm. The 

manufactured lens is shown in Fig.1. 

 

II. EXPERIMENTAL VALIDATION 

 
A first test of the functionality of the lens was performed in 
an anechoic environment. A receiving antenna was placed at 
the Zeroth position of the lens. A transmitting antenna was 
placed at a constant radial distance and the relative angle 
between the transmitting antenna and the Zeroth position 
was varied between +- 45’. The received power per angle of 

arrival was measured. As comparison, the same test was 
performed removing the lens. 

 
Figure 1. From the left to right: The constructed design of the 

Luneburg lens, manufactured and aligned final lens prototype. 

Notice the Zeroth position of the lens 

The results presented in Fig. 2 shows that the power received 
maximizes when the relative angle coincides with the Zeroth 
angle of the lens, showing the capability of this device in 
identifying this angle of arrival. 

 
Figure 2. Relative amplitude measured at different angles of 

arrivals with and without lens. Notice how the lens maximizes the 

received power when the angle of arrival and the position of the 

lens coincide. 
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Abstract— This paper discusses the special case of using 

passive filter devices on control, signal, and data Points of 

Entry (PoE) for the protection of electrical or electronic 

equipment against HEMP.  Much of the discussion about 

protection of electrical PoE’s is focused on facility power 

filters.  However, it should be recognized that control, signal, 

and data cabling is also of concern and should be attended to 

properly.  This paper will review the requirements for 

protection against HEMP and briefly touch on IEMI 

protection as described in various standards.  The paper 

examines the electrical and mechanical characteristics needed 

in order to effectively accomplish the task of protecting and 

also providing operational reliability and safety for control, 

signal, and data points of entry 

 

I. INTRODUCTION 

We begin by noting the signal and control protection 

requirements of military standard MIL-STD-188-125 and 

commercial standard IEC 61000-4-24.  It should be pointed 

out that these standards are only concerned with HEMP and 

not with IEMI.  Other standards such as MIL-STD-461 deal 

with the issue of interference, but not as an act of deliberate 

and malicious intent.  IEC 61000-4-36 is a commercial 

standard that effectively deals with the IEMI threat.  A new 

standard, IEC 61000-5-10, is a guide for the application of 

protective measures for HEMP and IEMI. 

 

Filters must handle conducted threats but must be constructed 

in a way that maintain the RF shielding effectiveness of the 

protected space to which they are attached. As such, the 

design of these filters should follow established standards and 

practices.  These filters must be designed, validated, and 

tested not only for the required protection, but also as part of 

an RF shielded system that must remain operational, reliable, 

and safe during an attack as well as during normal operations. 

 

The electrical and mechanical characteristics such as the type 

of materials used, the filter topology, construction practices, 

testing, and final installation are of critical importance for an 

effective mitigation and protection of defense and 

commercial structures.  And while power filters should be 

built following the requirements of one or more safety 

standards such as UL 1283 and IEC 60939, signal and control 

filters have no such requirements and a more general standard 

such as MIL-PRF-15733 could be used.  

 

II. THE PROTECTION STANDARDS 

A PoE is any place within a shielded structure where there is 

an opening for passing cables, materials, or persons.  In this 

paper, we are concerned only with PoEs that require metallic 

cables or wires to pass information from the unprotected area 

to the protected area or vice versa. MIL-STD-188-125 

establishes that any cables passing through the shield must be 

treated for an HEMP threat such as E1 and E2.  E1 is a fast 

pulse characteristic of the detonation of a nuclear warhead in 

space. E2 is a slower pulse similar to lightning. In addition, 

MIL-STD-188-125 establishes that the HEMP protection 

shield should be 80 dB from 10 MHz to 1 GHz.  This does 

not consider IEMI which can fall on the frequency range 

above 1 GHz. Fortunately, filters can easily be made to work 

for IEMI once the filter has been designed to take care of the 

E1 and E2 pulses.  But MIL-STD-188-125 is considered to 

be a severe protection standard and used mainly for critical 

defense structures.  IEC 61000-4-24 considers different levels 

of protection depending on the structure to be protected and 

the level of protection desired.  The intent is to show that 

extreme protection is costly whereas perhaps in some cases, 

a short disruption of operations may be acceptable in 

exchange for a more cost effective solution.   

 

III. DESIGN OF CONTROL, SIGNAL, AND DATA 

PROTECTION FILTERS 

 

A. Electrical Features 

All control, signal, and data filters used for HEMP/IEMI 

protection must have a voltage rating and current rating 

consistent with the source and load impedances they will be 

protecting.  In addition, typical designs for HEMP include an 

input inductor and a fast acting semiconductor arrestor 

device.  But control, signal, and data filters pose a unique 

design challenge that is not present in power filters.  That is, 

these filters typically have a broader passband than power 

filters.  This passband may be upset by the addition of delay 

inductors, allowing distortion of the signal or passage of 

HEMP frequencies.  An even more unique problem is found 

with high speed data signals as the passband of these must be 

quite large.   

 

B. Mechanical Features 

The filters’ enclosure material should be plated steel or 

stainless steel.  This is necessary so that conducted and 

radiated currents do not pass into the filter and thus into the 

protected area, but rather get diverted to earth ground or 

reflected. The proper filter design should have at least one 

completely sealed compartment on the load side for effective 

mitigation of HEMP/IEMI of the protected area.   

 

C. Filter Testing 

Filters should be tested for safety according to the manu-

facturer’s procedures or MIL-PRF-15733. The filter expected 

attenuation (insertion loss) should be in compliance with the 

protection requirements and tested per MIL-STD-220 or 

CISPR 17.  In addition, the filters should be tested for their 

residual current performance during a simulated HEMP PCI 

event.  PCI testing is done as design verification by a 3rd party, 

and typically not during production. 
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Abstract—This paper discusses the unique design problems 

associated with protecting data lines with passive filters 

against a HEMP event.  In today’s intercommunicated 

world, much of the electronic communication takes place 

over data channels, more specifically data wires.  These 

wires can carry data in a myriad of formats and speeds.  

Some of the data could be Ethernet, others could be control 

signals such as RS232 or RS485.  Each of these could be 

passing data at different speeds.  For example, we have 

RS485 protocols that can send data at 78 kbps or at 115 

kbps.  In addition, data signals can carry encoded voice 

messages, or can carry proprietary sensor information to a 

control center.  A control center could be a HEMP hardened 

building where it would be necessary to have all these data 

transmission wires protected against an EM pulse.  Many 

HEMP protection standards recommend that data signals 

should be converted to fiber in order to safely pass this data 

during a HEMP event.  But the recommendation begs the 

question as to why that is.  Thus, this paper will discuss the 

nature of the data that is to pass through, the pulse that data 

wires need to be protected against, and the filter 

characteristics that make protection with passive data filters 

problematic. Finally, some recommendations on protecting 

sites according to well-established commercial and military 

standards are provided.  
 

I. THE HEMP FILTER AND ITS IMPLICATIONS 

 

A. The Data to Pass Through 

On the one hand, a data signal consists of a train of pulses 

or a square wave.  Fourier Transformation of a complex 

wave tells us that a square wave is actually made up of 

multiple sinewaves as shown in Fig. 1.  Any complex wave 

can be broken down into sine waves that when added 

together give the original complex wave. 

 

 
Fig. 1. Complex waves can be broken down into sine waves 

 

Thus, a data filter must be able to pass all the composite sine 

waves in order to be able to reproduce at the other end the 

same square wave without loss of fidelity to the signal, 

without loss of the shape, and thus without loss of 

information as it passes through the filter.  These multiple 

sine waves are actually at multiple frequencies.  When a 

square wave is seen in the frequency domain, it looks as 

shown in Fig. 2. A filter is typically a passive device that 

would allow, up to a certain cut off, frequencies to pass.  In 

filter terminology, we say that the passband of the filter must 

be wide enough to allow for all these composite sine waves 

to pass through.   

 
Fig. 2. Frequency domain view of a complex waveform 

 

But this wide passband is also the Achilles’ heel of all 

passive data filters used for HEMP protection.  

 

B. The HEMP Waveform 

The HEMP waveform or pulse shape is given in various 

well-known standards.  This is essentially a double 

exponential pulse with an established rise time as shown in 

Fig. 3.   

 
Fig. 3. Typical HEMP waveform 

 

The composition of a signal like this shows that the pulse’s  

rise time contributes to a multiple frequency component that 

can be shown by Fourier analysis.  It is accepted that the 

typical HEMP waveform would generate frequency 

components from a few kHz to about 300 MHz. 

 

C. Data Filter Passband 

A typical data filter is a low pass filter that has a passband, 

or 3dB cut off point at several MHz in order to allow the 

data to pass without degradation.  In addition, the stop band 

is further removed at several MHz because passive 

components do not have a sharp or instantaneous cut off at 

3dB.  Thus most of the energy of a HEMP event will be in-

band or pass right through the filter, with only some lesser 

energy passing through the skirts of the filter’s response.  

This would typically result in greater power residuals (or 

transients) appearing in the data line which could still 

damage the system that the filter was intended to protect.  

  

D. HEMP Protection of Data lines 

Because of the foregoing, data wires should be converted to 

fiber as recommended in commercial and military 

standards.  Exceptions could be made if the data wires have 

a slow transmission rate, probably below 9.6kbps.  But even 

in such cases, it would be prudent to inquire of the filter 

manufacturer if a given data filter meets a given protection 

standard. 
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Abstract—This paper studies the breakdown voltage of a 

gaseous mixture of Nitrogen (N2) and Sulfur Hexafluoride 

(SF6). The study consists of both experimental and 

numerical methods. The comparison was conducted under 

various pressures, separation distance, and gases 

compositions. The results were measured using a 

pressurized dipole spark gap for the breakdown at a 

corresponding distance and were processed using an octave 

code that records the observed trend of the findings. 

 

Keywords: Insulation Gases, Spark Gap, Voltage 

Breakdown 
 

I. INTRODUCTION  

 

Dielectric, or insulating, gases prevent electric discharge 

up-to a certain electric field level. They are used in multiple 

applications such as: Transformers, circuit breakers, and 

generally in HV pulsed power applications. Two of the most 

commonly used gases are Nitrogen (N2) and Sulfur 

Hexafluoride (SF6), the later having a relatively higher 

dielectric strength than the former. Paschen’s law provides 

one of the most fundamental equations that describes the 

relation of the voltage breakdown between two electrodes 

and the gas pressure times the distance between the 

electrodes.   

  

𝑉𝐵 =
𝐵𝑝𝑑

ln(𝐴𝑝𝑑)−𝑙𝑛[ln⁡(1+
1

𝛾𝑠𝑒
]
    () 

 

where, 𝑉𝐵: breakdown voltage in volts, 𝑝: pressure in 

Pascals, 𝑑: gap distance in meters, 𝛾𝑠𝑒: secondary-electron-

emission coefficient, 𝐴: saturation ionization in the gas at a 

particular 𝐸/𝑝, 𝐵: is related to the excitation and ionization 

energies. Notice that Eq (1) applies in uniform electric field 

conditions.[3] 

 

A mixture of gases is used to optimize the breakdown 

voltage and corresponding pressure for numerous spark gap 

applications. Using only SF6 is a costly alternative, 

therefore mixing it with N2 would reduce the overall 

operating cost. This study will illustrate the optimum 

mixture composition.  

 

When it comes to mixtures of different gases Paschen’s law 

does not provide an equation that predicts the voltage 

breakdown; this is the goal of this paper through 

experimental testing. 

 

Other papers and articles [1], [2] are using mathematical 

methods and approximations to estimate the dielectric 

strength of gas mixtures. As a continuation of these efforts 

this paper will present a series of experiments specifically 

on the mixture discussed and compare the results with the 

theoretical estimations. 

 

II. METHODOLOGY 

 

The experimental setup is presented in Figure. 1. It consists 

of a power supply, DC-AC converter, HV transformer, 2-

stage voltage multiplier, and a spark gap. A HV Probe 

across the spark gap measures the voltage breakdown. The 

results are plotted based on the experimental output data. In 

addition, the experiment was done by varying the pressure, 

gas mixture percentage, and the distance between the 

electrodes. 

 

 

24 VDC Battery 
DC-AC

Converter 
(48 VAC)

Transformer & 2 Stage 
Voltage Multiplier 

(up-to 200  kV)   
Spark Gap

N2 SF6

HV Probe
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mixing valve

 
 

Figure 1.   Experimental setup. 
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Abstract— Many high-power microwave (HPM) sources, 

such as relativistic backward wave oscillators, 

magnetically insulated transmission-line oscillators, and 

magnetrons, use circular waveguides output. When the 

antenna to be used has a rectangular waveguide input a is 

required in order to make an efficient transition. Such 

converter must be compact, present high-efficiency 

conversion, and have low return loss. This paper presents a 

design adapting a custom size circular-TE11 pulsed-

magnetron output waveguide, insulated in ceramic, to a 

standard WR650 TE10 waveguide, insulated in air. The 

device was designed based on the principle of LC 

matching on a rectangular waveguide and was 

manufactured using CNC technology. The measurements 

show that the device has a return loss (S11) lower than -20 

dB over a bandwidth of 400 MHz, centered around a 

central frequency of 1.3 GHz, at 1.3 MW peak power. 

 

Keywords-mode converter; high-power microwave; 

HPEM. 
 

I. DESIGN AND PROTOTYPE 

 

The aim of this paper is to present the design and 

measurements of a TE10 to TE11 mode converter for high-

power applications [1]. 

The power source is a 1-MW RK6517 magnetron 

oscillator operating in the L band. The magnetron output is 

a circular waveguide with a diameter of 75.4 mm, ceramic 

of unknown dielectric constant. 

A classical stub-turner transmission line approach [2] 

was proposed as the solution to the problem. However, this 

required overcoming one of the most challenging tasks of 

the project: determining the impedance of the circular 

waveguide filled with a ceramic material of unknown 

permittivity. Two measurement methods were 

implemented: open-ended coaxial probe and cut-off 

frequency of circular waveguide. Both methods predicted 

an r=6.5. 

The designed mode converter (MC) consists of a 

rectangular waveguide WR650 (main transmission line) 

with one end connected directly to the circular waveguide 

through a custom-made flange on the transversal excitation 

plane. The remaining end was terminated on a standard 

rectangular flange, allowing the connection of the antenna. 

A stub waveguide was connected in parallel to the main 

transmission line. It consists of a WR650 segment, 

terminated in a short-circuit. The length and positioning of 

the stub were calculated to reduce the reflections back to 

the magnetron. The mode converter was designed with a 

return loss of less than -25 dB at 1.3 GHz. 

The primary waveguide was manufactured in 

aluminium on a CNC with a total length of 202 mm. The 

84.7-mm long stub was placed on one of the broad walls at 

92 mm from the rectangular end. 

  

(a) (b) 

 

Figure 1. Mode converter. (a) model. (b) installed prototype. 

 

III. RESULTS 

 

The measurements of the manufactured MC, return 

loss and insertion loss, are shown in Fig. 2. As it can be 

seen, the mode conversion efficiency is higher than 97% 

over the frequency range from 1.28 to 1.32 GHz, with a 

return loss of less than -20 dB over the bandwidth. The 

conversion efficiency is about 99.3% at the central 

frequency, with a return loss of approximately −37 dB at 

1.30 GHz. 

 
Figure 2. Mode converter’s return loss and insertion loss. 
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Abstract—This paper presents the design and 

simulation of a single layer broadband microstrip 

Gysel combiner for high-power, continuous-wave 

applications. The combiner is designed to operate in 

the 1.4 to 1.8 GHz frequency range, handling a 

combined output power of 500 Watts CW. The 

design is limited to a single layer microstrip to avoid 

complex mechanical fixtures keeping a compact 

size.  Besides, it offers return loss lower than 20 dB 

and isolation between ports is 20 dB, according to 

simulation results. This is the first report on a high-

power Gysel combiner that uses a planar and single 

layer microstrip approach. 

 

I. INTRODUCTION 

 

The Gysel power combiner [1] is often used for 

power applications due to its superior power 

handling capabilities and good thermal performance, 

when compared to Wilkinson power combiners [2]. 

Unlike the later, where the resistor is embedded into 

the network resulting in poor thermal dissipation, the 

Gysel uses two isolation resistors connected to the 

ground improving the thermal dissipation. The 

isolation resistors can be high power terminations, 

improving the suitability for high-power    

applications.  

 

The general configuration of the 2:1 Gysel power 

combiner proposed in this paper is shown in Figure 

1. The impedances and the length of the lines are 

calculated according to [2]. The combiner will be 

built on the RT6035HTC substrate, to take 

advantage of the high thermal conductivity and 

dissipation efficiency. The corresponding 

impedances for each line and its associated electrical 

length are described in the Figure 1. 

 

II. SIMULATION RESULTS 
 

The circuit was simulated in Keysight Advanced 

Design System (ADS). The results are shown in 

Figure 2. It can be seen that the isolation is better 

than 20 dB and the insertion losses are better than 

0.3 dB in the band of operation, 1.4 - 1.8 GHz.  It 

can also be seen that the S11 is less than -20 dB. 

 

The expected resulted combined power, when 

applying 250 Watts to each input is 468 Watts. The 

efficiency of the combiner reaches 93.6%, with only 

32W losses due to insertion and heating.  

 
    Figure 1: Architecture of 2 to 1 Gysel Power Combiner for port   

impedance of 50 ohms.  

 

 

Figure 2 : Simulated result of Gysel Power Combiner. 
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Abstract—In this paper, we present the status of an ultra-

wide band ground penetrating radar system mounted on an 

UAV. The device has been designed for humanitarian 

demining operations. We describe the platform, the GPR, 

the method of detection and the integration of artificial 

intelligence-based algorithms for classification of the 

landmines. A set of preliminary results is also presented. 
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I. INTRODUCTION  

 

One of the most promising tools for humanitarian 

demining is the Ground Penetrating Radar (GPR) [1]. 

Among the advantages of GPR are discrimination between 

landmines and metal fragments, reduction in detection 

time and reduction of false alarms. 

 

However, one of the main challenges in humanitarian 

operations is the mobility of the operator and the demining 

tool over the landmine field.  

 

In order to overcome this challenge, we propose to install 

the GPR on an aerial vehicle (UAV) platform, that will be 

remotely piloted, scanning the terrain at low altitude. 

 

II. DESCRIPTION OF THE SYSTEM 

 

The system consists of a UWB GPR, using a MIMO 

antenna system as operating between 900 MHz to 5 GHz.  

A set of six Vivaldi antennas are connected to a NanoVNA 

through a RF switch and a distribution network. See Figure 

1 for reference.  

 

The S matrix produced by the NanoVNA is processed by a 

set of digital filters for denoising. The resulting signal will 

be transmitted via a wireless link to a computational 

platform where a Machine Learning algorithm will process 

the signal, discriminating between landmines and clutter 

[2].  

 

The system will be mounted on a DJI Matrice 600 UAV. 

The platform will scan a 1 x 1 square meter area in 10 

minutes, which is 85% reduction time over the 

conventional process. The range of operation is 200 m, 

from the pilot. 

 

Initial tests were done with the instrument to characterize 

the electromagnetic signature of real improvised explosive 

devices (IEDs) and landmines in a controlled environment. 

These results are presented in Figure 2. 

 

     
Figure 1.  GPR setup mounted on an UAV with 6 antennas 

        

 
Figure 2 .   Results data of soil detection measured in UAE desert 

Above figure, is a radargram processed with background 

removal to create an environment where the sand is 

homogenous. The dark grey areas highlighted in red 

represents the variation of the objects buried, whereas the 

light grey areas are the interface of the next layer of sand. 
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Abstract—RIDAD, a prototype for a narrowband High 

Power Electromagnetic Radiator in the MW power range 

and operating at L-band using a pulsed Magnetron source is 

presented. The system is intended to demonstrate High 

Power Electromagnetic effects on electronic equipment and 
EMC studies. The electric and mechanic setup is shown and 

discussed.  
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I. INTRODUCTION 

 

In this paper, a High-Power Electromagnetic Radiator 

(HPEM) operating in L band is presented. The system is 

intended as a cost efficient narrowband demonstrator for 

addressing high power electromagnetic effects on electronic 

equipment [1] . 

Currently, possible High-Power sources include Klystrons 
(for MW range applications), Magnetrons and Solid-State 

technology: Solid-State amplifiers lack the capability of 

operating in the MW power range, while Klystron, although 

capable of higher power output, is less cost-effective 

compared to Magnetron. 

The final architecture uses a Magnetron operating at 

1.3GHz and is able to deliver more than 1 MW peak power. 

We’ll describe the overall system architecture, consisting of 

pusled Magnetron, High-Voltage Pulse Modulator, Mode 

Converter and Antenna. Finally, test results are shown. 

 
II. SYSTEM ARCHITECTURE 

 

In Fig.1, the general architecture of the transmitter is 

presented: it comprises a High-Voltage Pulse Modulator 

and Peaking Box unit for high Voltage generation, Heater 

Power Supply and Magnetron; the Magnetron's output port 

is connected to the Radiator through a Mode Converter, 

which in our system is made by an L band Standard Gain 

Horn with an in-house design lens introduced to include the 

overall gain. 

The final integrated system with antenna and directional 

coupler for power monitoring is shown in Fig.2. 
_____________________________________ 

 
Figure 1. General System Architecture. 

 

 
Figure 2. Integrated transmitter (shielded box) and radiator (horn 
and lens). 

 

III. TEST RESULTS 

 

The measured E-field at 6.8m is presented in Fig.3. The 

resulting Vfar from the test is 55kV. 

 
Figure 3. Measured E-Field. 
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Abstract—This work presents unprecedented results for 

ant nest detection in industrial forests from data collected 

by a drone-borne tomographic radar. The data acquisition 

was carried out in commercial eucalyptus forests where 

several ant nests were identified. The P-band data were 

collected performing helical flight trajectories and SAR 

images were obtained using a fast back-projection 

algorithm. Then, a convolutional neural network was 

trained to estimate the ant nest locations, reaching a 

success rate of 80% in a validation dataset. 

Keywords-SAR imaging; ant nest; tomographic mapping 
 

I. INTRODUCTION  

Leaf-cutting ants build underground nests, which are made 

up of chambers, and are dangerous for forest productivity. 

A 3-year-old nest can occupy an area of 100 to 200 m2 and 

have chambers down to a depth of 7 m [1]. 

This article reports the results of the ant nest detection 

from remote monitoring carried out with a drone-borne 

tomographic radar performing helical trajectories to obtain 

tomographic information of the eucalyptus forest area. 

Finally, a convolutional neural network (CNN) is used to 

estimate the ant nest locations from SAR images. 

 

II. METHODS 

Five-year-old industrial eucalyptus forests belonging to the 

company Klabin were mapped with a multiband drone-

borne tomographic radar [2]. From fieldwork in the 

monitored area, ant nest of different sizes was found and 

georeferenced using a conventional GPS for reference 

data. Five areas were mapped with helical trajectory flights 

ranging from 120m to 80m in height to obtain tomographic 

information. The data from the P band was processed 

using a fast back-projection algorithm [3]. For each area, a 

set of eight SAR images representing an area of 100x100m 

from the surface to 2.1m underground was obtained. 

A CNN was proposed to detect ant-nests in SAR images. 

The five sets of SAR images were divided into sub-images 

of 12x12m with a stride of 4m, obtaining a total of 2420 

sub-images sets of 60x60x8 pixels. The neural network has 

two convolutional layers of 9x9x64, a max-pooling layer, a 

convolutional layer of 5 x 5 x 128, a dense layer of 115200 

neurons, a dense layer of 32 neurons, and an output layer 

of a sigmoid neuron. Hidden layers have a rectified linear 

unit (ReLU) as the function activation. The network was 

trained using the binary cross-entropy loss function and the 

Adam as the stochastic optimization method.  

 

III. RESULTS 

The training dataset comprises the sub-images sets of four 

areas, leaving one area for the validation dataset. The 

estimation of the ant nest position in the training dataset 

achieved a hit rate of 100% and a false alarm rate of 0%. 

The result of the validation dataset is presented in Figure 1. 

 
Figure 1. Ant nest's position: actual positions in yellow, estimated 

positions purple. 

 

The results of the validation dataset have a planimetric 

error, which is the distance between the actual and 

estimated ant nest position, between 5 m and 13 m. A hit 

rate of 80% and a false alarm rate of 0% were achieved. 

 

III. CONCLUSIONS 

This paper presents the results of estimating the ant nest 

position from tomographic SAR images, showing that 

SAR systems have great potential for detecting ant nests in 

industrial forests. In future works, we hope to estimate the 

ant nest positions with a planimetric error of fewer than 5 

m and a hit rate greater than 80%. 
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Abstract—In this paper we present a review on the research 
and developments of lightning protection based on 
conductive fabrics. Efforts to understand, model, test, and 
design materials based on conductive fabrics able to 
withstand intense current pulses, developed in the last 
decade, are discussed. Research work starting from 
conductive-fabrics electrical and thermal modeling to 
experimental results on new composites will be reviewed.  
 
 Keywords- conductive fabrics; conductive textiles; 
lightning strokes; lightning; lightning protection; woven 
fabric. 

 
I. INTRODUCTION 

 
Conductive fabric is a versatile material used in different 

applications including electromagnetic shielding, sensors, 
and wearables. Due to its capability to conduct intense 
current pulses and its low weight, another application that 
has drawn the attention lately is lightning strike protection. 
Lightweight components for lightning protection are 
required in oil tanks, aircrafts, portable shelters, and wind 
turbines, where conductive films and composite materials 
are being commonly used. In this talk, a review on the 
research findings and recent applications of conductive 
textiles for lightning protection is presented.    

 
II. EXPERIMENTAL TESTS 

 
Impulse experimental tests have shown that 

conductive fabrics can endure high current impulses. 
Different effects are obtained depending on the current 
level, fabric layers, weave pattern, and conductive material. 
These effects include melting, vaporization, and bursts at 
hot spots [1]. Based on a series of experimental tests with 
10/350 μs current impulses, Roman et al. reported 2.5 
kA/cm as the maximum lightning current density for one 
layer of rip-stop textile [2].  

Some recent applications include the use of 
electrically and thermally conductive structural fabric to 
provide direct lightning strike protection on some areas of 
aircrafts and also electromagnetic shielding [3]. These 
characteristics are obtained with fibre and metallic-wire 
hybrid fabrics and interlaminar conductive nonwovens in 
carbon-fiber-reinforced-polymer laminates. 

III. ELECTRO-THERMAL MODELING 
 

Electrical models have been used to estimate the effects 
of intense current impulses on conductive fabrics. Based on 
experimental tests, the fabric resistance can be calculated 
and used to estimate the potential rise due to the impulse 
current [1]. Other studies look for the capacity to handle 
high impulsive currents. Scratches perpendicular to the 
current flow, initially denominated as “striation”, were 
observed in impulsive tests on different kinds of conductive 
fabrics. These scratches, produced by the conductive layer 
evaporation, reveals that thermal dissipation and phase 
change were produced at hot spots, generating a non-linear 
behavior from the electrical point of view.  

Striation on conductive woven fabrics is explained on [4] 
using an electrical equivalent circuit that considers yarns’ 
contact resistance and its specific action required to reach 
melting, evaporation, and burst limits.   

   
IV. CONCLUSION 

 
Conductive fabrics are a promising component of 

future lightweight lightning protection systems that can be 
easily integrated to structural components. Experimental 
tests and theoretical and numerical models show that 
conductive fabrics can endure high density current levels; 
however, several conductive layers or large areas are 
required to withstand a direct lightning strike. 
 
REFERENCES 
 
[1] J. Cristancho, J. Rodríguez, C. Rivera, F. Roman, L. Herrera, 
and J. J. Pantoja, “Conductive Fabric Potential Rise due to 
Lightning Impulse Currents,” in 2019 Int. Symp. Lightning 
Protection (XV SIPDA), 2019, pp. 1–6, doi: 
10.1109/SIPDA47030.2019.8951605. 
 
[2] F. Román et al., "10/350 µs Lightning Impulse Current 
Behavior of a Conductive Fabric," 2021 35th International 
Conference on Lightning Protection (ICLP) and XVI 
International Symposium on Lightning Protection (SIPDA), 2021, 
pp. 01-06, doi: 10.1109/ICLPandSIPDA54065.2021.9627391. 
 
[3] B. Alemour, O. Badran, M. R. Hassan, “A Review of Using 
Conductive Composite Materials in Solving Lightening Strike 
and Ice Accumulation Problems in Aviation”, J. Aerosp. Technol. 
Manag., vol. 11, pp. 1-23, 2019. 
 
[4] J. J. Pantoja, J. Cristancho, J. Rodriguez, C. Rivera, F. 
Roman, F. Vega, Ch. Kasmi, and F. AlYafei, “Specific Action as 
a Metric to Determine Thermal Degradation of Conductive 
Fabrics Exposed to High Current Impulses,” Progress. 
Electromagn. Res. C., vol. 105, pp. 59–72, 2020. 



Cathode Edge Effect and Divergence of Emitted 

Electron Beams in Vircators 
    Moza S. Mohamed (1, 2), Evgeny A. Gurnevich(2), E. Neira (1), F. Vega(1, 3), and Chaouki Kasmi(1) 

(1) Directed Energy Research Center, Technology Innovation Institute, Abu Dhabi, United Arab Emirates. http://www.tii.ae.  

(2) Institute for Nuclear Problems, Belarusian State University, 220006, Minsk, Belarus 

(3) Universidad Nacional de Colombia, Sede Bogotá, Colombia. 

Moza.mohamed@tii.ae 
 

Abstract—This paper analyses the beam imprint and beam 

microbeams of high explosive emission cathodes that are 

used in virtual cathode oscillators (Vircators). The results 

show the influence of the edge effect and how acquiring 

the microbeams’ imprint can estimate the transverse 

momenta spread of the cathode beam. 

 
Keywords-Vircators; Beam imprints; Explosive emission 

cathodes; Edge effect. 
 

I. INTRODUCTION  

 

The geometry and the material influence the homogeneity 

of the beam’s current emitted by a cathode. In this paper 

we investigate the beam imprints of planar MPG-8  

graphite cathode and carbon epoxy capillary cathode, 

Figure 1.  

     
Figure 1 Planar MPG-8 graphite cathode (left). Smooth planar 

surface with capillaries attached to duralumin substrate (right). 

     
Figure 2 Experimental setup to obtain a full-beam imprint.  

For the experimental procedure, an axial vircator was used. 

The experimental setup is shown in Figure 2. For obtaining 

the full beam imprint the  radiochromic film was placed on 

top of the collimator overlooking the cathode. For 

obtaining the microbeams’ imprint the film was placed 

behind the collimator. To calibrate the film a procedure 

similar to reference [1] was used.  

 

II. RESULTS  

 

A. Beam imprint 

Figure 3 shows the imprint for the graphite cathode (left) 

and multi-capillary cathode (right). From the obtained 

prints we can see that the graphite cathode edges exhibit 

higher field strength than the centre of the emitting surface 

of the cathode this causes the dips in the centre of the 

cathode emitting surface. For the carbon epoxy multi-

capillary cathode the beam imprint indicates a uniform 

distribution of the radiation dose (kGy) absorbed in the 

film over the electron-beam cross-section and had no dip 

in the beam density in the centre of the cathode.  

 
Figure 3 Beam imprint. Left is the planar MPG-8 graphite 

cathode and right is the multi-capillary cathode. 

B. Microbeams’ imprint  

Using the pepper pot method [2], we obtained the beam 

imprint for the graphite cathode by measuring the 

displacement of the microbeams' centres relative to the 

centres of the collimating holes versus the hole position. 

From the microbeams’ imprint, we were able to calculate 

the energy spread by calculating the characteristic angles 

of electron incidence on the anode surface based on the 

magnitudes of displacements and the thickness of the 

collimator (8mm). Results showed that the energy spread 

for the graphite cathode was approximately 16% this is 

considered really high but this is because graphite emitters 

have low uniformity [3].  

 

III. CONCLUSION 

 

To conclude, we highlighted the importance of the cathode 

emitter on its performance. Most importantly we 

experimentally determined the energy spread of the 

graphite cathode.  
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Abstract  — In this paper, we review and compare high-
power  microwave  (HPM)  sources  operating  without  a
magnetic field to guide the electron beam that are capable
of producing HPM pulses with a duration of about 100 ns.
The  proposed  analysis  summarizes  multi-year  research
carried with three types of HPM sources: an axial vircator,
a split-cavity oscillator and a virtual cathode oscillator in
reflex triode geometry. These options were simulated for
electron  beam  energy  ~400 keV  and  for  pulsers   with
demonstrated capability to provide  HPM pulses with the
required  pulse  duration.  Designed  sources  were
experimentally  tested,  and  their  advantages  and
weaknesses  are  discussed  with  respect  to high  output
power, long pulse duration, and good operation stability.  

Keywords-high-power microwaves; reflex triode; vircator; 
split-cavity oscillator

I. INTRODUCTION

The  aim  of  the  presented  analysis  is  to  compare  HPM
sources of different types and substantiate the choice of a
source  that  will  provide  high  output  power,  long  pulse
duration  and  good  operation  stability.  The  technical
requirements for the HPM source are operation without a
magnetic  field  and  compact  design.  Single  frequency
operation during the 100 ns is desired. Three types of HPM
sources  were analyzed:  an  axial  vircator,  a  split-cavity
oscillator, and a virtual cathode oscillator in reflex triode
geometry. The paper is organized as follows. Each HPM
source  is  described  in  a  separate  section.  Some general
approaches  and  design  solutions  were  applied  to  all  of
them – they are discussed in a particular section for one of
the  sources.  Each  section  presents the  experimentally
obtained results and discusses the observed advantages and
weaknesses of each source. 

II. AXIAL VIRCATOR

Using  [1]  as  a  starting  point  for  the  development,  we
designed the axial vircator. In the simulation, it looked to
be efficient, and the output power looked very promising.
However,  the  experiments  demonstrated  low
reproducibility of results [2]. The subsequent analysis [3]
explained  the  unstable operation  by high dependence  of
source efficiency on the spread of of the electron velocities
in the beam.   

III. SCO

The  split-cavity  oscillator,  as proposed  in  [4],  was
designed to operate at 400 kV. Simulated and experimental
results showed that the stability of the observed results was
high, but the experimental results showed that the radiated
power and pulse duration were low when compared to the
simulation. Analysis of results enabled us to assume that
pulse shortening was being caused by expanding plasma
cloud,  which is  formed in the  vicinity  of  extractor  as  a
result  of  its  being  bombarded  by  electrons  causing the
beam to be compressed by its own magnetic field.

IV. REFLEX TRIODE

The virtual cathode oscillator in reflex triode geometry [5]
demonstrated  higher  operation  stability  at  high-power
operation  with  longer  pulse  duration  as  compared  with
other sources. It provided good single frequency operation
during the 100 ns pulse [6]  (see  Fig.  1).  High operation
stability was ensured by use of multi-capillary cathode [7].

Figure 1.   Shot-time fourier transform of HPM pulse
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Abstract— The physical properties of FCG components 

available on the market (wires, explosives, liners 

(armatures), etc.) might differ from those that were 

originally used for FCG design. As a result, the output 

parameters of the manufactured generator (e.g. maximum 

output power) could deviate from the pre-calculated values. 

Simple formulas are derived to enable evaluation of change 

in maximum output power of a helical flux compression 

generator due to variations in either wire insulation 

thickness or detonation velocity of explosive. The obtained 

formulas establish acceptable tolerances for FCG 

components produced by a third-party manufacturer. 

 

 Keywords-HFCG; FCG; tolerances; insulation thickness; 

detonation velocity 
 

I. INTRODUCTION 

 

The main features of FCGs invented in the 1950s are now 

well known [1–3]. The FCG design for a particular task is 

based on the use of well-developed theoretical models and 

numerical methods [4–7]. However, the physical properties 

of FCG components available on the market (wires, 

explosives, liner, etc.) might differ from those that were 

originally used for FCG design. As a result, the output 

parameters of the manufactured generator (e.g. output 

power) could deviate from the pre-calculated values. That is 

why, some simple formulas are derived to enable evaluation 

of change in maximum output power of a helical flux 

compression generator powering an inductive load due to 

variations in either wire insulation thickness or detonation 

velocity of explosive. The obtained formulas establish 

acceptable tolerances for FCG components produced by a 

third-party manufacturer. 

 

II. INSULATION THICKNESS 

 

The insulation thickness of wires produced even by the 

same manufacture can vary along wire length. As a result, 

wire diameter d and winding density differ from one 

inductor sample to another. This means that there is some 

spread in FCG inductance values LG(t) for different 

specimens. 

Since the current amplification factor is mainly determined 

by the ratio of the initial FCG inductance L0 to the load 

inductance Ll, one should expect a deviation of the generator 

output parameters from those declared during design 

procedure. For the exponentially decreasing FCG 

inductance LG(t)=L0e-αt and resistance RG(t)=R0e-αt, the 

change in maximum output power ΔPmax is given by the 

following formula 
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Here, Δd/d is a relative change of wire diameter. 

 

III. DETONATION VELOCITY 

 

A similar situation is observed with parameters of explosive 

used for liner filling. The detonation velocity might differ in 

different tests. The dependence of inductance derivative 

dLG(t)/dt on the detonation velocity v results in variations of 

the maximum output power: 
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Here, Δv/v is a relative change in detonation velocity. 

 

IV. RESULTS 

 

Simple formulas enabling evaluation of change in 

maximum output power of a helical flux compression 

generator due to variations in either wire insulation 

thickness or detonation velocity of explosive are derived. 

The obtained formulas establish acceptable tolerances for 

FCG components produced by a third-party manufacturer. 

 

REFERENCES 
[1] A.D. Sakharov et al., “Magnetic cumulation,” DAN SSSR, 

vol. 165, no. 1, pp, 65–68, 1965. 
[2] A.I. Pavlovsky, R.Z. Lyudaev, “Magnetic cumulation” in 

Issues of modern experimental and theoretical physics, 

Leningrad, Nauka, 1984. 

[3] Magnetocumulatiove generators – pulsed energy sources. vol. 

1, eds. V.A. Demidov, L.N. Plyashkevich, V.D. Delemir, Sarov, 

RFNC-VNIIEF, 2012. 
[4] B.M. Novac, M.C. Enache, I.R. Smith, and H.R. Stewardson, 

“Simple 2D model for helical flux-compression generators,” 

Laser Particle Beams, vol. 15, no. 3, pp. 379 – 395, 1997. 

[5] A.S. Pikar, N.Yu. Deryugin, P.V. Korolev, V.M. Klimashov, 

“The method for numerical modeling of magnetic field 

compression in HFCG,” Proc. Russian VI Zababahin's Sci. 

Readings, Sarov, Russia, 2001, pp. 38:1 – 38:5 [in Russian]. 
[6] D.E. Lileikis, “Numerical modeling of a helical, explosive 

flux compression generator,” in Proc. IEEE Conf. Rec. Plasma 

Sci., May 1997, p. 276. 

[7] S.V. Anischenko, P.T. Bogdanovich, A.A. Gurinovich, and 

A.V. Oskin, “Simulation of helical flux compression generator,” 

IEEE Trans. Plasma Sci., vol. 46, no. 5, pp. 1859 – 1863. 



 

 

A Concept for High-Power Radiator Based on the 

Dipole-Reflector-Director Configuration  
    

 

 

M. AlMenhali(1), H.AlYahyaee(1), A. AlEbri(1),          

A. Al Ali(1) , H. AlHammadi(1), M. AlYousef(1),        

M. AlKaabi(1), Y. AlNuaimi(1), H. AlKetbi(1),                    

S. AlDahmani(1), F. Vega (1), C. Kasmi(1) 

(1) Direct Energy Research Center, Technology Innovation 

Institute, Abu Dhabi, United Arab Emirates 
Mariam.almenhali@tii.ae  

 

Abstract—This paper proposes a High-Power radiator, 

composed of a feeding dipole, a reflector, and a director 

plate. The dipole is fed through a controlled high-voltage 

pulse generator. By varying the dimensions of the plates and 

the distances between the elements of the system the 

influence of the reflector and director on the spectrum were 

studied. 

 

 Keywords: High Power Electromagnetics, Dipole, 

Reflector based antenna, Director  
 

I. EXPERIMENTAL SETUP AND 

SIMULATION PROCESS  

 

High-power single dipole antennas, connected to spark gap 

switches have been used as a feeding element in parabolic 

reflector-based high-power radiators [1] and [2]. The 

approach presented here explores the compactness and 

simplicity of using a flat reflector and a flat director plate. 

This approach requires, however, a better understanding of 

the influence of the relative dimensions of the system along 

with the distances between them, on the overall 

performance of the radiator. This system is demonstrated in 

Figure. 1. 

 

The system is fed through an IAS [2] which consists of two 

electrodes with a 100 kV double exponential signal 

connected to the two dipole arms. The analysis will be 

performed with a fixed dipole length.  The E-field produced 

by the system without the reflector and director was ~ 40 

kV/m at 1 m.  

 
The relative distances between the elements and the sizes of 

the plates were optimized based on the influence on the 

spectrum and the radiated field. The influence on the 

bandwidth was of interest and is shown in Figure. 2 for two 

different cases with a variation in L1 and L2. A soft 

computing algorithm will be used as an optimization tool. 

 

 
Figure 1 Proposed layout. The parameters L1, L2, Ld, Dr and Ds were optimized in 
order to maximize the radiated signal in boresight   

 
(a)  

 
(b)  

Figure 2 In signal 1, Dr and L2 are 10 mm and 360 mm respectively whereas in signal 
2, they are 130 mm and 510 mm, L2 and Ds were kept constant in this case. (a) Time 
domain signal at 1 m, the amplitude of the radiated field is increased by 
approximately 25% due to the change in the dimensions listed above. (b) Moreover, 
the spectrum has changed due to the variation in dimensions, as shown above, the 
energy is more distributed in signal 2, whereas the bandwidth seems to be narrower 
in signal 1.  
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Abstract—This paper studies the influence of the 

geometry of the electrodes of the spark gap used in a 

dipole antenna for high-power UWB applications. The 

efficiency of radiation is illustrated through simulations 

and experiments.   

 

Keywords: Hertz Antenna, Spherical electrodes, Rogowski 

electrodes, Flat electrodes, Bruce electrodes, Hemisphere 

electrodes, EM Radiation.  
 

I. INTRODUCTION  

 

 Dipole antennas have been proposed as a source of 

electromagnetic radiation in High Power applications [1],  

[2]. The radiator consists of a pressurized spark gap, fed by 

a pulsed high voltage source. The electrodes of the spark 

gap connected to the arms of a dipole, as illustrated in Figure 

1. 

The electrodes of the spark gap are, generally, designed 

taking into consideration the electric field distribution in 

electrostatic conditions. However, little attention has been 

given to the effect that the shape of the electrode has on the 

radiated signal, i.e. initial risetime, bandwidth, etc. 

 

In this paper we’ll study the field radiated by a normalized 

dipole under different spark gap electrodes, namely: Bruce, 

Rogowski, Flat, Hemisphere and Spherical. See Figure 2 for 

illustration. 

   

 

II. Experimental Setup & Simulation 

 

The simulation setup consists of a set of three dipole 

antennas with different length to diameter ratio. For each 

one, five different electrodes have been designed. The gap 

distance L2 is held constant in all the cases. The spark gap 

was excited using double exponential signal from a HV 

pulser at constant rise/fall time and peak voltage. See Figure 

3 for illustration.  

Figure 1 Electrodes of a spark gap connected to the arms of 

a dipole  

 

 
Figure 2 Electrodes shapes: Rogowski electrodes, Bruce 

electrodes, Flat electrodes, Hemisphere electrodes, Spherical 

electrodes respectively.  

 

Figure 3 Example of the radiated electric field, normalized at 1(m). 

The peak voltage at the excitation is 50kV, the rise time is 500 ps. 
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Abstract—The time-domain cartesian multipole expansion
allows to express electromagnetic fields radiated by local-
ized current distributions as semi-analytical expressions. In
this work, we find such expressions for the electric field ra-
diated by an impulse radiating antenna (IRA), thanks to a
formulation as an inverse problem.

model fitting; multipole expansion; impulse radiating an-
tenna; inverse problem; analytical solutions

Analytical expressions for the fields emitted by impulse
radiating antennas are limited to the boresight cylinder [1].
In this paper, we propose to generalize such expressions to
the whole space thanks to a “gray-box” modeling approach,
i.e., we fit experimental data to a model whose physical be-
havior is known, but specific parameters are not.

The antenna is modeled by a time-domain multipole ex-
pansion [2] in cartesian coordinates. This approach deliv-
ers semi-analytical expressions for the electric and magnetic
fields radiated by a pulsed, spatially-localized source in a
isotropic and homogeneous medium. It works by approx-
imating the true source current density by a sum of equiva-
lent time-depend multipole moments. As the number of mul-
tipole moments approaches infinity, the resulting field con-
verges to the true field outside of the source region.

The inverse problem can be stated as follows: given time-
domain field measurements Ei at a number of observation
points ri, find the parameters of the multipole expansion
which best fit the measurements. These parameters can be
represented by a single vector x, containing the equivalent
source location r0, the amplitudes of the current moments
CJ
α for all multi-indices α whose order is below a certain

limit, and the time-domain shape of the current excitation
hj evaluated at the discrete time-points tj . From these pa-
rameters, the multipole expansion can be seen as a function
mapping the parameters x to a predicted field Ẽi(x). The
inverse problem can thus be expressed as the minimization
problem

minimizex
∑
i

‖Ei − Ẽi(x)‖pp (1)

where the integer p is the norm order.
In this work, the measurements Ei have been simulated

by a time-domain COMSOL simulation of an impulse ra-
diating antenna excited by the second-order derivative of a
gaussian pulse. The geometry of the problem is presented
in Fig. 1. For simplicity, the matching impedances where
ignored. Next, the parameter vector x is found by solving
the unconstrained problem posed in Eq. 1 using the BFGS

Figure 1. Geometry of the COMSOL simulation domain.
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Figure 2. Time-domain shape of the current excitation fed to the
COMSOL simulation (dotted line) and reconstructed by the model
(solid line).

algorithm.
Over a full solid angle, the proposed method allows to ex-

plain over 80 % of the signal energy, thanks to a fifth order
multipole expansion. Moreover, the used excitation is suc-
cessfully recovered by the algorithm, albeit with some defor-
mation and delay (see Fig. 2). Compared to traditional meth-
ods, both the advantages and disadvantages of the proposed
approach lie in its reliance on the data and its “gray-box”
modeling approach: indeed, its suffers from a slow conver-
gence, but on the other hand, it is by design faithful to the
measurements.
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Abstract— Electromagnetic pulses (EMP) present a serious 

threat for operation of high-power, high-energy laser 

facilities. Here, we present the strategy implemented to 

manage these risks on the LMJ-PETAL large-scale facility 

that combines high-energy nanosecond laser beams and 

high-power picosecond beam. It is based on a dual 

approach: mitigation of the EMP emission and protecting 

the vulnerable devices. On one hand, the EMP emission is 

mitigated with a resistive and inductive target holder 

designed to reduce the current discharge. It has been tested 

and validated in experiments showing the efficiency of this 

device in the kJ/ps laser power range, with a reduction by a 

factor of 3 on the emitted EMP. On the other hand, the 

protection of the vulnerable equipment of the facility also 

rests on in the classical ElectroMagnetic Compatibility 

(EMC) technics: shielding of the devices, shielding and 

filtering of the cables. We present here the example of the 

innovative protection of the LMJ-PETAL VISAR (Velocity 

Interferometry System for Any Reflector) diagnostic, based 

on a Radiation-Absorbent Material (RAM) that was 

designed by simulation and qualification experiments.  

 

Key words: EMP, Laser, EMC, mitigation, protection 

 

  
Figure 1.  a) The mitigation device under test at CEA, DIF, 

Equinox facility. b) Time domain measurement of the EMP at 

CEA, CESTA, LMJ-PETAL facility. 
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I. INTRODUCTION 

The LMJ-PETAL nanosecond laser beams (300 kJ/3 ns in 

2022) and picosecond beam (400 J/0.6 ps in 2022) are able 

to generate MV/m EMP in the GHz range inside the 

interaction chamber. This giant EMP may produce 

equipment failures and damages, and spurious signals in 

diagnostics. A dual approach, based on mitigation of the 

EMP emission and protection of the equipment, keeps the 

facility safe face to this threat and prepares it to the future 

energy upgrade of the LMJ and PETAL beams. 

 

II. MITIGATION DEVICE 

A. Main idea of the mitigation strategy 

The main mechanism of the EMP generation is the 

induction of a discharge current through the target holder by 

the charge ejection from the laser-target interaction [1]. Our 

new resistive and inductive target holder (fig. 1a) reduces 

this return current, leading to a mitigation of the emitted 

EMP [2]. 

B. Recent developments on the mitigation device 

A new resistive material (compound of polymer matrix and 

carbon nanotubes, made by mixing and injection molding) 

has been developed to play the role of the resistive part of 

the mitigation device. It has been successfully tested on 

several LMJ-PETAL shots in 2022 (fig. 1b). 
 

III. EQUIPMENT PROTECTION 

A. Key principles of the device protection 

The susceptibility threshold of the most critical electrical 

devices of the facility has been deduced from experimental 

studies conducted with a high field pulsed generator. In 

order to keep the EM constraint under these thresholds, the 

vulnerable devices are set in Fadaray cages and cables are 

shielded or filtered. 

B. Example of the VISAR diagnostic protection 

The analysis table of the VISAR needs to be closed to the 

interaction chamber and bound to it through a metallic 

tubing for laser safety. A RAM has been added in the tubing 

and successfully mitigates the pulse propagation to the 

diagnostic shielded room.  
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Abstract— This paper presents the work carried out in order 
to set up the detection threshold (DT) of an Intentional 
Electromagnetic Interference (IEMI) detector developed 
with cost and performance requirements for the protection 
of civilian critical infrastructures (CCI). Considering actual 
electromagnetic environments (EME), the chosen DT has to 
ensure efficient detection and to avoid multiple false alarms. 
(key words) Critical Infrastructure, IEMI, Vulnerability, 
Detection, Threshold detection level, Protection. 

 
I. INTRODUCTION 

 
Several research projects have been funded to improve the 
security of CCI considering events such as terrorist attacks, 
natural events and others. These projects raised the need of 
monitoring solutions involving several kinds of sensors and 
among them IEMI detectors have been studied [1][2]. Some 
have also been developed and tested in other frameworks, 
such as the TotEMTM [3] and the EMPRIMUS [4] detectors. 
The prototype presented in [5] is a compact IEMI sensor 
with good abilities dedicated to signal discrimination but at 
low cost in order to facilitate wide deployment on CCI. This 
paper aims at describing the whole process established to 
take into account the electromagnetic environments (EME) 
and to reduce the false alarm rate.   
 

II. DETECTION SYSTEM 
 
The considered detection system includes four high 
dynamic range RF receiving channels combined to 
protection components in order to resist to high-level 
electromagnetic fields. Each channel covers one part of the 
detector whole frequency range (0.1 – 8GHz). Received 
signal on each channel is sent to a signal-processing unit. 
Signal processing allows recovering detected signal level 
(few V/m up to few 10thkV/m), repetition rate (mono pulse 
to ~100kHz), pulse width (1ns to 1ms), and impacted 
frequency channels. 
 

III. SIGNAL DISCRIMINATION 
 

Wide detection capabilities and resilience are mandatory 
detection system characteristics. However, in an 
increasingly saturated EME it is also required to be able to 
discriminate the variety of possible IEMI [6].  The signal 
discrimination is achieved through two complementary 
approaches: 

 
Figure 1.   Detected EME in working area, 4 Detectors Under 

Test (DUT). Green frames highlight days off 
 

1) EME characterization done by the detector itself. It 
consists in a specific detection mode where the 
electromagnetic field viewed from each detector channel is 
stored on long user-defined period (Fig. 1). A threshold can 
then be chosen at a level greater than the maximum 
electromagnetic field stored avoiding thus to trigger alarms 
related to the ambient electromagnetic field. 

 
2) A rudimentary waveform analysis based on a set of 
criteria (electric field level, repetition rate, pulse duration, 
bandwidth). The detector is in the detection mode. In case 
of detected signal, an analysis relying on comparison of the 
measured signal characteristics to waveforms considered as 
unusual is achieved to trigger or not the alarm. 
Both approaches have been assessed in laboratory and real 
conditions (several weeks, Fig. 1 and 2) to confirm the 
approaches relevance in terms of low false alarm rate and 
detector performances and repeatability. 
 

 
Figure 2.   Testing detector results dispersion 
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Abstract—This paper proposes the use of the Gabor 

transform to determine the instability growth time in the 

signal produced by a Vircator. We’ll describe the theory and 

parametrization of the Gabor transform and we’ll apply it to 

a signal radiated by a vircator. The results will be compared 

with more traditional methods based on dimensional 

analysis and with other wavelet-based methods. 

Keywords: Gabor transform, Instability growth time, 

Reflex triode 
 

I. Introduction 

 

In a High- power source, the instability growth time 

(Tgt) can be defined as the rate from the beginning of 

radiation (linear stage) to the non-linear saturation stage [1]. 

A preliminary estimate of the instability growth time is 

important when designing high-current generators, since the 

total beam duration must substantially exceed T. Otherwise, 

the generation simply will not have time to develop. 

 In this paper, we propose the use of the Gabor transform 

applied to the radiated electric field in order to estimate the 

instability growth time. This transform, named after Dennis 

Gabor, is a short-time Fourier transform representing a time 

function in time and frequency simultaneously. [2]  

 

II. Methodology 
 

We’ll use the Discrete Gabor Transform (DGT) 

applying the methodology presented in [2]. In DGT, a 

Gaussian window will be multiplied by the function in time 

domain, and the resulting will be transformed using a 

classical Fast Fourier transform.  The result will be plotted 

in a time-frequency diagram, where the magnitude of the 

frequency component will be expressed as a color code.  

The DGT can be expressed by  

 

𝑠(𝑡) = ∑ ∑ 𝐶𝑚,𝑛ℎ𝑚,𝑛(𝑡)
∞
𝑛=−∞

∞
𝑚=−∞          (1) 

 

where 𝐶𝑚,𝑛 are the Gabor coefficients and ℎ𝑚,𝑛(𝑡) is the 

synthesis function, as in reference [2]. 

 

III. Experiment setup 

 

The experimental setup is similar to the one presented 

in [4]. The radiated electric field E(t) was measured from a 

Reflex Triode and it’s shown in Figure 1.  The Gabor 

transform of E(t) is shown in Figure 2.  

As it can be seen in Figure 2. there are two modes: 

parasitic mode and basic mode. The basic mode, containing 

most of the energy, occurs from 3.2 GHz to 3.4 GHz. The 

instability growth time can determined from the figure is 

around (~70 ns), which coincides with the theoretical 

results.  

A Continuous Wavelet Transform (CWT) and 

Wavelet Synchrosqueezed Transform (WSST) were also 

computed. It was concluded that DGT is sharper and more 

precise than the other wavelets. Also, in DGT, the 

oscillation modes can be observed easily. 

  
Figure 1. Normalized electric field 

 
Figure 2. Gabor transform 
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Abstract—Climate change has resulted in more frequent 

thunderstorm occurrences in the temperate zones and in 

desert regions where lightning activity is lower compared 

to the equatorial regions. Buildings and structures that do 

not have effective lightning protection systems will be 

more impacted by lightning strikes than in the recent past. 

The IEC 62305 standard provides an effective lightning air 

terminal (i.e. lightning rod) placement method that can be 

applied on buildings with either simple or complex 

geometries. However, buildings that have been installed 

with non-conventional lightning protection systems, such 

as the Early Streamer Emission (ESE) air terminals, will 

experience more damages as these systems have already 

been proven as not effective for over 25 years. 

 

Keywords – lightning protection; Collection Surface 

Method; lightning interception; air terminal; bypass; Early 

Streamer Emission. 
 

I. INTRODUCTION 

 

Climate change has resulted in more thunderstorms 

occurring in the temperate zones and even in desert 

regions. This has resulted in an increase in the occurrences 

of catastrophic flash floods, tornadoes, lightning, and 

wildfires in some countries. 

Consequently, buildings and open spaces in those areas are 

now at higher risk of being struck by lightning if they are 

inadequately protected against this dangerous 

phenomenon. Fortunately, our understanding of lightning 

protection practices has been significantly improved by 

scientific research conducted around the world, 

particularly in areas with high lightning activity such as the 

tropical and equatorial regions. 

Some of the results of these research activities have been 

incorporated into lightning protection standards such as the 

IEC 62305 which was published in 2006 by the 

International Electrotechnical Commission (IEC). The 

application of this standard in full can significantly 

improve the protection of buildings, structures and open 

spaces from lightning strikes. 

 
 

II. THE IEC 62305 STANDARD 

 

The IEC 62305 standard provides simple yet effective air 

terminal (i.e. lightning rod) placement methods that can be 

applied on any building or structure that are exposed to 

lightning. These methods have earlier been applied in 

some national lightning protection standards that have now 

been replaced by the IEC 62305, and in the current 

American standard NFPA780. 

 

A. Air Terminal Placement Methods 

The IEC 62305 mentioned three well established methods 

for designing air termination networks. They are:  

(a) Protection Angle Method (G. Lussac, 19th century), 

(b) Mesh Method (J. C. Maxwell, 19th century) and  

(c) Rolling Sphere Method (T. Horvath, 1960). 

The Rolling Sphere Method is suitable for identifying all 

the exposed building surfaces that are at risk of being 

struck by lightning. However, this method is unable to 

detect the high-risk locations where lightning has been 

frequently intercepted which resulted in bypasses (i.e. 

damages due to lightning strikes). 

To overcome this detection problem, the IEC 62305 

standard also provides a basic guide for the placement of 

air terminals to effectively intercept the lightning bolt. This 

guide is based on the latest air terminal placement method 

known as the Collection Surface Method (Hartono & 

Robiah, 1995, 2000) [1, 2]. 

 

B. The Collection Surface Method 

This method was developed based on statistical analysis of 

observed bypasses on high-rise buildings in the very high 

lightning activity zone found in Kuala Lumpur and 

Singapore. It is based on the Rolling Sphere Method but 

instead of focusing on the surface of the imaginary sphere, 

the Collection Surface Method focused on the center of the 

sphere as it is rolled over the surface of the building.  

The center of the sphere will generate an imaginary surface 

for every point on the physical surface of the building and 

the size of the imaginary surface correspond to the risk of 

that point being struck by lightning. It was found that 

corners, exposed points and edges have higher collection 

surfaces than flat surfaces. This method was proved to be 

able to predict the effective positions of the air terminals 

by lightning experts from Australia. [3] 

The method was first applied in the revised Australian 

standard, AS1768, in 2003 [4]: 

Field data of damage caused by lightning flashes 

terminating on structures identify the parts that are 

vulnerable to strikes. The most vulnerable, associated with 

over 90% of observed lightning damage, are nearly always 

located on upper parts of structure, such as—  

(a) pointed apex roofs, spires and protrusions;  

(b) gable roof ridge ends; and  

(c) outer roof corners.  



The Collection Surface Method was later applied in the 

IEC 62305 [5] after it was examined by the IEC Technical 

Committee No. 81:  

Air-termination components installed on a structure shall 

be located at corners, exposed points and edges (especially 

on the upper level of any facades) … 

Following the publication of the IEC 62305, Czech [6] and 

German [7] lightning experts developed software based on 

the Collection Surface Method that can predict the 

lightning strike location on any complex shaped building. 

They also suggest that applying the method in full 

compliance with the standard can provide up to 98% 

lightning interception efficiency. 
 

 

III. COMMON ERRORS IN AIR TERMINAL 

PLACEMENTS 

 

Air terminals that have been positioned not in full 

compliance with the IEC 62305 standard have repeatedly 

failed to intercept the lightning stroke, and this led to the 

occurrences of bypasses [8]. More than 90% of buildings 

in Malaysia have been installed with conventional air 

terminals that were not positioned according to the 

standard. 

The reasons given for these failures are that the engineers 

who designed the air termination systems falsely believed 

that air terminals, conventional or non-conventional, can 

attract lightning and so the air terminals can be positioned 

anywhere on the exposed surface. This is partly due to the 

false belief being published in a book and taught in various 

local universities [9]. Consequently, some of them failed to 

understand the basis for air terminal placement according 

to the standard. Furthermore, most of them do not have 

any access to the past and/or present lightning protection 

standards for their study and reference. 

 

 
Figure 1.   Example of an air terminal (arrowed) incorrectly 

positioned away from the ridge end of the roof where a bypass 

(circled) had occurred. 

 

 
Figure 2.   Example of an air terminal incorrectly positioned 

away from the outer corner of the roof where a bypass had 

occurred. 

 

 
Figure 3.   Example of air terminals incorrectly positioned at the 

inner corners instead of the outer corners of the roof. 

 

 
Figure 4.   Example of a major bypass on an unprotected part of a 

roof firewall. 

 



 
Figure 5.   Example of a minor bypass on a roof firewall installed 

with an air terminal positioned not in accordance with the IEC 

62305 standard. If the air terminal had been positioned at the end 

of the firewall, the bypass could have been prevented. 

 

 

IV. ALTERNATIVE FORMS OF 

CONVENTIONAL AIR TERMINALS 

 

In some countries, the conventional lightning rod is 

synonymous with the cylindrical shaped metallic 

conductor with a pointed or blunt tip which is screwed 

onto a metallic base plate which is then affixed to the roof 

tile or surface. The lightning rod is connected to adjacent 

rods by installing a metallic tape through the base plate. 

However, there are alternative forms of air terminals where 

the rod and tape are replaced by a cylindrical metallic 

conductor which can be cut and bend into the required 

length and shape according to the usage. They can be fixed 

to the horizontal or vertical surface of the building using 

simple brackets. Hence these alternative air terminals are 

more economical to manufacture, store and easier to 

install. 
 

 
Figure 6.   An example of a continuous solid cylindrical 

conductor applied as an air terminal on the ridge end of the roof. 

 

 
Figure 7.   Another example of a continuous solid cylindrical 

conductor applied as an air terminal on the ridge end of the roof. 

 

 
Figure 8.   An example of a continuous solid cylindrical 

conductor applied at the outer corner of the roof. 

 

 
Figure 9.   An example of a continuous solid cylindrical 

conductor suspended horizontally above the roof to better 

intercept the lightning bolt. 

 



 
Figure 10.   An example of a continuous solid cylindrical 

conductor suspended high above the roof on masts to protect 

vulnerable rooftop equipment. 

 

 

V. NON-CONVENTIONAL AIR TERMINALS 

 

These are air terminals that are claimed to have extra-

ordinary large protection zones by their proponents (i.e. 

inventors, manufacturers, vendors, dubious academics). 

They claimed that these air terminals can either attract or 

repel the lightning bolts, but their claims have never been 

proven scientifically since their invention. As such, the 

proponents claimed that only one air terminal is generally 

sufficient to protect the whole high-rise building or a group 

of closely built smaller buildings and structures. 

The use of these air terminals has already been rejected by 

the scientific community since the 1980s but generic 

versions of them have repeatedly been invented since then 

by opportunistic inventors. For example, the radioactive air 

terminals were initially invented in the early 1970s, but 

their claims have been scientifically disproved a few years 

later. However, the non-radioactive versions of the air 

terminals were re-invented by the same inventors and 

renamed the early streamer emission (ESE) air terminals in 

the late 1980s. Like the radioactive air terminals, the ESE 

air terminals were claimed to provide a protection radius of 

between 50 to 100 m. However, studies show that such 

claims were baseless and can endanger the buildings and 

people who use them. [10 - 26] 

The ESE air terminals seemed to have become the 

dominant non-conventional air terminals sold in the world 

market. However, many high-rise buildings in lightning 

prone countries that use the ESE air terminals have been 

struck by lightning, some repeatedly, resulting in 

numerous bypasses. 

In Malaysia, many high-rise buildings displayed multiple 

bypasses after being installed with one or more ESE air 

terminals. While most bypasses occurred at the perimeter 

of the roof within the claimed protection zone, more and 

more bypasses were seen to have occurred very close to 

the ESE air terminals themselves, some within ten meters. 

 

A. Close Proximity Bypasses 

The incidences of bypasses well within the claimed 

protection zone of the ESE air terminals have risen in 

tandem with the increase in the number of high-rise 

buildings using them. 
 

 
Figure 12.   A high-rise building photographed with a bypass 

about 25 m from an ESE air terminal. 

 

 
Figure 13.   Close-up photograph of the bypass and the ESE air 

terminal. 

 

 
Figure 14.   Photograph of the same building with a new bypass 

taken 5 years later. The old bypass has been repaired. 

 



 
Figure 15.   Close-up photograph of the new bypass which is 

located less than 10 m from the ESE air terminal. 

 

 
Figure 16.   Close-up photograph of an ESE air terminal 

surrounded by 3 nearby bypasses. 

 

B. Bypasses to more than one ESE Air Terminals 

Some buildings were installed with additional ESE air 

terminals after they have been struck by lightning 

repeatedly. However, these actions were a failure because 

the bypasses continued to occur even after the additional 

air terminals have been installed. 
 

 
Figure 17.   A building photographed with two ESE air terminals. 

 

 
Figure 18.   The same building photographed with a bypass about 

5 years later. 

 

In one case study that spanned several years, a high-rise 

apartment building was installed with an ESE air terminal 

was repeatedly struck by lightning. This continued even 

after the height of the air terminal was increased. After two 

additional ESE air terminals were added, more bypasses 

still occurred as the building continued to be struck by 

lightning [27]. 

 

C. Close Proximity Bypass in France 

In 2009, the stone cross on a 25 m high bell tower in the 

town of Sigolsheim was damaged by a direct lightning 

strike [28]. The stone cross was situated on a ridge end of 

the roof and a mere 7 m from an ESE air terminal which 

was installed on the opposite end. This is clear evidence 

that the ESE air terminal cannot attract lightning better 

than a stone cross and that its claimed protection zone is 

false. 
 

 
Figure 19.   The bell tower showing the remnants of the damaged 

stone cross (left) and the ESE air terminal (right) about 7 m 

away. (Picture courtesy of Dernières Nouvelles d'Alsace) 

 

 

VI. CONCLUSION 

 

Climate change is expected to bring more violent 

thunderstorms to many parts of the world and with them 

more lightning flashes. Buildings and structures that have 

already been installed with conventional lightning 

protection systems that fully complied with the IEC 62305 



standard are well protected from the deleterious effects of 

lightning. However, those that have been installed with 

non-compliant conventional systems or with the non-

conventional systems are potentially at much higher risk of 

being struck and damaged by multiple lightning bolts. This 

is evidenced from the hundreds of ESE installed buildings 

that have been struck by lightning repeatedly in Malaysia. 

To mitigate this impending problem, the relevant 

authorities should enforce the IEC 62305 standard on all 

existing and future buildings and structures. Non-

compliant conventional lightning protection systems 

should be improved until they fully comply with the 

provisions of the standard while non-conventional systems 

should be completely replaced with conventional ones. 

Engineers tasked with designing lightning air termination 

systems must ensure that they are fully competent to 

understand the physics of lightning as well as the 

provisions of the IEC 62305 standard to ensure the safety 

of the buildings and the people who use them. Universities 

that offer lightning protection courses must ensure that 

their lecturers are well qualified to do so and that their 

curriculum and research activities are not detrimental to 

public safety. 
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Abstract—This work presents a circuit model for 

multiconductor lines excited by an incident plane wave 

suitable for SPICE simulations. Multiconductor lines are 

divided into segments and represented as LC components 

and controlled sources appropriate for circuit solvers. The 

advantage of the presented model is that EMC engineers 

can calculate field coupling on conductors directly in 

circuit simulators without using field simulation programs. 

The developed model can be used directly in the frequency 

domain or in the time domain containing nonlinear 

elements without the need for an inverse Fourier 

transform. 
 

Keywords- Circuit model; multiconductor lines; field 

coupling 
 

I. INTRODUCTION 

 

The analysis of field coupling on transmission lines (TLs) 

is considered one of the most important topics in the EMC 

world. However, there has always been an interest in 

developing circuit models of TLs for SPICE simulation. 

Full-wave simulations quickly reach their limits, especially 

when simulating large cable lengths. An ideal solution 

would be to simulate the field coupling on TLs directly in 

circuit solvers without requiring a higher computational 

effort. This problem is addressed in this paper by 

presenting a lumped circuit model for TLs that can be 

directly integrated into the SPICE environment. The model 

accounts for the field coupling of a plane wave without the 

need for field simulations. 

 

II. CIRCUIT MODEL 

 

Agrawal et al. presented the field coupling on n-conductor 

lines as follows [1]: 


𝑑𝐕s(𝑧)

𝑑𝑧
+ j𝜔𝐋′. 𝐈(𝑧) = 𝐕tan

′ (𝑧)   


𝑑𝐈(𝑧)

𝑑𝑧
+ j𝜔𝐂′. 𝐕s(𝑧) = 0.    

The n×n matrices L' and C' are the inductance and the 

capacitance of the lines per unit length (p.u.l.). The n×1 

vectors I(z) and 𝐕s(𝑧) are the total current and the 

scattered voltage. The p.u.l. voltage induced by the 

tangential electric field on the conductors is represented by 

the n×1 vector 𝐕tan
′ (𝑧) and is given for the i-th conductor 

above a ground plane by Vtan,𝑖
′ (𝑧) = 𝐸𝑧

𝑖𝑛(ℎ𝑖, 𝑧) + 𝐸𝑧
𝑟𝑒(ℎ𝑖, 𝑧), 

where ℎ𝑖  is the height of the i-th conductor above the 

ground. An equivalent circuit can be interpreted from (1) 

and (2) as LC components with the voltage source 𝐕tan
′ (𝑧) 

to represent the field coupling. A time domain solution for 

Vtan,𝑖
′ (𝑧) was found as follows: 

𝑉𝑡𝑎𝑛,𝑖
𝑘 =  Г𝑖 .

d𝐸0(𝑡−𝑇𝑖,𝑘)

d𝑡
   

where k is the order of the section at the i-th conductor. 

The element  Г𝑖  is proportional to the angle of incidence of 

the wave θ and ℎ𝑖. This solution can be easily interpreted 

as a circuit model in SPICE, where the time shift of 𝐸0(𝑡) 

can be realized by a matched TL and the time derivation 

by calculating the current of a 1F capacitor for a defined 

voltage source. Three conductors of 2 𝑚 length with a 

height ℎ1 = 10 𝑚𝑚, ℎ2 = 20 𝑚𝑚 and ℎ3 = 40 𝑚𝑚 are 

shown in Fig. 1. The diameters are 𝑑1 = 1 𝑚𝑚, 𝑑2 =
0.5 𝑚𝑚, and 𝑑3 = 2 𝑚𝑚. The element 𝐷1 is a diode of 

type MBR0520L. The loads are set to 𝑅1−6 = 75 Ω. 

  
                   Figure 1.   Three wires over a ground plane.  

 

An incident plane wave was excited with an angle θ = 45° 

and an electric field strength of 100 𝑉/𝑚. It has a 

trapezoidal time function with rise, fall and hold times of 

2 𝑛𝑠, 3 𝑛𝑠 and 10 𝑛𝑠, respectively. The induced voltage 

across 𝐷1 is compared to CST simulations in Fig. 2. 
 

 
Figure 2.   Voltage response across 𝐷1. 
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Abstract— By earlier developed Method of Modal 
Parameters (MoMP) we have shown that for the single and 
double wire segments with symmetrical geometry the 
response functions for lumped voltage excitation can be 
calculated with good accuracy using only diagonal 
elements of corresponding infinite modal matrices. This 
gives a possibility to apply the Regge method early used 
for the circular wire. 
 

 Keywords- thin wires; helix; common mode; differential 
mode; Regge theory  

 

I. INTRODUCTION 
 

Analytical methods for calculating the effect of EM fields 
on thin wires - the Method of Modal Parameters (MoMP) 
was developed earlier [1]. In this method the system of 
exact Mixed Potential Integral Equations (MPIE), 
describing induced current and potential along the line, can 
be reduced to matrix equations with modal parameters: 
infinite matrixes of inductance and capacitance. These 
parameter matrixes are calculated by Fourier 
transformation of the kernels of the first and the second of 
MPIE, correspondingly. The solution of this system with 
further inverse Fourier transformation yields induced 
current and potentials. For the finite system of wires with 
symmetrical geometry - circular wire and its symmetrical 
combinations all modal parameter matrix become diagonal 
and the solution is reduced to a single sum. This gives a 
possibility to consider an excitation of such systems [3] by 
a lumped voltage source using so named Regge method. 
 

II. RESULTS 
 

In this work, we consider single and double finite wires 
with symmetrical geometry: straight wire, circular wire 
and helix wire, which are important for EMC practice. For 
such geometries corresponding MPIE systems are reduced 
to the separate uncoupled MPIE for differential and 
common current modes. For each mode we have solved 
these equations by the MoMP. Due to the fact, that the 
kernels of the MPIE for such systems of wires depend on 
the difference of arguments, during the calculation of 
corresponding matrix elements one can carried out a single 
integration instead of double one in the general case of 
arbitrary wires, which essentially reduce time of 
calculation. Moreover, we have found that to describe the 
current induced by a lumped voltage source in these thin 
symmetrical wires, it is sufficient to take into account only 
the diagonal terms of the corresponding matrices of modal 
parameters, i.e., the solution is approximately reduced to a 
single summation, as in the case of a circular wire (see Fig. 

2). This circumstance gives a possibility to apply Regge 
method [2] for the summation of the series. In this method, 
the summation index m is considered as a complex 
variable and the Fourier series is represented as an integral 
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Figure 1. Regge trajectories mα(k),for the differential current 
mode in straight wire pair, 0≤k≤4.1, a=1mm,L=10m and d=1m. 
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Figure 2. Comparison of the admittance functions obtained by the 
full matrix MoMP, the MoMP diagonal terms and by the Regge 
method. The source is at z0=4m and receiver is at z=5 m 
 

in the complex plane of the parameter m. The integral is 
defined by the zeros of the diagonal modal impedance per-
unit length in the complex plane of the parameter m, which 
zeros define the so called Regge poles. The positions of the 
poles on the complex plane depend on the frequency and 
form so called Regge trajectories (see Fig.1). Our approach 
reduced summation over m, which require several hundred 
terms, to summation over Regges poles, which requires 
about ten terms (see Fig.2).  
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Abstract—It is a good idea to use shielded cables (or 
conduit) for wiring that could get exposed to E1 HEMP, 
such as power substation yard cables, with the shields 
grounded at both ends (preferable using 360o bonds to the 
metal enclosures [1].  However sometimes grounding 
occurs only at one end.  Such open-ended shielded cables 
are discussed here, and a very simple model is presented.  
Experimental results will also be shown in the full 
presentation. 
 
Keywords- shielded cables; shield grounding; E1 HEMP 
 

I. BACKGROUND 
 
Sometimes E1 HEMP is a concern but high frequency 
effects are not fully appreciated.  For example, sometimes 
open-ended shields are used for substation yard cables, as 
represented in Fig. 1.  One reason for this is to avoid 
ground potentials driving high currents along the length of 
the shield.  However, we will show this is bad for E1 
HEMP.  This issue was demonstrated to us when we tested 
an assembled shielded serial cable and found essentially no 
shielding.  Opening one connector, we saw it was not 
grounded – with a ground added the shielding improved 
greatly.  In this paper we only consider a fast pulse (E1). 
 

 
Figure 1. Example of E1 HEMP coupling to an ungrounded 
shielded cable. 
 

II. MODEL DEVELOPMENT 
 
Our concern is the current on the core wires entering the 
equipment (IE in the figure).  To start to model this, 
consider Fig. 2, where the drive is backwards – we drive a 
current on the unshielded part of the cable and look at the 
currents that get onto the shield and onto the core wire.  
Here we have three transmission lines, indicated by the 
three numbered currents - #2 is a coaxial line, the other 
two are lines-above-a-ground-plane. 
 
An approximation to this is shown in Fig. 3, where all the 
transmission lines are made to be coaxial.  Here we assume the 
shield is infinitely thin.  In this case the E and B fields associated 
with the I3 signal propagate unmodified into the two separate 
lines on the right.  Thus the lines can be drawn as the two-wire 
transmission lines in Fig. 4, and the lines are governed by: 
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Figure 2. Current (I3) being driven into an ungrounded shielded 
cable – resulting in currents I1 and I2. 
 

 
Figure 3. Simpler model of the setup in Fig. 2. 
 

 
Figure 4. Two-wire transmission line equivalent of the coaxial 
transmission line setup of Fig. 3.  (Ignore the blue arrows until 
they are discussed.) 
 

III. OPEN-END MODEL 
 
We can then model the case in Fig. 1 by driving I1 instead, 
getting the currents shown by blue arrows in Fig. 4.  Letting “x” 
show the separation of Z3 into Z1 and Z2: 
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31
Z)x1(Z

ZxZ
−=

=           (2) 

we can solve the transmission line problem to get: 

                                   
13

13
IxI

VV
=
=  (3) 

That is, the full voltage on the driven shield is transferred to the 
core wire, and the fraction “x” of the current transfers.  Thus, if 
tens of dB shielding are desired, then an open-ended shielded 
cable will not provide it.  Test results will also be presented. 
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Abstract—In this paper we report on time domain 
measurements of the shielding effectiveness of wire mesh, 
for fast pulses, as would be appropriate for IEMI 
(intentional electromagnetic interference). 
 
 Keywords- IEMI, wire mesh, shielding effectiveness. 
 

I. INTRODUCTION 
 
For an enclosure, such as a room, metal sheet provides 
excellent EM (electromagnetic) shielding effectiveness 
(SE).  However, metal mesh might be used instead, such as 
for lower weight or ventilation, (such as is common for 
“screen” rooms).  We are interested in the basic SE for the 
material, such as would be seen for a plane wave incident 
on an infinite sheet.  A formula for this (for square mesh 
openings) is [1]: 
   )dB()fd(log205.103SE MHzmm10−= .       (1) 
where dmm is the mesh spacing and fMHz is the frequency.  (In the 
time domain this corresponds to a scaled time derivative.  (This 
formula will have some lower and upper frequency limits, not 
given here.)  Our measurements will check this formula. 
 

II. MEASUREMENT APPROACH 
 
For practical reasons (such as limiting sample size and 
emissions) typical the SE is measured in a setup such as 
shown in Fig. 1.  A screen room is divided into two rooms, 
with a mesh sample covering a window in the room 
partition.  One room transmits an EM signal, and the other 
room measures what leaks through the mesh.  Usually this 
is done in the frequency domain.  There are complications 
with this approach, however, such as reflections and 
diffraction.  We can avoid these two issues by using the 
time domain.  Reflections and diffraction have additional 
path lengths, and so time delays – we use the measured 
signal only up to the time where corruption from these 
delayed effects can arrive.  With this approach, the 
partition wall is not needed – the leakage around the screen 
edge, delayed from extra path length, is also ignored. 
 

 
Figure 1. Example of a screen SE measurement setup. 

III. SAMPLE RESULTS 
 
Measurements were made samples of various mesh sizes – 
Fig. 2 shows the ½ inch mesh.  Fig. 3 shows measured 
signals for the samples.  The red line is without any mesh, 
and the black line is with a very fine copper mesh (100 
wires per inch) – with very good SE.  Diffraction effects 
cannot come in until the time marked “edge”.  Fig. 4 
shows a fit of: 
   )dB()fd(log207.99SE MHzmm10−= .       (2) 
compared to the measurements for the 1 inch mesh – good 
agreement, a constant 3.8 dB poorer SE than Eq. 1.  The 
presentation will also show results for variations, such as 
rotated and tilted meshes, and use of two meshes. 
 

 
Figure 2. Sample of a wire mesh (with 1/2" spacing). 

 

 
Figure 3. Measured waveforms for various mesh samples. 

 

 
Figure 4. Sample waveform measurement and fit. 
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Abstract—We are developing the capability to produce 
compact HPEM source systems for the generation and 
radiation of mesoband pulses in the UHF and low 
microwave frequencies.  Our system is based on a compact 
standing wave oscillator (SWO) microwave source that 
feeds a linear array of electrically small antennas (ESAs).  
We have studied the performance of the system as a function 
of switching parameters in the SWO and are working on the 
development of methods to design and implement dense 
arrays of ESAs for power sharing. 
 
 Keywords-HPEM Sources, antenna arrays 

 
I. INTRODUCTION  

 
Mesoband HPEM sources operate with moderate 
bandwidths, typically in frequencies from around 100 MHz 
to 10 GHz.  These sources are generally composed of a 
capacitive energy storate, a weakly resonant pulse forming 
network (PFN), and a radiating system.  Often more than 
one of these sub-components are integrated into a single 
structure.  For example, our system uses a standing wave 
oscillator where a quarter-wave section of coxial 
transmission line is used as the energy store, and this 
element also serves as the PFN by operating as a quarter-
wave transmission line oscillator that is shorted at one end 
in a spark gap and feeds a high impedance antenna at the 
other end.  A schematic of our system is shown in Figure 1, 
and a representative system has been reported on previously 
[1]. 
 

II. Performance of SWO 
 
The SWO operates by charging the center conductor of a 
low-impedance (~4 ) coaxial line to high voltage.  The 
high voltage initiates a self-breakdown, and this breakdown 
induces a damped sinusoidal oscillation at the center 
frequency with period that corresponds to twice the round 
trip time of the coaxial section.  Some energy couples out at 
each reflection from the load end, resulting in a damped 

sinusoidal waveform with bandwidth typically on the order 
of 3 – 15%, depending on the nature of the antenna and the 
loss in the switch [2]. 
 
Because the discharge is initiated by the random event of 
switch closure, the radiated waveform depends on several 
factors including the precise location of the spark, the exact 
charge voltage, the conductive-phase rise time of the spark, 
and the on-state resistance.  Usually it is impossible to 
measure any of these directly.  Here we use a computational 
model to show how varying these parameters affects the 
bandwidth, duration, and magnitude of the radiated field.  
We attempt to use this model to estimate the SWO 
parameters for real shots measured from an experimental 
system. 
 

III. Antenna Array Design  
 
We are currently working on strategies to improve our 
ability to control the coupling of energy from the corporate 
waveguide feed onto the individual elements of a coaxial 
array of ESAs.  Our current work is focusing on the use of 
a Huygens-like probe that has both an electric and magnetic 
dipole moment, allowing the excitation of waves traveling 
in only one direction [3] and providing precise control of the 
coupling cross section. 

 

 

 
 Figure 1.   Solid model of an SWO-fed, 4-element coaxial array 
of ESAs from [1]. 
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On the use of Doubly Conformal Electrodes in 

Vacuum Diodes for High Power Microwave 

Applications 

Abstract— This paper evaluates the use of double 

conformal electrodes in Vacuum Diodes for High-Power 

Microwave applications. It was found that having both 

conformal cathode and anode, produces a more uniform 

electric field distribution, resulting in higher emitted 

current. This is illustrated by comparing the beam current 

emitted by a traditional planar geometry and the proposed 

double conformal geometry. The results were obtained by 

particle in cell simulation.  

 

 Keywords- Conformal Electrodes, High Power 

Microwaves sources, Field emission. 
 

I. CONFORMAL VS PLANAR ELECTRODES 

In a vacuum diode, parameters such as the emitted 

current, the electron diffusion and the beam current density 

distribution [1] have a large impact on the performance of 

quality of the beam. Moreover, those parameters are highly 

influenced by the electrostatic field, defined by the 

boundary conditions imposed by the surface of the 

electrodes.  

It has been demonstrated that Conformal Electrodes 

produces uniform electric field distribution over the 

emitting surface [2]. This characteristic allows increasing 

the effective emitting cathode surface and the uniformity of 

the current distribution. Another advantage is the capacity 

to reduce the electron diffusion resulting in the 

improvement of the beam efficiency.  

As example, Figure 1 compares the electric field of the 

diode presented in [3] with a proposed conformal diode 

designed to have an equivalent emitting area and gap. 

Magnitude of the electric field is shown using colormap, 

direction using arrows. 

 

II. RESULTING BEAM 

The planar diode reported in [3] produced a peak diode 

current of 21 kA, with a diffusion of 30 %, for an effective 

current of 14.7 kA. This geometry was simulated in CST- 

Particles in cell simulations with Explosive Electron 

Emission, obtaining a current of 22.5kA. The electron 

diffusion obtained from the simulation was 38% resulting 

on a beam current of 14 kA.  

The same kind of simulation was performed on a 

conformal diode, obtaining a current equal to 26.3kA. The 

electron diffusion was 22 %, resulting on a higher beam 

current of 20.5 kA. 

Simulations were performed for a double exponential 

signal of 290 kV peak. The diodes charge distribution is 

shown in Fig. 2. For the planar diode, charge concentrates 

in the border and center, being this the reason for the high 

electron diffusion. Whereas for the conformal, the charge 

presents high uniformity. 

 

III. CONCLUSIONS 

This example illustrates that diodes with double conformal 

electrodes improve the concentration of electrons in the 

beam when compared to planar profiles. This type of 

geometry is a promising idea that might be considered in 

HPM. In future works, electrodes will be experimentally 

compared in terms of effective emission area. 
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Figure 1.   Electric field for planar [2] (left-hand) and 

conformal electrode (right-hand)  
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Figure 2.   Charge distribution in the diodes. Left hand: planar 

diode. Right hand: conformal electrodes. 
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Abstract—In this presentation, we discuss the effect of the 
magnetic field pattern on the electric fields.  Earlier 
calculations calculated the electric field from the local 
magnetic field using a one-dimensional multilayer 
conductivity calculation. Newer calculations use a multi-
dimensional calculation including both horizontal and 
vertical variations of conductivity.  To quantify the effect of 
two-dimensional variations in the magnetic field, we 
separate the magnetic field into irrotational and divergence-
free portions and show that they have the opposite effect 
when the skin depth becomes longer than the characteristic 
length over which the magnetic field varies.  

 Keywords-Late time HEMP, Geomagnetic Disturbance, 
Surface Impedance,   

I. INTRODUCTION 

In this presentation we will examine an arbitrary surface 
magnetic field at the upper surface of a uniformly 
conducting half space and look at solutions for the electric 
field on the same surface in the frequency domain by 
expanding the surface fields into modes and examining the 
electric field for each mode.  The separation into modes can 
be done in various coordinate systems for the ease of 
calculation.  We first examined this for sinusoidal variations 
along a single direction and noted that the result at low 
frequencies greatly depended on whether the variation was 
in the direction parallel or perpendicular to the magnetic 
field.  To generalize this, we took the general form for the 
magnetic field variation and noted that the separation into 
TE and TM modes explained the different behavior of the 
surface impedance as the frequency varied.   

II. TECHNIQUE 

The decomposition of an arbitrary surface magnetic field 
into TE and TM modes may be done using the Helmholtz 
decomposition for suitably behaved field – the only TEM 
mode is a spatially uniform magnetic field which is 
inconsistent with a localized field.  With z in the vertical 
direction and ∇� the two-dimensional gradient operator on 
the surface, the magnetic field of a TE mode has  

∇� × �� = 0 ∇� ∙ �� ≠ 0 �� ≠ 0 (1)

and a TM mode has 

∇� × �� ≠ 0 ∇� ∙ �� = 0 �� = 0 (2) 

The surface impedances of the two types of modes are 
identical at high frequencies and equal to the result for a 
uniform magnetic field  

���, ��	 → 
��
��
� (3) 

but separate when the planar skin depth is equal to the 
characteristic horizontal length of variation and at low 
frequencies the surface impedance for TE modes behaves as 

��� → ��
��
|��|                               (4)

which is inductive and the surface impedance for TM modes 
behaves as  

��� → |��|
�                                     (5)

which is purely resistive In these formulae, σ is the 
conductivity, μ0 is the permeability of free space, � is the 
angular frequency and 

�� = ���� + ���                                 (6) 

is the transverse wave number of the mode (in this example 
in Cartesian geometry). 

III. RESULTS 

The surface magnetic field of Surface Burst EMP is TM by 
symmetry. E3A (Blast Wave MHD) and Sudden Storm 
Commencement GMD vary in time so rapidly that the 
pattern effect is small.  E3B (Heave MHD) and Electrojet 
GMD are predominantly TE and the electric field is reduced 
by the pattern effect.  We will show numerical calculations 
of the effect in the presentation.
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Abstract— The bio-heat equation is the equation 
that governs the power equilibrium inside 
biological tissue by summing the power influxes 
into a given area and balancing it with  losses by 
various effects. A simplified equation is thus the 
basis for every calculation of the specific 
absorbtion rate, and the heating of tissue by 
external electromagnetic fields. Here, we present 
an approach to solve the bio-heat equation in a 
hybrid analytical/ numerical way. 
 
 Keywords-component; bio-heat equation, SAR 
value, thermal effects of electromagnetic fields 

 
I. INTRODUCTION 

 
The subject of our study is represented by the 
influence of electromagnetic fields on human 
bodies, focusing on tissue and cell levels. 
Generally speaking, the main questions we 
intend to answer are: 

• “How the heat distribution would look if, 
inside a radiated human tissue with an 
electromagnetic field, there are present 
some magnetic nanoparticles?”, 

• “What would be the most effective 
arrangement of those nanoparticles so 
that a specific volume of tissue would 
achieve a desired temperature?”, 

• “What should be the best frequency and 
amplitude of the electromagnetic wave 
that radiates the tissue so that it would 
reach a particular temperature?” and 

• “How long would it take for a volume of 
tissue to get heated up to a specific 
temperature?”. 

Answering these questions would be a good and 
solid starting point for the field of medical 
treatments based on electromagnetic stimulation 

of specific parts of the body previously “filled” 
with magnetic nanoparticles. It is a known fact 
that the proteins’ chain brakes when a cell 
reaches 42°C, so having a more accurate idea of 
how the heat distributes inside the tissue 
depending on the magnetite disposal would be 
helpful in order to better control the exact ill part 
of the tissue that should be destroyed. It also 
reaches interest to study the effects of magnetic 
nanoparticles presence even at a deeper level, 
respectively at cell layer, and to determine the 
ratio between the cell volume and the magnetite 
volume for an efficient and expected result in 
terms of area/ number of cells which get to such 
a temperature that negatively affect them. 
 

II. APPLICATION TO KNOWN SCENARIOS 
 
Our work has involved exemplary cases for heat 
equation, namely a comparison between the 
analytical and numerical solution for different 
scenarios, having the goal to prove that the 
results are the same. 
A scenario that might simulate the post-effects of 
a tissue block, filled with magnetite, radiated by 
an electromagnetic field can be modeled in the 
software Comsol based on heat transfer module. 
The magnetic nanoparticles can be considered 
heat point sources with a temperature of 42°C, 
and the tissue can be designed as a 3D irregular 
geometric body with a normal initial temperature 
of 37°C. The boundary conditions would also be 
set to 37°C as no condition form the exterior 
environment should be considered in this point. 
A more complex study case involves both 
bioheat transfer and electromagnetic waves 
modules from Comsol, without considering the 
magnetic nanoparticles heat sources from the 
beginning. The electromagnetic radiation 
generates the heat source and, depending on the 
geometry, dielectric and magnetic properties 
assigned for each domain (tissue, magnetite), the 
heat distribution is obtained. Moving forward to 
the cell layer, the geometry should be more 
detailed, adding more domains (nucleus, 
cytoplasm, membrane, magnetite). 
 



 
III. CONCLUSION 

 
Concluding, the influence of an electromagnetic 
field on a biological organism is a full potential 
subject which has to be accurately studied in 
order to get the answers for the proposed 
questions that we have mentioned in the 
introduction. This would lead to a bigger image 
of what might be done in the medical treatments’ 
field that have the goal of destroying the ill cells 
and protect the healthy ones.  
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Abstract—Counter UAS(C-UAS) system is protection 

system for infrastructure against UAS threats. Most of C-

UAS systems use radar and RF jammer for detection and 

neutralization of UAS respectively. C-UAS system is 

installing in critical facilities such like airport, nuclear 

power plant and energy infrastructures in many countries 

for security against UAS threats. However these EM 

sources may affect to the existing critical system, 

subsystem or equipment around them. It needs to assess 

EM vulnerability before installation of them for safety in 

the aspect of EMC. This paper investigates how to assess 

EM vulnerability according to IEC standards and others 

and proposes the necessity of a new standard to deal with it. 

 

 Keywords- C-UAS, EM, Vulnerability, Assessment 

 

I. INTRODUCTION 

 

UAS is considered a threat when its operation has, or 

indicates, the potential to harm life, information, 

operations, environment and/or property. Counter UAS 

system refers to a set of technological tools to monitor, 

detect, identify, record and enable response to 

unauthorized UAS activities; C-UAS may also include 

countermeasures capable to neutralize, or limit, potential 

risks. Different types of deployment can be considered: C-

UAS system placed in fixed positions, mounted on 

vehicles or drones, or portable. Most of C-UAS systems 

use radar and RF jammer for detection and neutralization 

of UAS. C-UAS system is installing in critical facilities 

such like airport and nuclear power plant for security 

against UAS threats. However these EM or HPEM source 

may affect to the existing critical system, subsystem or 

equipment around them. It needs to assess EM 

vulnerability before installation of them for safety in the 

aspect of EMC. This paper investigated IEC standards and 

other standards on the assessment of EM vulnerability in 

civil critical infrastructures due to EM or HPEM sources. 

 

II. USE of COUNTER UAS SYSTEM 

 

Figure 1 shows examples of C-UAS introduced at 

infrastructures. Some of C-UAS use radars for detecting 

UAS and RF jammer for neutralizing UAS. In future, C-

UAS system may introduce HPEM sources to counter the 

threat of UAS swams. The use of C-UAS system render 

that HPEM compatibility is getting more important in the 

existing system. 

 
(a) C-UAS for nuclear power plant 

 
(b) C-UAS for airport 

Figure 1.  Examples of C-UAS system used at infrastructures. 

 

III. EM EFFECT ANALYSIS AND ASSESSMENT 
 

IEC/TS 61000-5-9 discusses methods for the assessment of 

systems to the effects of HPEM. 
 

 
Figure 2.   Assessment methodology flow chart in IEC 61000-5-9 

 

From ITU-T K.81, Vulnerability level (VL) of a system for 

infrastructure can be derived from equation (1).  

 

III. CONCLUSION 

 

The near use of HPEM sources will drive IEC TC77 SC C 

to establish the method of analysis and assessment for 

HPEM vulnerability, hazard and risk. 
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Abstract— The amplitude, rise time, and shot-to-shot 

stability of the pulses produced by spark gap switches are 

dependent on the transient impedance of the plasma channel 

formed between the electrodes. Thus, optimization in the 

design of a gas-filled spark gap switch requires a detailed 

investigation of the time-dependent arc resistance. In this 

paper, we’ll investigate the post break down characteristics 

in argon, and nitrogen gas-filled spark gap switches at 

different pressures and applied voltages. Special attention 

will be given to the Joule heating of the plasma channel 

formed between the electrodes, as this leads to a reduction 

in the arc resistance. Optical emission spectroscopy 

technique is proposed to characterize the plasma and to 

monitor its constituents at different conditions.      

 

Keywords-Arc resistance; Gas-filled spark gap switch; 

Optical emission spectroscopy; Plasma channel; Streamer 
 

I. INTRODUCTION  

 

Gas-filled spark gap switches, which are based on gas 

breakdown and streamer formation between the electrodes, 

have been the main component of various pulsed power 

systems and machines such as linear transformer drivers 

(LTDs), Marx generators for Z-pinches, apparatuses for the 

generation of ultrawideband electromagnetic impulses, and 

generators of high-voltage impulses for biomedical and 

environmental applications [1]. The influence of different 

parameters on the operational performances of various gas-

filled spark gap switches having different topologies has 

been considered [2]. Time-dependent arc resistance is an 

important parameter that significantly influences the 

amplitude, rise time, and shot-to-shot stability of the 

switched pulse. In this study, argon and nitrogen gases are 

used in the gas-filled spark gap switches, and post 

breakdown arc resistance was evaluated at different 

pressures and applied voltages. Optical emission 

spectroscopy (OES) is proposed to be used to characterize 

the plasma and to monitor the constituents of plasma.       

 

 

 

 

II. EXPERIMENTAL SETUP  

 

We’ll use the experimental setup similar to reported in 

[1]. The spark gap electrodes are detailed in Fig. 1. The arc 

resistance will be determined from the current/voltage 

waveforms. The electrodes will be assembled in a gas cell 

which comprises several transparent windows that facilitate 

conducting plasma diagnostics. The characteristics of the 

plasma at different pressures and gas types can be studied 

using optical emission spectroscopy. 

 

  
Figure 1. Spark gap electrodes designed to be used in a further laser 

triggering experiment.  (a)  the electrodes with axial holes through 

which the laser will be coupled to the interelectrode channel. (b) 

electrodes without the hole. Both cases will be analyzed.  

 

Electric field distributions for electrode profiles of Fig. 1 are 

obtained by simulation using COMSOL Multiphysics 

software at different gap distances and applied voltages. For 

electrodes without an axial hole, the electric field is 

maximum at the center of the spark gap. However, for 

electrodes with the axial hole, the electric field distribution 

shows a dip at the center of the gap at gap distances below 

3 mm. Such differences in the electric field distribution 

within the gap could have a significant impact on the arc 

resistance, which is evaluated from the experimentally 

measured current/voltage waveforms. The arc resistance is 

associated with the electrical conductivity of the plasma and 

therefore with the Joule heating. The evolution of plasma 

emission characteristics obtained by optical emission 

spectroscopy can be correlated to the arc resistance at 

different conditions.      
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Abstract—This paper describes the realization of a time-re-
versal cavity for electromagnetic waves in transmission line
networks. A frequency-domain analysis of the two-stage wave
processes that pertain to the time-reversal cavity is presented
for a multi-terminal and multi-node transmission line network
characterized by arbitrary topology.

Index Terms—Electromagnetic waves; time reversal; time-re-
versal cavity; transmission lines

I. INTRODUCTION

Recently, it was demonstrated in [1] that a matched trans-
mission line network composed of coaxial cables can be con-
sidered as an exact one-dimensional (1-D) time-reversal cavity
[2]–[5]. Specifically, by back-injecting, at each line terminal,
the time-reversed voltage or current measured as a response to
an initial source excitation, a time-reversed copy of the voltage
or current distribution in the forward-propagation stage can be
reproduced [1].

In [1], the time-reversal cavity was explored in the time
domain marking reference to a network of three transmission
lines connected to a single node. Also, it is indicated in [1] that
the realization of the time-reversal cavity remains established
despite the increasing topological complexity of transmission
line networks. In this regard, the present paper is focused on
generalizing the concept and properties of the time-reversal
cavity to a multi-terminal and multi-node transmission line
network characterized by arbitrary topology.

II. FREQUENCY-DOMAIN ANALYSIS OF A
TIME-REVERSAL CAVITY IN TRANSMISSION LINE

NETWORKS WITH ARBITRARY TOPOLOGY

Consider the scenario of an inhomogeneous transmission-
line network excited by a lumped series voltage source. The
voltages and currents acquired in the forward- and backward-
propagation stages are formulated analytically first using the
frequency domain solutions. Furthermore, the converging and
diverging components of the backward-propagating voltage are

identified, and the time-reversed relation between the forward-
propagating voltage and the converging component of the
backward-propagating wave is inferred through a frequency
spectral analysis. Then, the so-called interfering effect of
the diverging component is comparatively investigated with
respect to its counterpart in the time domain (e.g., [1]). Finally,
the study discusses the implementation and effectiveness of an
active time-reversal sink in the frequency domain to compen-
sate for the effect of the diverging component.
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Abstract—Unmanned aerial vehicles (UAVs) have been 

considered for different military and civilian applications 

due to their wide range of functionalities. The most 

important component of an UAV is the flight computer and 

the associated electronics. High-energy laser systems used 

for counter-drone technology can induce faults in the 

electronic circuits, which depend on many parameters 

including the circuit technology and the laser 

characteristics. High-power laser-induced thermal effects 

can be vulnerable to different electronic components and 

therefore the performance of the electronic devices. In this 

study, thermal effects on the performance of a Raspberry pi 

are investigated.         

Keywords-Raspberry pi; Laser-induced thermal effects; 

Data acquisition; Counter-drone technology; UAV 
 

I. INTRODUCTION  

Unmanned aerial vehicles (UAVs) are widely used for 

military and civilian applications including real-time 

monitoring, providing wireless coverage, remote sensing, 

search and rescue, delivery of goods, security and 

surveillance, precision agriculture, and civil infrastructure 

inspection [1]. To counter the performance of the UAVs, 

several counter-drone technologies such as radio frequency 

jammers, global positioning system (GPS) spoofers, high 

power microwave (HPM) devices, nets and guns, high-

energy lasers, etc. have been developed. An UAV is a 

complex system composed of several sub-modules, such as 

the UAV airframe, the flight computer, the payload, the 

mission/payload controller, the base station, and the 

communication infrastructure [2]. The heart of the UAV is 

the flight computer and associated electronics, which are 

vulnerable to the directed energy systems. Directed energy 

systems composed of high-energy lasers can destroy UAVs 

by heating, melting, burning, and/or evaporation. Electronic 

components can also be damaged/neutralized due to 

overheating without experiencing even melting. In this 

paper, a Raspberry Pi is considered as an equipment under 

test (EUT), which is irradiated by a high-power continuous 

wave (CW) laser, and its performances such as central 

processing unit (CPU) temperature, random-access memory 

(RAM) usage, CPU clock frequency, and CPU load are 

actively monitored. The CPU temperature was primarily 

considered to observe the thermal effects induced in EUT. 

Components of the EUT is globally heated by the laser beam 

and the EUT performances are evaluated.   

II. EXPERIMENT 

A CW infrared fiber laser coupled to a short-range 

telescope as shown in Fig. 1(a) was used. The EUT along 

with its cover as shown in Fig. 1(b) was placed in an 

experimental chamber. The front surface of the EUT cover 

was exposed to the laser beam operating at 10% of its 

maximum power (6 kW). The beam diameter was kept 

sufficiently large to irradiate a wide area of the EUT and to 

avoid melting of the EUT cover. An external SSD storage 

device was used to save the data.  

 
Fig. 1 (a)-(b) Experimental apparatus. (c) CPU temperature 

with time before and after laser irradiation.    

 

III. DISCUSSION 

The CPU temperature, RAM usage, CPU clock frequency, 

and CPU load were actively monitored at different times 

before and after the laser irradiation. The CPU temperature 

is found to increase after the start of the laser irradiation as 

shown in Fig. 1 (c). At higher CPU temperatures, the data 

acquisition rate was found to be decreased. At about 141o C, 

EUT stopped saving the data and was shut down at about 

150o C. Further investigation will be made by irradiating the 

laser beam locally on individual electronic components of 

the EUT to identify its most vulnerable element. This study 

can be extended to other electronic devices and will be 

helpful to design an appropriate protective case for 

electronic devices that can prevent laser-induced thermal 

effects. Furthermore, this will also provide information 

about the required laser power level to induce desired 

thermal effects to neutralize the electronics of UAVs 

involved in malicious activities. 
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Abstract— In this abstract, we present the results of 

measuring electric field strength of HPEM systems. 

Measuring chain components will be discussed. Signal 

processing algorithms and the ed electromagnetic fields 

produced by HPEM sources are shown. Two designs based 

on derivative and replicative sensors are presented with 

examples. 
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I. INTRODUCTION  

 

With the dynamic development of high-power 

electromagnetic (HPEM) sources and interest in intentional 

electromagnetic interference (IEMI) in the last decades, 

specialized measurement systems able to characterize 

pulsed radiated signals in the order of nanoseconds, and 

electric fields of hundreds of kilovolts/meter are required. 

Commercial solutions are currently available with 

specialized instruments and sensors; however, different 

factors in the experimental setup can affect the validity of 

measurements. Signal detection, synchronization, 

attenuation, and transmission to the recording device should 

be done with minimal and controlled distortion. In addition, 

characterization and correction factors of each element in 

the measuring chain must be applied [1].  

 

Measurements systems and sensors for HPEM and IEMI 

should be able to measure different types of IEMI threats, 

including electromagnetic pulses (EMP), ultrawideband 

pulses (UWB), and high-power microwaves (HPM). Each 

type of source also presents different operation modes, 

including single pulse, burst, or repetitive pulses. Therefore, 

for proper characterization, expert interpretation and 

processing of the retrieved waveforms must be done to 

determine the actual parameters according to the nature of 

the signal [2]. 

 

In this presentation, we discuss in detail the measurement 

and signal processing of the radiated electric field of HPEM 

sources using two different measurement chains based on a 

derivative sensor (D-dot) [3] and a replicative sensor (horn 

antenna). The impact and limitations of the measurement 

components are analyzed. Also, the inherent variability of 

HPEM sources is observed in the experimental results, 

indicating that statistical analysis is required in the 

characterization of these kinds of signals. For illustration, 

Fig. 1 presents two of the signals under study, radiated by a 

pulsed magnetron and switched-oscillator systems [4]. 

 

  

 
(a) 

 
(b) 

 
Figure 1 Reconstructed E-field radiated by: (a) pulsed-magnetron 

system; (b) a switched-oscillator system.  
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Abstract— This paper describes the design and final 

integration of an Unmanned Aerial Vehicle to be used as a 

platform for a Synthetic Aperture Radar. There are many 

advantages to using UAVs for synthetic apertures radar 

surveys, including cost reduction and flexible data 

acquisition through linear, helical, and elliptical. Compared 

with satellites or airplanes, this reduces operation 

complexity and flying time. The paper presents the general 

requirements of the platform and some examples of the 

images acquired with the final design. 

 
 Keywords- drone, synthetic apertures radar, UAVs 

 

I. INTRODUCTION  

 

Nowadays, drones play a significant role in many fields of 

industry, having an excellent financial return because of 

their flexibility and multipurpose uses. This paper shows the 

design process of a new UAV specifically adapted to the 

SAR (Synthetic Aperture Radar) system RD350 from Radaz 

(https://www.radaz.com.br). The SAR has three- band 

operations P, L, C (horizontal and vertical) and can produce 

polarimetric and interferometry SAR images from linear, 

helical, and elliptical flights at low flight altitudes of 120 m 

[1]. 

 

Fig. 1 shows a block diagram describing the UAV and its 

integration with the SAR system. 

 

The general requirements of the platform are: 20 minutes of 

flight autonomy, 5 kg minimum payload, 15 W power 

supply for SAR power consumption, and wireless data 

transfer from flight segment to ground station. 

 

 
Figure 1. Block diagram of the drone-borne SAR system. 

 

 

II. TEST 

 

The system, shown in Fig. 2, was tested in realistic 

conditions in a rural area around the city of Abu Dhabi, 

UAE. A multiband system detects various objects and 

details within the area of interest without comprising the 

resolution. The three frequency bands of the system were 

used to clearly identify the crops, trees, and structures. The 

P and L-band pictures also revealed hidden objects at a 

depth of 1 m. 

 

 
Figure 2. Microwave sensor Cabinet of Explorer RD350. 

 

  
Figure 2. Drone-borne SAR during survey in a rual area in Abu 

Dhabi, UAE 
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Abstract—  
A multi-kW class laser mobile research laboratory 

(LMRL) capable of facilitating indoor and outdoor research 

activities is used to assess high-power continuous wave      

(CW) laser-induced damage to metals and carbon fiber. A 

short-range telescope system coupled with the laser was 

used to focus the beam onto the samples and the experiment 

was conducted in an indoor environment. The drilling 

process was monitored by high-speed imaging, which 

provides information about the interaction time required to 

damage the target. The laser power, beam diameter, laser 

exposure time, etc. were varied and the target damage 

assessment was carried out.    

 

Keywords: Multi-kW class CW laser, Fiber laser, Metals, 

Carbon fiber, Laser exposure time. 
 

I. INTRODUCTION  

 

Direct energy system for counter-drone technologies 
have been paid increasing attention to damage/ neutralize 

the unmanned aerial vehicles (UAVs) involved in 

potentially harmful activities. Several industrial-grade laser 

systems have been developed for materials processing, 

which can be used as directed energy systems for 

countermeasure in a mobile platform [1]. The availability of 

high-power commercial fiber lasers opens an opportunity to 

develop a multi-kW class laser-based demonstrator in a 

mobile platform due to flexible beam delivery, low 

maintenance cost, high efficiency, and compact size [2]. A 

mobile platform can also facilitate research activities both 

in an indoor and outdoor environment.        

In this work, we have used a multi-kW class laser 

mobile research laboratory (LMRL) to perform high-power 

laser damage assessments experiment in the indoor 

environment.  Aluminum, steel, and carbon fibers are 

exposed to the high-power laser at a fixed distance, and the 

drilling process is monitored by a high-speed camera.  The 

high-speed images are analyzed, and the damage/drilling 

time is obtained at different laser powers, beam diameters, 

and laser exposure times.  

 

II. MULTI-KW CLASS LASER MOBILE RESEARCH 

LABORATORY (LMRL) 

A. Components of LMRL  

The key components of the LMRL shown in Fig.1 are a 6 

kW CW fiber laser source (λ = 1080 nm), telescopes with a 

range covering from 3 to 2000 m, laser range finder, short 

and long-range video systems, and high-speed cameras 

equipped with a 20-foot standard container with the desert 

compatible environment. 

 
 

Fig. 1.   Photo of LMRL (telescope and container). 

 

B. Experiment Set-up 

The effect of laser irradiation on the static targets 

(aluminum, ABS plastic, and carbon fibers) kept at fixed 

distance was investigated. The laser powers used were 

varied from 1 to 6 kW, beam diameters were varied from 10 

to 50 mm, and material thickness was 2 mm for aluminum, 

1.5 mm for ABS and 3 mm for carbon fiber. 
From the experiment results, it is feasible to study the 

vulnerability effects on different materials. The dependence 

of beam diameter and power radiation on the time needed to 

penetrate different materials can be assessed.  
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Abstract - To protect against Intentional Electromagnetic 

Interferences and Nuclear ElectroMagnetic Pulse, many 

armament programs rely on numerical simulations to 

estimate the electromagnetic constraints on the targets. 

These numerical simulations can be performed at different 

stages of a project: 

- in the conception phase, 

- to optimize architectures and EM protections in 

terms of cost or performance, 

- for retrofitting, 

- or even in the test or acceptance phase. 

In any case, the confidence in the numerical simulation is a 

critical point. Can we even reach a sufficient level of quality 

to consider that numerical simulation enables a credible 

certification approach? In that way, standards already exist 

for general industrial applications. Here, this paper presents 

a methodology associated with a checklist for the most 

specific IEMI and NEMP applications. Many practical 

examples will illustrate this approach. 

(key words) Numerical simulation, certification, IEMI, 

NEMP, standard 

 
 

I. METHODOLOGY AND BASIC PRINCIPLES 

 

At the request of the DGA (Procurement Agency of French 

Armed Forces), CEA-Gramat proposed an approach to 

ensure the quality of the numerical simulation process, with 

the objective of moving towards certification. 

This so-called “simulation for certification” approach 

answers the question: “What are the quality guarantees of a 

numerical simulation result? What are the criteria, the 

procedures, the verifications, that the Forces are likely to 

request in order to get the assurance that the numerical 

simulation is used appropriately, is robust and reliable? 

The diagram below illustrates the proposition with a 3 

stages pyramid of quality levels. 

 

Criteria lower down in the hierarchy must be satisfied 

before simulation quality can attend to criteria higher up 

In that way, the most complete requirement corresponds 

successively to respect of levels 1, 2 and 3. 

 
Figure 1. 3 stages pyramid of quality level 

 

II. EXAMPES 

 

Based on the diagram in Fig 1, examples will be given for 

each stage of quality criteria. 

Level 1: example of the code quality assurance 

 
Level 2: example of a code choice justification: DFDT for 

NEMP, MoM for a narrow band IEMI ; thin slot model for 

faradization defects … 

 

Level 3: example of minimal number of sensors for EM 

zone characterization, and best coupling incidence analysis 

with an inverse method, genetic algorithms for 

optimization… 
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Abstract—In this paper, classical resistive FSS absorbers 

are studied against the capability to simultaneously reduce 

the coupling level related to grazing angles impinging 

waves, travelling on their surface. The operative frequency 

band spans from 6 to 14 GHz (i.e., X-band). In order to 

evaluate the attenuation along the waves propagation 

direction, parallel to the absorber plane, the transmission 

coefficient (S21) of the transverse EM wave is evaluated by 

using the waveguide method through accurate full wave 

simulations. The transverse attenuation level can be used as 

a further metric, beside absorption, to adopt the most suited 

solution for coupling reduction in a given application. 

 

Microwave absorbers, frequency-selective surfaces, 

electromagnetic interferences, coupling reduction, 

waveguide. 
 

I. INTRODUCTION 

 

The demand of microwave absorbers (MAs) is increasing as 

the fabrication of electromagnetic (EM) based devices, such 

as microwave integrated circuits (MICs), is raising as well. 

In these cases, analysis of surface wave attenuation in the 

transverse wave is also important for the interference 

problem [1].  

In this work, we evaluate the behavior of two different 

resistive FSS absorbers against impinging waves at grazing 

angles. This capability can be combined, together with 

absorption, to develop the most suited solution to reduce 

electromagnetic coupling in a given application. 

 

II. PRELIMINARY RESULTS 

 

The transmission coefficient (S21) of the transverse EM 

wave is analyzed in the first dominant mode of a parallel 

plate waveguide. The simulation of the waveguide is carried 

out in a full-wave environment with the dimension of 

(Width × Height × Length) 70mm × 17.5mm × 206mm. The 

boundary conditions are applied by giving PMC and PEC at 

the sidewalls and the top-bottom walls of the waveguide, 

respectively. 

In Fig. 1(a), we reported the absorption level of the two 

resistive FSS absorbers; as evident, they present a similar 

absorbing behavior in the X-band. Beside, Fig. 1(b) shows 

also the attenuation retrieved with the waveguide method 

for grazing angles impinging waves. As evident, the patch 

FSS shape behaves better than the simple cross in this sense; 

therefore it presents more advantages, since it can combine 

absorption and attenuation for impinging waves at grazing 

angles. 

 

 
(a) 

 
(b) 

Figure 1. Reflection coefficient of Lossy dielectric without FSS, Absorber 
Design-I and II (a). Attenuation level for grazing angles incidence obtained 
through waveguide full-wave simulation, design I and II (b). 
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Abstract—. This paper focuses on the evaluating the 
performance of different Ultra-Wideband Vivaldi antennas 
for GPR systems, in the context of detection of landmines 
and IEDs. The antennas will be first characterized in 
anechoic environment, and furthermore will be installed in 
a 2D scanning GPR. Different survey mechanisms will be 
tested, including down looking GPR and forward-looking 
GPR. The tests will be performed over real soil containing 
surrogate targets and clutter.    
              
 Keywords: improvised explosive devices, Ground 
Penetrating Radar, Ultra-Wideband Antenna, Vivaldi 
Antenna 

 
I. INTRODUCTION  

 
Ground Penetrating Radar (GPR) systems have become an 
efficient solution for landmine detection, as they are able to 
detect both metallic and non-metallic buried targets such as 
improvised explosive devices (IEDs). In the last decades, 
different techniques have been proposed to improve the 
performance of GPR systems to detect IEDs [1, 2]. 
 
Depending on the antenna position, GPR systems can be 
classified according to the angle of illumination with respect 
to the soil in Forward-looking GPR systems (FLGPR) [3] 
and Down-looking GPR systems (DLGPR). In the first one, 
the transmitting antenna illuminates the soil under a given 
angle of incidence, trying to minimize the reflection coming 
back from the air-soil interface. FLGPR systems require a 
high dynamic range at the receiver to achieve enough 
sensitivity to detect the buried targets. In the Down-looking 
GPR systems, the incident wave hits normally the ground 
interface [3]. In this case, the clutter effect is greater due to 
the reflection of the electromagnetic waves in the ground. 
 
In the use of GPR for assessment, the way the measurements 
are taken is another important parameter that the user has 
control over. The method used for data acquisition can be 
modified to affect specific outcomes. For example, enhance 
the result image or to measure properties such as speed of 
propagation in the host medium. 
 
GPR survey methods can be classified as the common offset 
(CO), common source (CS), and the common receiver (CR) 
surveys [3]. The CO survey is the most commonly used, 
where a fixed distance is maintained between the 

transmitting and receiving antennas. The CS and CR 
improved the signal-to-noise ratio and achieved a greater 
depth of penetration. 
 
This contribution is focused on the analysis of different 
types of UWB Vivaldi antennas implemented in a 2D 
portable platform–based GPR, including commercial and 
custom-designed Vivaldi antennas.  
 
In addition to characterizing the antennas, the purpose is to 
assess the effect of the angle of illumination (DL-GPR, FL-
GPR) together with the variations of the types of surveys on 
the impact of the detection capabilities of the GPR system. 
 
The tests will be performed over two types of real soil: high-
humidity content soil and dry sandy soil. In both cases, 
surrogate targets and clutter will be included.    

  

 
(a) 

 
(b) 

 
Figure 1 Example of a Vivaldi antennas evaluated. (a) Realized 
single-polarization Vivaldi operating between 0.8 and 3.5 GHz, 
notice the feeding transmission line. (b) 3D model of dual 
polarization Vivaldi antenna operating between 0.65 to 4.1GHz.  
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Abstract—The paper presents a model for the exploding 

wire array process in Copper. It uses a circuit model that 

couples the basic LRC circuit equations with zero-

dimensional thermodynamic calculations that track the 

effect of heating on the heat capacity and resistance of the 

wire. 

 

 Keywords-Exploding wire, electric explosion, copper, 

resistivity, heat capacity 
 

I. INTRODUCTION  

 

Exploding Wire Array (EWA) are fast switches 

used in pulse power applications [1]. A typical testing circuit 

to characterize EWAs is shown in Fig. 1.  

The proposed RLC circuit equations couple the 

thermodynamic calculations that track the effect of heating 

on the heat capacity and resistance of the wire [2]. The 

model considers EWA’s physical parameters, such as the 

length, cross-section, and the number of wires, to shape the 

output pulse current amplitude and waveform. The 

breakdown of electric strength must be able to match the 

generated voltage for the full EWA circuit.  

The study focuses on Exploding Wire Arrays 

manufactured in copper, following the Zero-dimension 

method used in [1]. 

 
Figure 1. Exploding-wire array testing circuit 

II. THEORETICAL METHOD 

 
 The model determines the current as a function of the 

time in an exploding cooper wire array, when the energy 

stored in a capacitor bank (C) is discharged into the wire 

array through a series inductance, as shown in Fig. 1.  

 

This can be calculated using: 

 

where: I, R, q are current, resistance, charge in the circuit of 

Fig. 1, and L, C are inductance and capacitor. The effect of 

heating on the heat capacity of copper is calculated based 

on the data provided in [2].  The current as a function of the 

time to be calculated. 

 
where ∆H is the heat generated per unit mass of the wire, m 

is the mass, and t is the time. For illustration, Fig. 2 shows 

the current calculated for an EWA with 28 wires, 0.1 mm 

diameter, C= 6.60 µF, charging voltage 60 kV, and L= 3.90 

µH. The figure shows the calculated current assuming time 

dependent parameters (with parameters) and parameter 

independent of the time (without parameters) up to the 

liquid phase. A similar process was developed to study the 

response of Aluminum and Tungsten wires. 

 
Figure 2. Comparison of experimental and calculated results. In 

light blue is highlighted the solid phase, in yellow is the melting 

phase, and in light red is the liquid phase. 
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Abstract—Over the past 33 years a great deal has been 
learned about how geomagnetic disturbances (GMDs) 
affect high voltage power grids.  Many researchers have 
analyzed the nature of the many large and small 
geomagnetic storms that have occurred since the infamous 
Quebec power grid failure in March 1989, and have 
evaluated through both analysis and data reviews how 
power grids have been affected.  This paper will review 
some of the major accomplishments over the past 33 years 
in our understanding.  Of course the problem is not 
completely solved, as we do not know what the Sun will 
do in the future, nor have we been successful in applying 
protection techniques on a large scale to vulnerable power 
grids.  
 
Keywords- Geomagnetic storms, GMDs, high-voltage 
power grids 
 

I. BACKGROUND 
 
This paper reviews (over the past 33 years) the study of 
geomagnetic storms and their impacts on high-voltage 
transmission grids.  Discussion of some early papers and 
references will be part of the presentation.  Much of the 
interest in geomagnetic storms was motivated due to the 
voltage collapse of the transmission grid in Quebec, 
Canada, due to the sudden onset of a significant 
geomagnetic storm on March 13, 1989.  Since 
measurements of the magnetic field that initiated the grid 
collapse were available near the power grid itself and the 
power grid operators had timed data regarding the 
operation of the grid itself, it is clear that the voltage 
collapse occurred over a period of only 92 seconds [1].  
 

II. TOPICS TO BE DISCUSSED 
 

1. Evaluation of the need for faster magnetometer 
measurements 

2. The need for time-domain modeling techniques 
3. Graphical display of measured and calculated fields 

and induced currents 
4. Evaluation of deep earth conductivity profiles 
5. Modeling of large grids and end-to-end validation 
6. Relationship of induced currents and the voltage level 

of power grids 
7. Impacts due to different types of geomagnetic storms 
8. Vector behavior of the “incident” magnetic fields 
9. Edge of the grid, the ocean effect and line length 

considerations 

II. EXAMPLE RESULTS 
 
Two examples of important developments are illustrated 
below.  Each of the topics and their importance will be 
discussed during the presentation. Figure 1 illustrates 
ground contours of the measured magnetic fields with the 
available 1-minute data.  Note the rapid changes with time. 
 

 
Figure 1. Graphical frames of the March 13, 1989 Quebec 
electrojet storm (magnitude of measured B-fields is shown) [2]. 
 
Figure 2 illustrates the variation of the direction of the 
measured horizontal B-field with time during a large GMD 
event in Scandinavia in 1991. 
 

 
Figure 2.  Measurements of the B-field vector with time [1]. 
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Abstract— Early in the last century, a realized, 
ultrawideband radiating system was described to the world 
in a Special Issue of the Proceedings of the IEEE dedicated 
to the applications of compact pulsed power technology.  
The Guest Editor of that Special Issue was Edl Schamiloglu, 
our Summa Foundation President, and Jane Lehr was the 
Technical Director for the pulsed power system and co-
author of the article [1,2].  Dr. David Giri was instrumental 
in the development of that groundbreaking system – known 
as JOLT - and a co-inventor of the critical system 
component known as the impulse radiating antenna (IRA).  
The foundational research, development of the system, and 
anecdotes will be discussed. 

 
Keywords- Impulse radiating antenna, radiating systems, 
ultrawideband 
 

 
I. INTRODUCTION (HEADING 1) 

 
In his memoir, My Journey with Carl, Dave Giri wrote, 
“Hyperband Systems: Carl wrote a concept paper on 
radiating impulse-like waveforms (100’s of ps wide) in 
1989.  He helped me to implement the concept that resulted, 
in 1994, of a highly successful prototype IRA.  This work 
was sponsored under SBIR Phase I and II contract awards 
from the Air Force Research Laboratory, Kirtland AFB, 
NM.  Since completing that pioneering work, many UWB 
systems that I and others have built are finding applications 
in military and civilian sectors.”  In our judgement, this 
synopsis is insufficient to describe the rich history and the 
continuing legacy of impulse radiating antennas and the 
JOLT system. 

Transient high power electromagnetic systems generally 
consist of a pulsed, high peak power source and an antenna 
capable of radiating a substantial fraction of its spectral 
content.  The category known as ultrawideband (UWB) or 
more recently “hyperband” sources provides a radiated 
electromagnetic environment with a fairly flat spectral 
content over one to two decades – generally from tens of 
megahertz to several gigahertz.  Such systems have found 
both military and civilian applications [3], but we contend 
the impact of JOLT is most significant on the approach to 
integrated design now called systems thinking. 

For example, the IRA I – also known as the Prototype IRA 
– was differentially fed from the source by a center-tapped 
pulse transformer [4,5].  The IRA I, developed and fielded 
in 1994, used a high-pressure hydrogen switch, a focusing 
lens, and a four-arm TEM horn to produce an extremely 
powerful hyperband pulse from a 3.66-m (12 foot) reflector. 
With a charge of only 60 kV, this system generated a 
transient signal with a peak electric field of 4.6 kV/m at a 
200 Hz repetition rate. The IRA I system was retrofitted 
with a 2 m reflector and designated the IRA II [6,7]. The 
source was modified to provide a peak voltage 75 kV and 
pulse repetition rate of 400 Hz. The radiated spectrum of the 
2 m IRA was measured to be flat in the frequency range 200 
MHz to 3 GHz with a band ratio of 10.  IRA antennas are 
known as balanced sources. 

JOLT was conceived as a deployable system so that the 
footprint was confined by the size of the truck bed.  After a 
very short consideration, it was concluded that an 
unbalanced source was needed for packaging as well as the 
difficulty in making a balun at the required design voltage.  
Noting the symmetry, the half-IRA [8] over a symmetry 
plane was conceived so that the high-voltage signal could 
feed the antenna directly with a coaxial source line.  This 
system architecture makes the high-voltage design more 
tractable but lacks the uniformly symmetric field pattern of 
a full parabolic antenna [9]. JOLT is powered by a very 
compact and highly efficient 1.6-MV resonant transformer 
that is connected, via an integrated transfer capacitor and an 
oil peaking switch, into an 85- half-IRA. This unique system 
delivered a tightly focused radiated field with a FWHM on 
the order of 100 ps and a field-range product of 
approximately 5.3 MV at 200 Hz [10,11]. 
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Abstract— An analysis on the influence of the luminous-

and-grounded channel on the radiated electric fields at close 

distance range in rocket-triggered lightning is presented. 

The presence of the luminous-and-grounded channel is 

found to play an important role in the fine structure of the 

electric fields associated with M-components.  

 Keywords: initial height; return-stroke; M-component 

model of charge transfer; electric fields 

I. INTRODUCTION  

The rocket-triggered lightning technique, usually 

performed by launching a rocket dragging a copper wire, is 

an effective way to better understand the lightning physics 

and effects (e.g., [1]-[2]). The trajectory of the copper wire 

is characterized by a noticeable luminous-and-grounded 

channel above the ground [3]. Considering e triggering wire 

as a grounded tall structure, the phenomenology of rocket-

triggered lightning is to some extent similar to a natural 

upward lightning flash.   

Following the procedure presented in [4], the classical 

guided-wave M-component model from [5] was extended to 

take into account the presence of a tall tower in [6]. 

Compared to return strokes, M-components exhibit 

noticeable differences in terms of their current peak, their 

rise-time and the associated E-field waveforms. 

II. RESULTS AND ANALYSIS 

As shown in Fig.1, the computed electric field 

waveshapes at 100 m considering various heights of the 

luminous and grounded channel are significantly different 

in their initial negative part. As shown in Fig.2, the fields 

are significantly affected by reflections in the channel and 

the effect of the first reflection seen to be dominant over rest 

of the multiple reflections. One reflection represents the 

scenario that reflected current wave from the ground will 

directly go ahead along the channel with any reflections at 

the top of the luminous channel. 

III. CONCLUSIONS 

The presence of the luminous-and-grounded channel 

plays an important role in the wave shapes of the M-

component electric fields at close distance. In addition, the 

study shows that reflections in the luminous-and-grounded 

channel lead to a smaller amplitude of the initial negative 

peak and the first of the multiple reflection plays a dominant 

role in this effect. 

  _____________________________________      
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Figure 1. Electric fields of M-component mode of charge transfer 

at 100 m. 

 
Figure 2. Influences of reflections inside the luminous-and-

grounded channel on the electric fields of M-component mode of 

charge transfer (300 m distance). 
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Abstract—This paper reviews the assessment techniques 

of the vulnerability of critical systems against IEMI 

according to the IEC 61000-4-36. To quantify their 

impact, the IEMI environments must be characterized, 

the susceptible components and subsystems should be 

identified, and the expected disturbances must be 

evaluated. We introduce several transportable sources 

at the HPEM laboratory of DERC. 

 

Keywords: HPEM testing, immunity testing 
 

I. INTRODUCTION 

Given its importance to society, international organizations 

and procurement agencies constantly assess the protection 

of military and civil infrastructures. The global HPEM risks 

of critical infrastructures are unclear, and at the moment, no 

normative standards enforce systems' safety qualifications 

against IEMI. However, important advances have been 

made in the last decades in the generation of 

recommendations and standards for testing the immunity of 

electronic systems and designing general protection 

strategies. The subcommittee SC77C of IEC has dedicated 

since 1992 lots of efforts to provide recommendations and 

protection guidelines for HEMP and, more recently, for 

HPEM and IEMI [1]. 

The recommendation IEC 61000-4-36 [2] can be used to 

define the test level conditions for the assessment of the 

immunity of equipment and systems. The strategy considers 

several sources that have been classified according to their 

far-voltage, band ratio, and other criteria like the required 

technical preparation of the attacker and the deployment 

scenarios. The current protection level due to the location of 

the equipment is evaluated based on previous studies of 

building attenuation. 

 

II. HPEM testing capabilities at DERC 

 

Figure 1 illustrates the HPEM sources under investigation 

at the Directed Energy Research Center of the Technology 

Innovation Institute. A state-of-the-art laboratory with 

exemplars of transportable HPEM sources, including 

hyperband, mesoband, and hypoband devices, is being used 

to test equipment according to the IEC recommendation. 

 

 

 

 
 

Figure 1. HPEM sources considered in the DERC roadmap 
 

Figure 2 illustrates the EM environment of three types of 

sources available in the DERC lab. 

 

 
Figure 2. Examples of Hyper/Meso/Hypoband HPEM testing 

environments at DERC 
 

 

REFERENCES 

 
[1] W. Radasky, R. Hoad, “Recent Developments in High Power 

EM (HPEM) Standards With Emphasis on High Altitude 

Electromagnetic Pulse (HEMP) and Intentional Electromagnetic 

Interference (IEMI),” Letters on Electromagnetic Compatibility 

Practice and Applications, Vol. 2, No. 3, September 2020, pp. 62-

66. 

 

[2] IEC, "61000-4-36: Electromagnetic compatibility (EMC) –Part 

4-36: Testing and measurement techniques – IEMI immunity test 

methods for equipment and systems," ed 2: IEC, 2020. 



On the use of Convolutional Neural Networks to 

Classify Objects in GPR Scans  
 

S. Abughazal1, J. Pantoja2, E. Almansoori2, A. 

Almesmari2, F. Vega2, and C. Kasmi2 

(1) Computer Vision, MBZUAI. Abu Dhabi, UAE 

(2) Directed Energy Research Centre, TII. Abu Dhabi, UAE 

sultan.abughazal@mbzuai.ac.ae 

 

Abstract—This paper presents the experimental validation 

of a CNN architecture for the classification of buried objects 

scanned using Ground Penetrating Radar (GPR) scans. 

Moreover, it introduces a dataset called DERCGPR 

consisting of 200 GPR scans of 7 buried objects. 
 

Keywords-GPR; CNN; Neural Network; Classification 
 

I. INTRODUCTION 
 

Ground Penetrating Radar (GPR) scans are commonly used 

to inspect shallow underground objects as a cost-effective, 

and non-destructive method of prospection [1]. Current 

applications of this technology require trained specialists to 

interpret GPR scans and identify buried objects. This leads 

to a time-consuming and costly process [2]. Section II of 

this paper summaries the process of data collection and post 

processing, while Section III shows the preliminary results. 

 

II. METHOD 
 

A. GPR Data Collection and Postprocessing 

To collect the data, the GPR was installed on a 2-axis 

positioning system. Seven different objects buried 

underneath dry sand at depths between 5cm and 15cm were 

scanned. The hardware consisted of a NanoVNA connected 

to two Vivaldi antennas placed at 30cm above the surface. 

The VNA was set to emit a signal with frequency content 

between 700MHz and 3GHz every 1cm.   

For every run, the A-scans were stacked to form the 2-

dimentional B-scans on which the inverse fast Fourier 

transformation was applied row-wise (constant depth) using 

the PyTorch library. The real and imaginary parts of the 

result were summed and normalized across the whole 

dataset to preserve the small differences in signals reflecting 

from different materials. Finally, the row-wise mean was 

subtracted from every B-scan and negative values are 

eliminated by taking the absolute values. 
 

B. Neural Network Architecture 

The designed neural network begins with two 

convolutional layers, each one followed by one ReLU 

activation layer, see Figure 1 for reference. Only one 

average pooling step was added after the first convolutional 

layer. Following those feature extraction layers, two linear 

layers with sizes 400, and 100, respectively, were added as 

the classifier. For verification, the architecture was trained 

to classify GPR scans of 7 different classes of buried 

 
 

objects, leveraging every detail available in the acquired 

scans. A proprietary dataset of 1,390 training and 610 

evaluation scans was used to train and test the devised 

model. 

 

 
Figure 1: a diagram of the devised architecture for the 

classification task, showing the different types and sizes of layers. 

 
Figure 2: B-scans of different objects after applying inverse 

discrete Fourier transform, normalization and standardization. 
 

III. CONCLUSION 
 

The resulting GPR scans, shown in Fig. 2, are rich in 

information representing the different buried materials. It is 

unclear to the untrained eye what objects those scans 

represent. Meanwhile, a neural network can extract intricate 

features that are used to identify and classify the buried 

objects. The obtained performance in classifying GPR scans 

is quiet promising. Training a neural network to perform 

this classification task is potentially both a time and a cost 

saving approach. In the future, the built model would greatly 

benefit from more training examples and increased detail in 

the collected GPR measurements. 
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