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Abstract

In this paper, we consider the effect of the conductor
diameter on the performance of a helical antenna. The
helical antenna considered here is an axial- beam type
working in the frequency range of 300 to 500 MHz. We
find that the conductor size has a significant effect on the
gain of the antenna. Results of a numerical analysis of the
antenna with varying conductor diameters are presented
and compared with some available measurement data.

Keywords: Helical antennas, Gain, Axial ratio, Phase
velocity

1 Introduction

Krauss, the inventor of helical antennas has considered
an axial beam helical antenna with three different
conductor sizes [1 and 2] as shown in Figure 1.

Figure 1. Helical antenna with varying wire radii

The three antennas in the accompanying figure have
conductor diameters of 0.317cm, 1.27cm and 4.13 cm,
with a variation of 13 to 1. The antenna parameters [2]

are major diameter D = 21.9 cm, pitch angle o =14"

and a spacing between turns S = 17.15 cm. The ground
plane is a square 1.5 m x 1.5 m copper plate. The
antenna is designed to work in the frequency range of
300 to 500 MHz.

We find that the length of one turn

L;= /(7 D)? +S? = 70.89 cm which is a wavelength

at 423 MHz. Tice and Krauss (Ref 2) consider the
performance of these three antennas at a frequency of
400 MHz, and come to the following 5 conclusions.

1) The half power beam width varies only a few %

2) Ratio of the maximum main lobe to maximum side
lobe varies only 8 %,

3) The axial ratio is nearly the same for all three cases
and within + 4%,

4) The terminal impedance is nearly resistive and the
variation is + 25 % and

5) Phase velocity is unaffected by conductor size.

2 WIPL-D Numerical Analysis

We have analyzed the above three antennas using WIPL-D
(http:// www.wipl-d.com) and the results are presented in
Figures 2 and 3.
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Figure 3. Effect of the conductor diameter on the Gain of
the Helical Antenna at 400 MHz (WIPL-D calculations)

We compare and contrast our findings with that of Tice and
Kraus [2], in a tabular form.

Performance | Conclusions Our findings
Parameter from Ref 2
Half-power varies only a same as [2]
beam width few percent
Ratio of varies only 8 % | did not investigate
maximum
main lobe to
maximum
side lobe
Axial ratio varies only did not investigate
+4%
Terminal nearly resistive, | Resistive variation is
impedance no reactance about + 50%
mentioned however, we do see a
resistance reactive component
varies + 25% shown in Figure 3
Phase unaffected by did not investigate
velocity conductor size
Gain No mention is | Significant Effect
made Numerical Gains 8,
10.8 and 14.6
Gain (in dB)
9.03,10.33,11.64
Fatter wire has
higher gain

From Figure 3 above, it is evident that there is a
significant improvement in the antenna gain as one
increases the conductor diameter. This can also be
correlated to the fact that the terminal resistance is
going down with the conductor size. As the terminal
resistance goes down (from about 150 to 100 to 50
Ohms, which is a variation of + 25 %), the current on

the antenna goes up and hence more radiation. Since
Tice and Kraus (Ref 2) also found almost exactly the
same the resistance variation, it is curious why they did
not look at or comment about the antenna gain. Their
results are based on measurements and our results
described above are purely based on numerical
computations.

Furthermore, some measurements [3] validate the
increased gain with increased conductor radius. Using a
1 GHz helical antenna, 1/2” tubing produced 35%
higher output than 1/4” tubing. No further improvement
was seen with ~ 1” tubing. It is entirely possible that
there is an optimal conductor radius that matches the
source impedance to the antenna impedance. WE will
discuss the computational and measured data in this
presentation.
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Abstract

This paper presents an optimization of a virtual cathode
oscillator (Vircator) with axial extraction using the multi-
objective Non-dominated Sorting Genetic Algorithm 11
(NSGA-I11) evolutionary algorithm. The optimization was
implemented with two objective functions to maximize the
radiated energy and to tune the resonance frequency at
5GHz. The simulations were made on CST Particle
Studio. The evolutionary algorithm was programed in
Matlab. An interface between CST and Matlab was
implemented. At the end, the algorithm produced a set of
the best individuals.

Keywords: Optimization, Vircator, NSGA-II, Matlab — CST
PS interface.

1 Introduction

A Vircator is a High Power Microwave Source (HPMS).
Vircators are able to generate microwaves power above 1 GW
during tens or hundreds of ns and their typical radiation
frequencies are between 1 GHz to 10 GHz. Vircator can be
constructed with different geometries and the most used are
[1,2]. Vircator of axial extraction (Fig. 1), Vircator with
transverse extraction, Reditron, Reflex Triode and the
Vircator Coaxial. Some applications of Vircators are
experimentation, electronic warfare, particle accelerators and
breakdown experiment. The most relevant advantages are
easy construction, low maintaining prices, low cost, relative
small size, [1,3]. On the other side, the main constrain is the
low efficiency. The Vircator operation theory can be
consulted in [2,4].

The design of HPMS can be oriented to achieve different
optimization objectives as: energy, power, power efficiency,
energy efficiency, specific frequency response, and sizes.
Depending on the application, a multi-objective optimization
is required. For example, an application that requires a small
size Vircator, a specific frequency response and a determined
power level.

A lot of experimental and numerical optimization efforts have
been made to improve the Vircator response in some specific
objectives. Research oriented to the optimization of cathode
and anode materials can be consulted in [5]-[7]. In these
studies, the behaviour of a set of different materials on the
electron emission has been studied. A work about the cathode
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Fig 1. Axially extracted Vircator

sizes and anode-cathode distance variation have been reported
in [8]. In [9], a study of the anode-cathode distance effect over
the frequency response and the energy efficiency is presented.
In [10], the anode-cathode distance variation is studied in
order to improve the power efficiency on a Reflex Triode.

Most of the previous works have been focused on the study of
effects on just one response due to the variation of one or two
parameters. Due to the variety of objectives that can be
required in Vircators design, optimal parameters for an
objective can impair the response to another important
objective.

In this paper, we present the implementation of the
multiobjective algorithm NSGA-I1I [11] in order to find a way
to design a Vircator with a specific frequency response, while
is maximized the radiated energy. This implementation was
developed in Matlab. FDTD-PIC simulations were performed
using CST—PS. An interface between Matlab and CST-PS was
developed using the methodology presented in [12]. Next
chapter presents simulation details and the method to calculate
the radiated energy.

2 Simulations

Figure 1 shows a diagram of the Vircator modelled on CST-
PS. The feed voltage between anode and cathode was
configured to follow the behaviour of a Marx Generator of
low energy feeding a Vircator. The voltage wave equation,
used in the simulations, is presented in (1) with time in ns.
The time simulation was setup on 50ns. Fixed size parameters
of simulation are shown in Table 1.

t+9.05

v(t) =V (—0.4789e’( o) +1.148x10° e{

t+296.8
827

t+67.67
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Table 1: Simulation fixed parameters.

Parameter Value
Drift Tube Length(L) [cm] 45
Drift Tube Material PEC
Isolator width(iL)[cm] 1
Isolator Material Teflon (PTFE)
Cathode material PEC
Anode material PEC
Particle Source emission model Explosive
Explosive - Rise time [ns] 05
Explosive -Threshold Field[kV/m] 20
Number of emission points Adjusted to mesh
Frequency range [GHZ] 0.5-8
Cells per wavelength 10
Cell per max model box edge 20
Cathode form Circular

The electric and the magnetic fields over the extraction
surface (A) were used to measure the Vircator energy
response. It was performed with 61 magnetic field probes and
61 electric field probes distributed over the extraction surface.
Each probe point coordinates was calculated to represent the
center of a surface of same sizes (dA) given by dA=A/61 (see
Fig. 2).

The complex power leaving the extraction surface is define by

[13] as:
Pf:#S-ds:q;EExHﬂds )

where the time-average power flow is the real part of Ps. The
energy can be obtained by integrating the time-average power
over the frequency of interest. We are interested only in the
energy flowing in a direction normal to the extraction surface.

Next section present the optimization problem and the
solution way.

3 Optimization Process

Problem definition:
Minimize fi,f

f, =| f . ~5GHZ]

=1/ [ (§pRe{Ex H }-ds)f

4.95GHz

where f..x , E and H are function of: voltage V, anode
transparency T, cathode length K, Drift Tube radius Ry,
anode—cathode distance aky ,cathode radius K,

100kV <V <400KV 10%<T <90%_ 0.3cm<ak, <4cm
3cm<R, <10cm 0.5cm<K, <R, -0.5cm
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Fig 2. Field probes over the extraction surface

The main problem in the optimization is the lack of equations
describing the behavior of the Vircator for some interest
responses. As consequences: first, a limited number of
optimization techniques can be used; second, the evaluation
time is very long due to the need to use of numerical
simulation. Therefore, it is necessary to use an optimization
technique that allows using a low number of evaluations and
presents rapid convergence.

We selected the multiobjective genetic algorithms to make a
first approach to the optimization problem. It was performed
by checking the use of metaheuristic algorithms to solve the
problem. First, we considered the Vector Evaluated Genetic
Algorithm (VEGA) [14]. After, we studied the MultiObjective
Genetic Algorithm(MOGA) [15]. Two previous algorithms
were not implemented since the evaluations are not oriented to
use the Pareto Front. The NSGA-II [11] was selected despite
the problems which may be presented by the use of non-
dominance criteria in the parents selection [16].

Due to the longtime of simulation, the initial population was
established to 28 individuals. The selection step was made
using the first Pareto fronts needed to complete 14 individuals.
If number of individuals needed to complete the parents was
less that the individuals in to the last selected front, it is used
the crowded-comparison approach described in [11]. To
produce new gens on the next generation, the mating step was
implemented using 2 procedures. The first procedure was one-
point crossover. The second implemented procedure was a
blending method. It recombines one gen, with a random value
between the genes of the parents. The other genes are copy
from one parent[17]. The two methods were intercalated
between generations. The mutation was established to the 5%
of the population.

4 Results

Figure 3 shows a comparison of behavior regard to objective
functions, between individuals in the first generation (Blue
dot) and individuals in the tenth generation (Black Diamond).
We can interpret an improvement on the energy radiated in
5GHz, but the progress is not same in the frequency tune.

After 30 generations, the algorithm found a single individual
with the best performance. The characteristics of this
individual are shown in the table 2. The power response in the
frequency domain is shown in figure 4.
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Table 2: Best individual parameters.

Inputs Value Outputs Value
AKg[cm] 0.5 Energy in 5GHz 0.937Juls
Kicm] 2.5 Frnax 5 GHz
Ki[em] 12.9 Median impedance 13Q
Rp[cm] 5.7 Input Energy 112.4 Juls
T[%] 63 Energy Efficiency in 5 0.8336%
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5 Conclusions

Metaheuristics as NSGA-Il can be used in the design of
Vircators. The main constrain identified in the use of GA to
optimize Vircators is the simulation time to evaluate each new
candidate solution. We saw that the exploration of the
parameters using GA is not efficient for our problem. So, the
convergence of the algorithm is slow. Finally, we suggest
using an optimization algorithm that allows fewer evaluations.
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Abstract

The paper generalizes the results of investigations of high-
power sources of ultrawideband (UWB) radiation with
elliptical polarization developed at the Institute of High
Current Electronics. In the UWB sources, both single
cylindrical and conical helical antennas and a 2x2 array
were used. To increase the energy efficiency of the
sources, the radiators were excited by bipolar voltage
pulses. In the experiments, the bipolar voltage pulses of
the amplitude 200 kV and length of 1 and 2 ns were used.
At the pulse rate of 100 Hz, radiation pulses with effective
potential of up to 300 kV and 440 kV were obtained for
the sources with a single antenna and antenna array,
respectively. Methods for estimation of the radiation
center and the far-field boundary of the elliptically
polarized electromagnetic field were suggested.

Keywords: Ultrawideband radiation, helical
antennas, elliptic polarization, bipolar pulses.

1 Introduction

In recent years, intensive investigations and
development of high-power UWB radiation sources
with linear and elliptical polarization for solution of
various problems have been carried out. Previously,
at the Institute of High Current Electronics, we
realized a program on the development of high-
power UWB radiation sources with linear
polarization based on the excitation of single
combined antennas and multielement arrays (2x2,
4x4, and 8x8) by bipolar voltage pulses of the
amplitude up to 200 kV and length of 0.25-3 ns.
These experiments resulted in obtaining radiation
pulses with the effective potential (the product of
the peak electric field strength E, by the distance r
in the far-field zone) of 0.4-4.3 MV at the pulse
rate of 100 Hz [1].

At the present time, our research team realizes the
program on the development of high-power UWB
radiation sources with elliptic polarization [2]
based on the excitation of single helical antennas
and antenna arrays by nanosecond bipolar pulses of
the amplitude up to 200 kV. In all the experiments,
a bipolar pulse generator consisting of the SINUS-
160 monopolar pulse generator and open-circuit
bipolar pulse former firstly suggested in [3] were
used. The output impedance of the bipolar pulse
generator was equal to 50 Ohm.

Helical antennas were used in the axial mode of
radiation. The number of turns N in the antennas
varied in the limits of 4-7. The antennas were made
of a copper tube. To prevent the electrical
breakdown, the antennas were placed into
radiotransparent containers filled with SFe-gas at a
gauge pressure of up to 2 atm. The performed
investigations have shown that dielectric containers
practically have no influence on the radiation
characteristics.

To measure the radiation characteristics, it is
necessary to know the position of the radiation
center and the boundary of the far-field zone. To
estimate the position of the radiation center, we
suggested to use a criterium rE, = const, and to
estimate the boundary of the far-field zone, a
criterium p = const is used, where p is the ellipticity
coefficient or for its inverse value (axial ratio) AR
= const.

2 UWB radiation sources with single antennas

Three high-power sources of UWB radiation based
on the excitation of cylindrical helical antennas (N
=4 and 4.5) by bipolar voltage pulses of the length



1 ns and 2 ns as well as of a conical helical antenna
(N = 7) excited by a bipolar voltage pulse of the
length 1 ns have been developed and investigated.
The amplitude of the bipolar pulses reached 200
kV. The energy efficiency of the radiators reached
0.8. The ellipticity coefficient of radiation was of
0.75-0.8 (AR = 1.3). In the experiments, at a pulse
repetition rate of 100 Hz, the radiation pulses with
the effective potential of 250-300 kV were obtained
at a continuous operation during 1 hour. The root-
mean-square deviation of the field amplitude per
100 pulses was 6 = 0.03-0.06. The boundary of the
far-field zone determined by the suggested criteria
was shown to be located at larger distances than at
the evaluations using standard approaches.

3 Ultrawideband radiation source with a 4-
element array

A high-power source of UWB radiation has been
developed and investigated. The scheme of the
source is the following: a monopolar pulse
generator — a bipolar pulse former — a wave
impedance transformer (50/12.5) — a 4-channel
power divider — coaxial 50 Ohm cables with cord
insulation filled with SF¢ gas at a gauge pressure of
up to 4 atm — a square 2x2 array of cylindrical
helical antennas (N=4.5). The antennas were
located on a metal plate at a 21-cm distance from
each other. Bipolar voltage pulses of the length 1 ns
and amplitude of 225 kV were applied to the input
of the wave transformer. In the experiments, the
radiation pulses with the effective potential of 440
kV and high stability (¢ = 0.02-0.05) at the pulse
repetition rate of 100 Hz were obtained at a
continuous operation during 1 hour. The ellipticity
coefficient is 0.7 (AR = 1.4). FWHM of the pattern
by peak power is 30°. Using the suggested
methods, the location of the array radiation center
and the boundary of the far-field zone of the
elliptically polarized radiation were estimated.
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Abstract

This paper presents UWB HPEM generator with
changeable waveform for IEMI testing. Generally, for
wide bandwidth and high power requirements, the
systems use high voltage monopolar or bipolar pulse as
antenna input. In order to satisfy various pulse waveform
requirements above, the proposed pulse generator can
produce 338kV, monopolar pulse or 504kV,., bipolar
pulse with controlling knob simply.

Keywords: UWB HPEM, High-power electromagnetic, Pulse
forming, Tesla transformer

1

UWB HPEM systems have bandwidth from several hundreds
of MHz to several GHz and high peak power to be capable of
IEMI testing. The pulse waveform of these systems can be
selected which antenna is adopted or what frequency content
is preferable [1][2]. In the interest of various pulse waveforms
like these, the designed pulse generator has changeable pulse
waveform function by mechanical structure. Pulse waveform
can change easily by external control knob without
depressurizing. This UWB HPEM generator with changeable
pulse waveform can apply various types of antenna also
investigate IEMI effect for different bandwidth or frequency
content.

Introduction

2 Measurement results

The UWB HPEM generator consists of power supply, high
voltage (HV) generator and pulse forming line (PFL) and is
shown in Fig. 1.

le S
I€ 1<
Power supply & HV generator

4:,,

PFL Dummy load

Figure 1. UWB HPEM generator.

Fig. 2 shows voltgage spectral density versus frequency.
Monopolar pulse has dominant voltage spectral density than

14

bipoalr pulse below 800MHz. But bipolar pulse have more
voltage spectral density than monopolar pulse from 800MHz
to 5GHz.
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Figure 2. Frequency spectrum of pulses.

3 Conclusions

In this paper, the UWB HPEM generator with the proposed
changeable pulse former was built. The generator can produce
338kV, monopolar or 504kV,., bipolar pulse with compact
size of 53cm x23cm %< 20cm and 21kg in weight. It is useful
to develop UWB HPEM systems with various antenna and
IEMI testing.
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Abstract

This paper describes a portable rectangular impulse
generator based on MOSFET and serial connection of
avalanche transistors. The characteristics of power
MOSFET and avalanche transistor, and co-operation
between them are studied. Then the compact circuit is
designed. A rectangular impulse with amplitude over 1kV
is acquired, with a few hundreds of nanoseconds rising
time and less than 8ns fall time. The device is tested on
capacitive load less than 300pF and resistive load greater
than 3kQ.
Keywords: rectangular impulse generator,
circuit; power MOSFET,; avalanche
nanosecond fall time

electronic
transistor;

1 Introduction

With the development of electromagnetic pulse
technology, impulse bandwidth concerned recently is much
wider, such as nuclear electromagnetic pulse, electro-static
discharge and electromagnetic pulse caused by lightning or
switching operation [1-2]. Voltage transducer is used to
measure the voltage impulse. The transducer should have a
good high-frequency response charaeteristics to insure the
measurement results are accurate and reliable. Thus it is
necessary to calibrate high-frequency response charaeteristics
of the transducer, and other capacitive or resistive load.
Rectangular impulse voltage generator is used widely to
calibrate high-frequency response charaeteristics of transdu-
cers [3-4].

There are kinds of impulse voltage generators like spark
gap rectangular impulse generator which can output
rectangular impulse with high amplitude and fast rising time,
but the device is often ponderous and operated complicatedly.
Recently many scholars do some research on impulse
generator based on solid-state switch mainly include power
MOSFET, IGBT and avalanche transistor, instead of spark
gap switch. The rectangular impulse generated by MOSFET
and IGBT impulse generator has slow slope, because of its
relatively slow switching speed compared with avalanche
transistor. Impulse generator based on only avalanche
transistor can only output narrow-width rectangular impulse,
restricted by its current capacity. The portable rectangular
impulse generator proposed in this paper, fully integrating
power MOSFET’s heavy current capacity and avalanche
transistor’s fast switching speed [5-6]. So that the generator
can output rectangular impulse with amplitude over 1kV and
less than 8ns fall time. The generator can be used to calibrate

high-frequency response charaeteristics of voltage transducer,
and other capacitive load, resistive load and RC load (parallel
connect).

2 The Circuit Design and Implementation

Figure 1 shows the design scheme of the rectangular
impulse generator based on power MOSFET and serial
connection of avalanche transistors. It consists of the
following several parts: 1) high voltage direct current source
and energy storage capacitor; 2) the trigger and pulse width
regulating circuit; 3) the rectangular impulse rising edge
circuit, consisting of power MOSFET and its optical isolation
drive circuit; 4) the rectangular impulse falling edge circuit,
consisting of power MOSFET and serial connection of
avalanche transistors circuit. We make the MOSFET T, and
serial connection of avalanche transistors be triggered and
turned on synchronously by using the same trigger circuit.
The pulse width can be changed from hundreds of
nanoseconds to hundreds of microseconds continuously, and
the fall time is several nanoseconds.

pical isolafion
drive circuit

Y {,
the frigger and pulse ) ‘; !
width regulating circuit W P
V |wvoc ‘ 7 { 1

synchronous | [drive circui I
trlgger clrcuit » drive circuit !
‘ drive circuit | > l]

Figure 1 Design scheme of the rectangular impulse generator

In the figure: V - high voltage direct current source;
R. - charging resistance;
C.- energy storage capacitor;
Rp,R¢ - damping resistance;
Ta To-MOSFET in the rising edge circuit and falling
edge circuit;
T,,T,...T, - avalanche transistor;

The rectangular impulse rise and fall time are usually
several tens or hundreds of nanoseconds from generator only
based on MOSFET, and the pulse width is more than the
load’s response stability time. At the fall time, the serial
connection of avalanche transistors truncates the fall time of
MOSFET circuit. Thus, the fall time is shorted from
t(several tens or hundreds of nanoseconds) to ti(several
nanoseconds). Figure 2 shows the rectangular impulse fall


mailto:binqiao1225@163.com
http://dict.cnki.net/dict_result.aspx?searchword=%e9%ab%98%e9%a2%91%e5%93%8d%e5%ba%94%e7%89%b9%e6%80%a7&tjType=sentence&style=&t=high-frequency+response+charaeteristics
http://dict.cnki.net/dict_result.aspx?searchword=%e9%ab%98%e9%a2%91%e5%93%8d%e5%ba%94%e7%89%b9%e6%80%a7&tjType=sentence&style=&t=high-frequency+response+charaeteristics
http://dict.cnki.net/dict_result.aspx?searchword=%e9%ab%98%e9%a2%91%e5%93%8d%e5%ba%94%e7%89%b9%e6%80%a7&tjType=sentence&style=&t=high-frequency+response+charaeteristics
http://dict.cnki.net/dict_result.aspx?searchword=%e9%ab%98%e9%a2%91%e5%93%8d%e5%ba%94%e7%89%b9%e6%80%a7&tjType=sentence&style=&t=high-frequency+response+charaeteristics

time shorten from ts, to t;;. The circuit can solve the problem
of MOSFET’s slow switching speed and deficiency of
avalanche transistor’s current capacity. Meanwhile the
MOSFET T, keeps on continuously to stabilize the voltage at
about OV after the rectangular falling edge.

Figure 2 Schematic drawing of rectangular impulse

2.1 The Rising Edge Circuit

The damping resistance R, can restrain oscillation at the
rising edge. Meanwhile it can prevent the storage capacitor
from recharging the load after the impulse, as the MOSFET
T, can’t be turned off within several nanoseconds. Figure3
shows the actual measured rising edge impulse, with RC load
parallel connected with a resistor 5 kQ and a capacitor
100pF. The rising time is several hundreds of nanoseconds
read from the figure.

1500

1000

Voltage/ V
g
1

T T |
-25 -20 -15 -10
Time /us

Figure 3 Actual measured rising edge impulse

2.2 The Falling Edge Circuit

a) Avalanche transistor

The circuit chooses ZETEX FMMT417 NPN silicon plan-
ar bipolar transistors. FMMT417 has small volume in SOT23-
package, with low collector-emitter inductance of 2.5nH. Its
second breakdown region is wide, from 100V to 320V, and
current capacity is relatively heavy. It is found that the
dispersion of breakdown voltage between different transistors
is large, by testing each transistor in the laboratory. We
choose those in the same batch showing good consistency and
wide breakdown region, collector-base breakdown voltage
Vceeo>320V  and  collector-emitter  breakdown  voltage
Vceo<160V, to insure all the transistors turn to second
breakdown state synchronously.

b) Voltage sharing of the series connected transistors

There are three avalanche operating modes, triggered,
overvoltage and fast rising voltage between collector and
emitter [7]. Due to the fast rising edge of rectangular impulse
depended by the power MOSFET’s switching time, the
shortest rising time on the load is within a hundred

nanoseconds. The voltage impulse steepness on avalanche
transistor collector-emitter is large enough to cause it to turn
on. Besides, there exists difference between collector-emitter
impedance of different transistors and stray capacitance in the
circuit. Under much steeper voltage than rated value some
avalanche transistors, and even the whole transistors will turn.
It can make the rectangular impulse fail and even burn out the
transistors.

To solve the problem, there are two following aspects.
One is placing the damping resistance Ry, introduced above, to
lengthen the rising time. It can decrease the current and
prevent transistors from damaged when the circuit failed.
Another is placing equalizing capacitors and resistances to
balance the voltage on each transistor showed as Figure 4.
Equalizing capacitors and resistances are surface mounted
devices and use compactly layout structure to reduce the
circuit volume and stray parameters. Theoretical Analysis and
experimental results show that in the rise time of rectangular
impulse, the voltage value on each avalanche is related to
collector-emitter  capacitance and affected by stray
capacitance. When the rectangular impulse voltage is stable,
the voltage value on each avalanche depends on the
equalizing resistances. Figure 5 shows the rising edge
waveform of each transistor after choosing suitable equalizing
capacitors and resistances.

trigger

Figure 4 Schematic of equalizing circuit

—,
400 —T,
—,
—T,

Voltage /V

Time /ns
Figure 5 Rising edge waveform of each transistor

c) Test results

Figure 6 shows the falling edge waveform of rectangular
impulse at the output terminal when the RC load is parallel
connected with a resistor and a capacitor (capacitance 100pF
and resistance 10kQ ). The measuring instruments are
Tektronix DP0O4032 oscilloscope with 350MHz bandwidth
and Lecroy PPE4kV high voltage probe with 400MHz
bandwidth. It indicates the rectangular impulse with
amplitude over 1kV and falling time of 5.9ns.
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Figure 6 Actual measured falling edge at the output terminal

3 Results

The voltage can keep at 0V stably after falling edge
through controlling avalanche transistors and power
MOSFET T, to operate synchronously, and turning off the
MOSFET T, in the rising edge circuit timely. Pulse
waveforms are measured with different loads. The results
show that fall time (10%~90%) is less than 8ns and amplitude
is over 1kV, with a RC load parallel connected with the
resistor and capacitor (capacitance less than 300pF, and
resistance load greater than 3kQ), or a single capacitive load
or resistive load.The rise time is hundreds of nanoseconds,
and the pulse width can range from hundreds of nanoseconds
to hundreds of microseconds continuously.

Figure 7 shows an actual measured waveform of
rectangular impulse at the output terminal, with capacitive
load 200pF‘.LIt can be seen that fall time is 7.2ns.

|
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Figure 7 Actual measured waveform of rectangular impulse at the
output terminal

4. Conclusion

By designing a portable rectangular impulse generator
based on MOSFET and serial connection of avalanche
transistors, the following conclusion can be drawn.

1) Solid-state switch avalanche transistor and power
MOSFET is used to replace the spark gap switch to design a
compact and portable rectangle impulse generator with all
devices electronic;

2) In the synchronous trigger circuit, the MOSFET and
serial connection of avalanche transistors can be triggered and
switch on synchronously. The circuit can solve the problem of
MOSFET’s slow switching speed and deficiency of avalanche
transistor’s current capacity. Thus, it can output rectangle

impulse with several nanoseconds fall time.

3) Use compactly layout structure to reduce the circuit
volume and stray parameters, and choose suitable equalizing
capacitors and resistances. Voltage on each avalanche
transistor is basically identical at the rising edge of the
rectangle impulse, which can avoid avalanche transistors
operating incorrectly.
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Abstract

Planar bi-directional log-periodic (LP) antennas with
different design parameters are analysed in frequency,
time, and thermal domains to assess their possible use in
high power short pulse applications. The boom of an LP
arm is widened by moving its virtual apex into the next
arm. This modification provides wide-enough ground
plane for the microstrip feed line and results in improved
impedance match and gain. The effect of the boom width
is also analysed in thermal domain using linked electro-
thermal multiphysics simulation. Results show that the
widened boom reduces the maximum temperature
developed on the antenna. The effect of LP growth rate is
also studied. In time domain, the small growth rate
mitigates the inherent dispersive characteristic of the LP
antenna, while frequency domain performance is
somewhat sacrificed. Moreover, the small growth rate can
relieve the undesirable temperature peaks in thermal
domain, thus making the planar LP antenna an attractive
candidate for high power short pulse applications
requiring a bi-directional radiator.

Keywords: Electro-thermal
antennas, time domain antennas

multiphysics, log-periodic

1 Introduction

It is a commonly accepted belief that the log-periodic (LP)
antennas are highly dispersive, therefore they are usually not
considered for short pulse systems despite the good frequency
domain (FD) performance. To mitigate the dispersion, pre-
distortion of the input pulse [1], metamaterial phase shifter
between radiating elements [2], and a small growth rate [3]
have been considered. Small growth rate offers the simplest
method, though the gain and pattern are somewhat
compromised. In addition, the power handling capability of
planar LP antennas is generally low, but more importantly,
there is a lack of understanding of their thermal behaviour.
Recent developments of multiphysics simulation tools enable
engineers to reliably analyse electromagnetic, thermal, and
mechanical characteristics of antennas and other components.

In this paper, a planar bi-directional LP antenna fed by a
microstrip impedance transformer is analysed in frequency,
time, and thermal domain. A modification of a conventional

R;=69mm (radius of the
outermost teeth)
N=6 (number of teeth in
each quadrant)
A=1mm (width of outer

ring)
L\ kﬂ\ A\ = @=170° (angle of arm)
Tapred ), R J B=10° (angle of boom)
microstrip \\\“: y | B=40mm (offset of boom
impedance A axis)
transformer \:k"-; L/;/, Onls;u.l‘g T=R,+1/R,=0.7 (growth rate)
O A =t R,=sqrt(r)=0.837

- g
Log-periodic aperture |
{ =

Figure 1. Geometry of the wide-boom log-periodic
aperture and its parameters.
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Figure 2. VSWR and gain for various values of B.

planar LP aperture is proposed and effects on impedance,
gain, and temperature are determined. To improve the time
domain (TD) performance, the growth rate is reduced
resulting in a significant improvement in thermal domain.

2 Effect of Boom Width

Fig. 1 shows the proposed wide-boom LP antenna
implemented on a 1.524 mm RO3003 substrate (g = 3, tand =
0.001). The planar LP aperture is printed on top and the
linearly tapered (3.79 mm to 0.4 mm) microstrip impedance
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Table 1: Thermal characteristics of used materials.

Rogers3003 | Copper
Conductivity Kr (W/°K/m) 0.5 401.0
Specific Heat C, (J/°K/kg) 900 390
Diffusivity a (m%s) 2.65¢-7 1.15¢-4
Density p (kg/m*) 2100 8930
Thickness (mm) 1.524 0.07

7004

600+

5004

400+

300+

2004

Maximum Temperature (°C)

100+

1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

Figure 3. Maximum temperature rise of the antenna fed
by 100 W CW input for various B.

transformer is on the bottom of the substrate. The feeding
microstrip line is connected to the right arm of the LP
aperture through a plated via. The boom of the left arm
functions as a ground plane for the microstrip line. The boom
angle £ is fixed at 10° in order to lower the turn-on frequency
[3]. However, the smaller boom angle gives rise to a narrow
ground plane for the microstrip line, especially around the
centre, in which the line impedance becomes higher than it is
designed for. To provide wide ground plane while keeping
small boom angle, axis of the boom (fan-shaped) is offset by
20 mm. Fig. 2 shows the effect of the offset distance B in
impedance match and gain. The simulation is performed in
Ansys HFSS 2014. As seen, VSWR of the microstrip-fed LP
antenna is improved as B increases because the wider boom
enables stable characteristic impedance. Not only the
impedance match is improved, but also the gain and overall
pattern performances are enhanced with the wider boom. This
is because the widening reduces the radiation loss associated
with the leaking the guided wave on the transmission line into
the teeth before the feed via.

The simulated field data in HFSS are used to calculate the RF
heat generation in the antenna that are mainly composed of
conduction and dielectric losses as given in Equation (1).

1 -
=7
Q 201"

2w —2
+—g"|E| .
2
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The generated RF heat is imported into Ansys Mechanics
thermal solver and the temperature distribution of the antenna
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Figure 4. VSWR and boresight gain of the LP antenna for
different growth rate 7.

is obtained based on the Fourier heat conduction equation and
the Newton’s law of cooling as given in Equations (2) and
(3), respectively.

or

VT +0/pC,. )

O =hA(T-T,). 3)
The ambient temperature 7, and the convection coefficient /
are assumed to be 20°C and 10 W/m?-°C, respectively. The
thermal properties of the used substrate and metallic trace are
summarised in Table 1. Fig. 3 shows the maximum steady-
state temperature in the antenna structure for various B for RF
source power of 100 W CW at each frequency. As seen, the
maximum temperature is decreased as B increases because
wider boom provides larger area for efficient heat transfer
through convection and conduction. In addition, it is
interesting to note that there are multiple temperature peaks
that follow the LP growth of the antenna. In fact, these
temperature peaks coincide with resonant frequencies of each
LP teeth pair (not shown here). At the resonant frequencies,
strong electric field and current density are formed at the
active teeth which brings about higher dielectric and
conduction losses to cause hot spots in the active region. The
effect of the boom width on the TD performance is
insignificant.

3 Effect of Growth Rate

Although the frequency domain and thermal domain
performances improved by increasing the boom width, the LP
antenna shown in Fig. 1 is not appropriate for short pulse
applications due to the highly dispersive characteristic. Thus,
simply decreasing the growth rate of LP antenna is considered
to alleviate the TD dispersion. VSWR and boresight gain of
the antenna with B = 40 mm and growth rate 7 = 0.3, 0.5, and
0.7 are shown in Fig. 4. The number of teeth in each quadrant
Nis 2, 3, and 6, respectively. VSWR is not much affected, but
gain at high frequencies is decreased as growth rate decreases.
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Figure 5. Group delay and boresight radiated pulse shape
in time domain for different growth rate.

In addition, the antenna performance in TD for various
growth rates is studied. To perform the TD analysis, the
transfer function of the antenna is synthesized using the
simulated field data [4]. The calculated transfer function is
used to obtain output pulse spectrum by multiplying with
input pulse spectrum. Then the pulse spectrums in FD are
used to obtain the TD pulse response by applying the inverse
fast Fourier transform. The group delay is obtained from the
derivative of the unwrapped phase of the transfer function.
The group delay and output pulse shape in TD are computed
for the LP antennas having growth rates of 0.3, 0.5, and 0.7.
Obtained results are shown in Fig. 5. The second derivative of
Gaussian pulse with 10dB spectrum from 0.9 GHz to 10 GHz
is used as input pulse. As clearly seen, the group delay of the
LP antenna is improved by decreasing the growth rate since
the effective path lengths of the travelling currents to the
radiating region are decreased especially at low frequencies.
Consequently, the output pulse shape shown in the insets is
improved as growth rate decreases. The fidelity factors of
each radiated pulse are 91%, 79%, and 70% for the
corresponding growth rates of 0.3, 0.5, and 0.7.

The thermal performance of the antenna for each growth rate
is also evaluated. Fig. 6 shows the maximum temperature of
the LP antenna for various growth rates. It is demonstrated
that the small growth rate can improve the thermal
performance as well and the high peak temperature is
removed. This is because the smaller growth rate provides
wider radiating teeth, thus increased surface area for the
efficient cooling through convection and conduction.

4 Conclusion

In this paper, frequency, time, and thermal domain analysis
on a microstrip-fed log-periodic antenna was performed. The
offset of boom axis gives wider boom and stable ground plane
for the feed line, so that the impedance match and gain
characteristics of antenna in FD are improved. Additionally,
maximum temperature of the LP antenna is decreased owing
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Figure 6. Maximum temperature of the antenna fed by
100 W CW source for various LP growth rate 7.

to the wider area for efficient heat convection and conduction.
To improve the TD performance, study on the growth rate
was carried out. In FD, the gain at high frequencies is
compromised for smaller growth rate; however, improved
time and thermal domain performances are achieved.
Therefore, the planar LP antenna with wide-boom and small
growth rate may be used as a bi-directional radiator for
electronic warfare and/or long distance relay communication
link using high power short pulse signal.
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Abstract

A compact relativistic magnetron with an axial output of
TE;; mode is proposed, and the magnetron operating in
the m-mode can radiate axially with a TE;; mode through
a cylindrical waveguide which is designed to match with
the anode. This design, on one hand, makes both the
diameter and the axial length of the magnetron minimized,
so that the volume and weight of the coils of the applied
magnetic field and the distance between the electron
dump and the anode block can be reduced. On the other
hand, it provides a much purer radiated mode in the
output waveguide as a result of the limit to the dimension
of the output waveguide for a certain frequency. In three-
dimensional particle-in-cell (PIC) simulation, the power
conversion efficiency can reach 21.9%, corresponding to
the output power of 247.0 MW and the resonant
frequency of 4.18 GHz, under the condition of the applied
voltage of 280 kV and the applied magnetic field of 0.5 T.

Keywords: high power microwave; relativistic magnetron;
compactness; axial output; TE;; mode.

1 Introduction

High power microwave (HPM) sources with a Gaussian
radiation pattern are required for many commercial and
military applications for example, in high power radar
systems, super interference machine, excitation of gas lasers,
heating of plasmas in fusion reactors and so on. And at
present, with the development of the HPM sources, reducing
size and weight of a system and improving its performances
have become one of the development directions for future
HPM sources. Thus, it is of great realistic significance to
investigating the compact HPM sources with the TEj
radiated mode for high efficient radiation antenna. The
relativistic magnetron (RM), for its simple structure, high-
power capability, suitable application for long pulse, and high
pulse repetition rate, as well as its tunability, has become one
of the most promising devices of high power microwave
sources . In recent years, The RMs have been explored
extensively, including transparent cathode **, electric or
magnetic priming 7, axial diffraction output '
compactness "7, and so on. And more and more attention
also has been attracted to a compact RM radiating with the
TE;; radiated mode. In 2012, a compact A6 RM was
proposed which operated in the m-mode and whose radiation

was extracted axially as a TE;; mode through a cylindrical
waveguide with the same cross section as that of the anode
Bg)ck, although with reduced efficiency (approximately 14%)
In this paper, we describe a compact A6 RM with an axial
output of TE|; mode and an acceptable efficiency (about 21.9
%). The magnetron operates in the m-mode, and its radiation
can be extracted as a TE;; mode axially through a cylindrical
waveguide which is designed to match radially with the anode.
This configuration has several advantages. Firstly, the
magnetron of this structure can reduce both the diameter and
the axial length of the magnetron, and therefore reduce the
volume and weight of the coils of the applied magnetic field
and the distance between the electron dump and the anode
block. Secondly, the axial magnetic field created by the
Helmholtz coils proposed in this paper can be distributed
more uniformly in the interaction space, so that the beam-
wave interaction can proceed more sufficiently and
effectively. Thirdly, as a result of the limit to the dimension
of the output waveguide for a certain frequency, such a
simple output structure can provide a much purer radiated
mode.

2 Simulation Model

The software of three-dimensional fully electromagnetic and
particle-in-cell (PIC) code CHIPIC and the software of CST
Studio Suite are both utilized to investigate the model of the
compact relativistic magnetron with an axial output of TEy;
mode, as shown in Fig.1. In addition, the modified structure
of the well-known A6 magnetron " and the structure of
protrusions and recessions on the inner surface of anode
vanes ) for reducing the start-up time are adopted in the
simulation, as seen in Fig.1(a).

Figure 1(a) shows the schematic diagram of the horizontal
cross section of the A6 magnetron with three protrusions,
alternating with three recessions. The structure of the
magnetron consists of 6 sectorial cavities with height
H,=72.0 mm and angle #=20°. The radii of the cathode, the
anode, and the cavities are R=5.0 mm, R,~13.0 mm, and
R=25.0 mm, respectively. The angular width of the
protrusions and recessions are §,=5° and 6,=5°, respectively.
The protrusion and recession radii are (R, — Ar)=12.0 mm and
(R, + Ar)=14.0 mm, respectively, where the radial variation
Ar=1.0 mm is the same as that if the protrusion and the
recession.

Figure 1(b) shows the 3D view of the model. Figure 1(c)
shows the conversion of the horizontal cross section of the
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device along the axial direction. At the end of the A6
magnetron along the axial direction, two diametrically
opposite cavities are gradually changed to an approximately
rectangular waveguide with length L,=50.0 mm and width
Wi=10.0 mm. In the rest of the cavities, every two
neighbouring cavities are gradually changed to an
approximately rectangular waveguide with length 1,=50.0
mm and width #,=20.0 mm. And the interaction space of the
magnetron is gradually changed to a cylindrical waveguide
with radius R~=13.0 mm. In addition, all the three transition
sections mentioned above are of the same height /=50.0 mm.
Then the cylindrical waveguide with radius R~=13.0 mm is
gradually changed to the next cylindrical waveguide with
radius R,=25.0 mm, while the other two approximately
rectangular waveguides keep their shape and size along the
axial direction. The distance between the A6 magnetron and
the cylindrical waveguide with radius R,=25.0 mm is
H,=100.0 mm.

In our simulations, the applied voltage has a rise time of 3 ns
after which it maintained a constant amplitude of 280 kV for
a duration of 40 ns, and the applied axial magnetic field
created by Helmholtz coils for interaction region is 0.5 T.
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Figure 1. (a) Schematic diagram of the horizontal cross
section of the A6 magnetron with three protrusions
alternating and three recessions. (b) 3D view of the whole
inner space of the device. (¢) Conversion of the horizontal
cross section of the device along the axial direction.

3 Simulation Results

According to the model described in Section 2, the
performance of the compact relativistic magnetron with an
axial output of TE;; mode is investigated by the software of

3D PIC, CHIPIC, and Fig.2 and Fig.3 give the simulation
results.

Figure 2(a) indicates that the input electron beam power
maintains a constant amplitude of 1.13 GW after 20 ns.
Figure 2(b) indicates that the output microwave power of
247.0 MW reaches to saturation at 20 ns, corresponding to an
power conversion efficiency of 21.9%. It takes a little long
time for both the input power and output power to start up,
because the electron spokes in the A6 magnetron have three
azimuthally symmetric periods while the TE;, radiated mode
in the cylindrical waveguide has one azimuthally symmetric
period, and this contradiction is not helpful to reduce the
start-up time. However, we believe that further design and
optimization could reduce the start-up time and increase the
power conversion efficiency.

Figure 2(c) shows the spectrum of the electric field in the
resonant cavity from 0 to 40 ns, and at least it consists of the
frequency of the fundamental harmonic of © mode, f; , and
the frequency of the 2nd harmonic of m mode, 2f;. The
frequency of fundamental harmonic of m mode, f, , as the
main operating frequency is 4.18 GHz, which is higher than
the cutoff frequency (3.52 GHz) of the TE;; mode in the
cylindrical waveguide. This condition guarantees that the
microwave of 4.18 GHz could propagate in this device. In
addition, higher order harmonics with competing modes may
cause the impurity of the radiated mode in the cylindrical
waveguide, but the fundamental harmonic of © mode with the
largest growth rate can eventually dominate. It indicates that
the resonant system of the magnetron could operate in the ©
mode properly as expected, and better results may be obtained
by further optimization. Figure 2(d) indicates that the radiated
mode in the output port is TE;; mode, which is the lowest

order mode in the cylindrical waveguide.
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Figure 2. (a) Input electron beam power versus time. (b)
Output microwave power versus time. (¢) Spectrum of
electric field in resonant cavity from 0 to 40 ns. (d)
Radiated mode TE; in the output port.

Compared with the magnetron of diffraction output (MDO),
the magnetron of this paper can reduce the dimension of the
output port, and therefore reduce the volume and weight of
the coils of the applied magnetic field, and also reduce the
distance between the electron dump and the anode block, so
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that both the diameter and the axial length of the magnetron
can be minimized. In addition, since the output structure of
this compact magnetron has a cylindrical shell with the same
cross section as that of the anode block, it is more convenient
for the Helmholtz coils to wrap around the body of the
magnetron and the axial magnetic field created by this kind of
Helmbholtz coils can be distributed more uniformly in the
interaction region, so that the beam-wave interaction can
proceed more sufficiently and effectively. Such a simple
output structure investigated in this paper is able to guarantee
that only the TE;; mode can propagate in the cylindrical
waveguide for the dominant frequency of fundamental
harmonic of ® mode (f,=4.18 GHz), although higher order
harmonics of © mode may have some influence on the purity
of the radiated mode.

4 Conclusion

In conclusion, a compact relativistic magnetron with an axial
output of TE;; mode is proposed in this paper. The magnetron
operating in the m-mode can radiate axially with a TE;; mode
through a cylindrical waveguide which is designed to match
with the anode. This design not only makes both the diameter
and the axial length of the magnetron minimized, but also
provides a much purer radiated mode in the output waveguide,
and the magnetron can operate with acceptable efficiency
(about 21.9%), although we think some performances of the
magnetron need to be further improved, such as reducing the
start-up time of microwave, reducing the leakage electrons
from the interaction region, suppressing the undesired modes
and increasing the power conversion efficiency.
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A Miniature Pulse Generator
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Abstract:A miniature Marx generator based on
avalanche transistors is developed. The avalanche
transistors, which exceed traditional gas-gap switches in
stability, size and repetition rate, are used as high-speed
switches in the Marx circuit. Meanwhile, the wide-band
power combiner is designed, and the combiner can
increase the output voltage for 1.4 times. The test results
show that the miniature EMP generator have the virtue of
high stability and high repetition rate.

Keywords: high stability; high repetition rate; avalanche
transistor; pulse generator

1 Introduction

Marx generator is a classical pulse-generation circuit, which
can obtain the multiples of charging voltage using parallel
charging and serial discharging of its capacitances. The
discharge of the Marx circuit is controlled by high-speed
switches. Conventional switches are the gas-gap switches.
Because the breakdown of gas is random and the recovery
time is long, the stability and the repetition frequency of gas-
gap switches are not very good. Solid high-speed switches,
such as MOSFET(metallic oxide semiconductor field
effecttransistor), IGBT (lInsulated Gate Bipolar Transistor) ,
have higher stability, higher speed, longer lifetime and
smaller size.

There are three switching means of the avalanche transistors.
One is the external triggered switching. Another is the
avalanche-mode switching when the voltage of the collector-
emitter (Ug,) exceeds Ugrjceo. The third is the fast rise time

switching when the slope rate of U, ( dUce/dt) is sharp
enough.

2 Avalanche Transistors

The working characteristic of a general transistor has four
regions: cut-off region, linear region, saturation region, and
avalanche region M2, as shown in Fig.1, The NPN
transistor operates in the cut-off region when the base current
is negative and the base-emitter is reverse biased. Its working
mode turns to the avalanche region if Ucg increases gradually,
and the collector current rapidly changes with Ucgand Ig. In
the avalanche mode, the switch is operated at a voltage which
is close to the breakdown voltage of its reversed biased PN
junction. If the voltage exceeds this limit value, the impact
ionization and carrier multiplication lead to an avalanche
breakdown of the junction . Since new carriers are

generated within the junction itself, the switching time is
effectively reduced by the rate of the new carriers are created,
which is the ionization rate. The switching time in this case is
less than 1 ns.
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Fig.1 Working characteristic of transistors

3 Miniature Marx Circuit

Pulse generator consists of DC charger, trigger circuit, and
Marx circuit. All the switches of Marx circuit use FMMT417
transistors. The avalanche transistor of the first stage works in
the external triggering mode, and others work in the
avalanche mode. The five stages monopole circuit of the
Marx generator is shown in Fig. 2.

Cm——]

Fig. 2 Five stages monopole Marx circuit

4 Trigger Circuit

The trigger circuit consists of the 555 timer and the
74L.S123 reshaping circuit. The 555 timer and peripheral
components form the monostable circuit or the multivibrator
type oscillator, which generates a single pulse or repetition
pulses. Fig.3 shows a single pulse trigger circuit. When the
switch S; is turned on, the third pin of the 555 timer can
produces a pulse with the pulse width determined as

t,=R.C,In _ Yee =11R,C, (1)
Uee =2/

The 555 timer can produces the pulses with the pulse
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width (t,,,) varies from tens of us to several minutes.

If the T, is longer than the charging time of capacitors

(C,~Cs in Fig.2), the capacitors are charged again after
discharging. When voltage at the capacitors exceed Ugrceo,
it causes transistors to switch on again. The result is that
several pulses are produced by once trigger. In order to avoid
this, the 74L.S123 circuit is applied to reduce the pulse width
of trigger.

Fig. 3 Trigger circuit

5 Power Combiner

To increase the output power/voltage, a wide-band power
combiner is designed, which is shown in Fig.4. it can enhance
the power/voltage by 2/1.4 times.

Fig. 4 Power combiner

6 Experimental Results

According to above principles, a 50-stage generator is
designed , which is shown in Fig.5. Its output voltage is 5500
volts, and repetition rate is 10kHz. The output voltage wave is
shown in Fig. 5.

Fig. 4 Pulse circuit
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Fig. 5 Output voltage wave
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Comparative analysis of directivity and gain in according to
Antenna’s dielectric- shape
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Abstract

This paper compares the results by executing the
simulation in order to analyse the antenna characteristics
depending on the shape of dielectric to be applied to the
opening of the TEM horn antenna. Dielectric of opening
of the antenna is two type of Fresnel and hemispherical.
Fresnel and hemispherical lens are made with Teflon.
Directivity and radiation efficiency at the central
frequency is not much difference. However, it is
confirmed that a Fresnel lens is more efficient in total
efficiency.

lens,

Keywords: Dielectric ~ antenna, Fresnel

Hemispherical lens, TEM antenna.

1 Introduction

According to the shape of the opening antenna, Lens antennas
can change characteristics of directivity and gain of antenna.
Dielectric lenses have been suggested as an alternative
solution to offset dual reflector system for scientific space
applications. [1] To optimize Directivity and gain of a TEM
antenna used for EMP radiation experiments, this paper
compares with a Fresnel lens and a hemispherical lens and
analyses the results.

2 Manuscript preparation

Unlike normal horn antenna, TEM horn antenna is fed to the
two separating conductive plates. when electromagnetic
waves are generated from the power of the two parallel
conductive plates, they are copied into the air via the antenna
aperture. Current flowed through a coaxial line is transformed
to the energy because of impedance match between the inner
conductor of the coaxial line and the antenna conductor
plate.[2] The generated electromagnetic wave will have a
TEM characteristics by flowing current and the voltage
difference in the two conductive plates and proceeds between
the two conductive plates. The directivity and gain of the
electromagnetic wave emitted through the Fresnel type and
hemispherical type was analyzed by simulation.
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Figure 1. Directivity of hemispherical lens
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Figure 2. Directivity of Fresnel lens

dBi value of the hemispheric and Fresnel type as shown in the
figure above does not show much of a difference but shows
greater overall efficiency in fresnel lens than in hemispherical
lens. In addition, Fresnel lens are more easily manufactured
because the amount of the material reduced.
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Abstract

In order to develop a compact and repetitive pulse power
supply by using a Marx generator, variations of temperature
and resistance of all the resistors installed in a Marx generator
were measured and investigated during a continuous
operation at a high repetition rate. In the experiments, two
kinds of resistors were attached to and detached from the
Marx generator fabricated previously, respectively. The
repetition rate of the Marx generator’s operation was 100 Hz
and the continuous working time was arbitrarily determined
under consideration of the resistor’s heating. The
experimental results were analysed in comparison with the
simulation results of the Marx generator. These analyses will
be applied to design and manufacture of a compact and high
repetitive Marx generator.

Keywords: Marx Generator, Repetition Rate, Resistor

1. Introduction

A Marx generator is a capacitive energy storage circuit which
consists of resistors, capacitors and spark gap switches. In the
circuit, resistors control the charging and the discharging current of
capacitors and capacitors are charged to a given voltage level in
parallel and then quickly discharged in series by triggering spark
gap switches. When the spark gap switches are triggered, the
energies stored in the capacitors are delivered to a load at a very
high power level. If a Marx generator is made up of N capacitors
charged to a voltage V in parallel through resistors, the voltage
pulse delivered to a load by triggering spark gap switches is
theoretically NXV [1].

This study has been carried out because several resistors of
Marx circuit were heated and then deformed due to the breakdown
between two terminals of the resistors when the Marx generator
fabricated previously [2] was repetitively operated. In this study,
high repetition tests of the Marx generator fabricated previously
were continuously performed and the temperature and the
resistance of each resistor were measured while the resistors of the
Marx circuit were changed in two kinds of resistors. The analyses
of the test results will be applied to design and manufacture of a
compact and high repetitive Marx generator.

2. Experimental Setup

The Marx generator fabricated previously and the setup for high
repetition test in succession are illustrated in Figure 1 and Figure 2,
respectively. The attached power supply in Figure 1 was replaced

T Corresponding author; jhkuk7@gmail.com

with a portable power supply for the convenience of the test. The
resistors applied to the test are 3RLab’s model HTE44C-BC 10
kQ used in the Marx generator fabricated previously and TKK’s
model ER5AS 1 kQ. In the test, the resistors were selected in three
types of one 10 k€, two 10 kQ in parallel and one 1 kQ. The Marx
generator was charged to 50 kV by using power supply in all the
tests and then its output pulse power was discharged into the load
resistor of 100 © when a resistor was 10 k Q and the load resistor
of 25 Q when 1 k Q. The repetition rate was 100 Hz and the
continuous operating time was gradually increased under
consideration of the resistor’s heating. There was pausing time of
one minute to measure the temperature and the resistance of every
resistor whenever a continuous operating time was increased. The
resistance and the temperature of all the resistors were measured
by using commercial resistance tester and Raytec Company’s
model MX-6 that is an untouched IR thermometer, respectively.

| Power Supply Marx Generator

Pressurized
Container

Capaci tor

Figure. Marx generator fabricated previously.

Figure 2. Setup for high repetition test.

In order to measure and analyse a resistance and a temperature of
a test resistor when a Marx generator is charged in a high repetition
rate, a simple test setup comprised of a power supply to flow a
constant current into a resistor, an oscilloscope and a high voltage
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probe to measure the voltage of a resistor was used in the test. The
test procedure was the same as that of the high repetition test.

3. Experimental Results

The results of the high repetition charging tests are shown in
Figure 3. As shown in Figure 3, the resistance variations of
3RLab’s resistors are very small though their temperatures are
considerably high.
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Figure 3. Resistance and temperature variations of resistors in

high repetition charging test.

The results of the high repetition test in succession are drawn in
Figure 4 and 5. In the Figure 4, the surface of the 3RLab’s resistor
mounted at the R10 location showed dark coloured marks by
burning and current flowing traces in deep indentation form caused
by the breakdown. In the Figure 5, the coating of the TKK’s
resistor mounted at the R10 location burned but there were no
current flowing traces on its surface.
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Figure 4. Resistance and temperature variations of two 10
kQ resistors in parallel.
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Figure 5. Resistance and temperature variations of one 1 kQ
resistors.

To analyse the test results, an output characteristics of the
Marx generator was simulated by using P-spice circuit model
seen in Figure 6. The simulation results are drawn in Figure 7
to Figure 9.
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Figure 6. P-spice modelling of the Marx generator.
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Figure 7. Current flowing throﬁgh the resistors when charged.
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Figure 8. Current flowing through the resistors when
discharged in the use of two parallel 10 kQ.
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Figure 9. Current flowing fhrough the resistors when
discharged in the use of one 1 kQ.

4. Discussion

The resistance variations of TKK’s resistors below 100 C
and 3Rlab’s resistors below 300 ‘C in the range of test are
very small as shown in Figure 3. The reason for the
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temperature of the RO resistor to be the highest in Figure 4 is
that the charging current is the highest in Figure 7 and the
time for the capacitors to be charged into 50 kV is
approximately required 6 ms. The current flowing through the
RS resistor is higher than the R10 resistor in Figure 7 and 8,
however the temperature of the RS resistor is lower than the
R10 resistor in Figure 4. To understand the phenomena, the P-
spice circuit modelling to put the trigger time of the tenth
spark gap switch off 0.2 ns was carried out. The simulation
result is shown in Figure 10. As shown in Figure 10, the
reason why the temperature of the R10 resistor is higher than
the RS resistor seems to be an excessive current caused by the
trigger time discrepancies of the spark gap switches. The
resistance of the R10 resistor in comparison with the RO
resistor is rapidly increased though the temperature of the R0
resistor is higher than the R10 resistor in Figure 4. That is
why the surface of the R10 resistor melted or burned due to a
high temperature and was repetitively damaged by the
breakdown as mentioned in the experimental results. The
voltage of the R10 resistor is about 80 kV when discharged.
The temperature of the R10 resistor in Figure 5 is the highest
unlike Figure 4. That seems to be why the current flowing
through the R10 resistor is very high of about 43 A when
discharged as shown in Figure 9. The resistance of TKK’s
R10 resistor in Figure 5 is not increased unlike 3Rlab’s R10
resistor in Figure 4 though the temperature of TKK’s R10 resistor
is three times as high as 3Rlab’s R10 resistor. On the contrary, the
resistance of TKK’s R10 resistor is decreased in small amounts.
That seems to be why there was no physical damage by the
breakdown on the surface of TKK’s R10 resistor and the coating
of TKK’s R10 resistor was carbonized by burning. The voltage of
3Rlab’s R10 resistor is about 80 kV, but the voltage of TKK’s R10
resistor is about 43 kV.

80A
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—40Rn
10ns 15ns
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v [(R10)

Figure 10. Current flowing through the resistors when the
trigger time of the tenth spark gap switch is delayed 0.2 ns
unlike the other switches.

From the test results, the voltages between two terminals of
resistors are more considered than temperatures for a high
repetitive and continuous operation of Marx generator in a
stable state. The allowed voltages of resistors used in
manufacture of Marx generator should be determined in the
early design stage in consideration of resistor’s working
properties. According to the situation, a new resistor should
be designed and manufactured on the basis of the
experimental results. The 3Rlab’s 10 kQ resistor can be

possibly used in manufacture of Marx generator for a high
repetitive and continuous operation in a stable state if the voltage
below 50 kV is applied to the resistor. A new type of resistor
should be designed and fabricated in the way to lengthen the
distance between two terminals of resistor if the voltage of 80 kV
is applied to a resistor as this experiment.

5. Conclusion

In order to fabricate a compact and repetitive pulse power
supply by using a Marx generator, not only numerical
analyses but also operating characteristics of circuit elements
should be analysed on the basis of experiment. From the test
and the simulation results, the Marx generator fabricated
previously was improved and its operating condition was
determined for a continuous operation at a high repetition rate
in a stable state.
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Abstract

In this paper, we present the design procedures and the
numerical performances of a smart phased array antenna
for IEMI system and applications. We also present the
beam focusing algorithm using the smart array antenna in
order to concentrate the microwave energy on the desired
point which is applicable in the small anechoic chamber
for checking the effectiveness by the IEMI system.

Keywords: Smart Array Antenna, Beam Focusing, IEMI

1 Introduction

Smart array antenna is applicable to various areas and
applications to identify spatial signal and to form the beam
toward the signal source [1-3]. If we use a smart array
antenna for the IEMI(Intended Electro-magnetic Interference)
system, we can track the direction of arrival from the target
and then focus the narrow beam on the desired target with the
capability of rejecting interfering signals. Smart array antenna
also provides multiple access due to the phased array antenna
so it would be possible to track the multi-beam from several
targets. In this paper, we present the design procedure for
optimizing the unit radiator of the smart array antenna system
for IEMI applications and propose a beam focusing algorithm
using smart array antenna system for investigating the
effectiveness of IEMI by the high power source.

2 Design of Smart Array Antenna

In general, the configuration of the smart array antenna
system is composed of TRMs(transmitting & receiving
modules) and radiating elements. We assume the tile-typed
TRM as a source module and design the interface between the
module and the radiator in order to design a compact smart
array antenna. We’ve optimized the antenna structure and the
characteristics of a unit radiator by dividing the radiating
elements into two parts; tapered slot antenna and balun.
We’ve fixed the gap size of the tapered slot because of
impedance matching with the wideband balun and optimized
the tapered slot shape of a unit antenna to change the length
and width of the single antenna ridge. The balun has been
designed with shorted open stub whose diameter is 4.4mm.
After connecting the optimized slot antenna to the balun, the
performance of the whole unit antenna is checked. And then,
we’ve considered grating lobe within scanning angles with
the array distance as 0.8 A, which is a wavelength at highest
operating frequency and also investigate the synthesized

beam pattern for the linear array including mutual coupling
between radiators. We’ve got the wideband result about the
return loss under -15 dB over 3:1 frequency bandwidth.

3 Beam Focused Array for IEMI application

Sometimes, we need to focus the microwave energy on the
target in the near distance for the IEMI application using high
power phased array antenna system based on semiconductor
amplifier. So, we’ve considered a beam focusing algorithm
between the arrayed high power source and the target. Figure
1 shows the normalized power density and focused energy
diagram at the distance of 1500 mm from phased array source.
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Figure 1. Normalized power density by focused beam

Beam focusing is accomplished by calculating the phase
difference between a focused point and each radiating
element of phased array antenna. After each radiating element
is assigned time delay according to the calculated phase
differences, the focused beam is concentrated on the desired
point.

4 Conclusion

We present the design results and numerical performances of
the smart adaptive array antenna system for IEMI application
and electronic warfare as a countermeasure to electronic
jamming as well. We also present the focusing algorithm for
illuminating microwave energy into the desired point. With
the developed beam focused array antenna, it is possible to
perform the test and evaluation for the IEMI system including
the effectiveness at various targets in a small space.
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Abstract—A theoretical analysis elaborating the ground
effects on log-periodic dipole antenna (LPDA) is presented. Based
on image theory, analytical expressions are derived to describe
the radiation fields of LPDA placed over an infinite ground
plane. Moreover, the variations of a typical LPDA’s overall
performance are also carefully examined using commercial
electromagnetic software, when the antenna is located at
different heights from soil ground and sea surface, respectively.
The simulated results are in well agreement with the ones
obtained with analytical formulas, which demonstrates that the
LPDA should be installed at a reasonable height to make a good
compromise between radiation efficiency and patterns.

Keywords—Ilog-periodic dipole antenna (LPDA);
effects.

ground

. INTRODUCTION

Log-periodic dipole antenna (LPDA) has been widely
applied in VHF and UHF wireless communication systems,
for its low fabrication cost as well as its good performance
such as ultra-wide bandwidth, high directivity and low cross-
polarization ratio [1]-[2]. Considering the LPDAs are often
used for long range communication, it is very necessary to
examine the effects of earth ground (e. g., soil ground and sea
surface) on their radiation performance, including the
variations of input impedance, voltage standing wave ratio
(VSWR), efficiency and radiation patterns for different
installation heights.

This paper presents a detailed theoretical analysis to
clarify the ground effects on LPDA, which not only provides
the analytic radiation field formulas of LPDA in presence of
an infinite lossy ground, but also give a full analysis of the
overall performance of a typical LPDA respectively placed
over soil ground and sea surface using ANSYS High
Frequency Structure Simulator (HFSS). The simulated
radiation patterns are in well agreement with the one obtained
with analytic field formulas, which validates the effectiveness
of theoretical derivation and indicates a reasonable installation
height to ensure radiation efficiency and patterns.

Il.  THEORETICAL FORMULAS OF RADIATION FIELDS

The schematic of a LPDA horizontally placed over an
infinite lossy ground is shown in Fig. 1. Due to the presence of
ground plane, there appears a reflected wave which interferes
with the directly radiated wave from the LPDA itself. The

final radiation total field can be obtained by using image
theory. To be different from the perfect ground case, the
strength of the image here should be weighted with reflection
coefficients of the real earth. Considering the reflection
coefficient depends on the specific polarization with regard to
the incidence plane, polarization decomposition is conducted
in the derivation to obtain the radiation total field. To make it
brief, the total field formula is derived as

. [1+R, exp(—jAzhsinfcosp/ ) ]cos ,
E= free €,

v

\/cos2 6 +sin* @sin® pcos® ¢
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where A is the operating wavelength, % is the height of LPDA
from ground plane, R, and R, are the reflection coefficient of
lossy ground for vertical and parallel polarization,
respectively. Esee iS the radiation field of LPDA in the free
space, which can be denoted as [3]

L _cos[(NR, 12)(1-7)(c0s0 -1)]
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where N is the number of dipoles in the active region, R, is the
distance between the resonant dipole and apex of LPDA, and ¢
is the scaling factor.
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Fig. 1. Schematic of a LPDA over an infinite ground.
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I1l.  ANALYSIS OF A LPDA OVER AN INFINITE SoIL GROUND
AND SEA SURFACE

In order to investigate the overall performance of LPDA
placed over a lossy ground, a typical LPDA operates from 300
MHz to 900 MHz is designed, and thoroughly analyzed for
two typical application environments (above soil ground and
sea surface). As shown in Fig. 2 and Fig. 3, the VSWR keeps
relatively stable for heights larger than a quarter of
wavelength, while the radiation efficiency degrades rapidly as
the height decreases, resulting from the low conductivity of
soil. Fig. 4 shows the calculated and simulated radiation
patterns, which are in very well agreement with each other. It
can be clearly seen that there appears more sidelobes on H-
plane as the height increases. In comparison, the radiation
pattern on E-plane is relatively nice and stable. Figs. 5-7 also
give similar results, corresponding to an infinite sea surface.

4.0 7
— Free space

354 = —-‘f=/'.__."4 Jr
ed ¢ 0000 |- h=4/2

e =-=- =34 /4 !

= 15 5

? 0.28 GHz | == h=4 0.95 GHz /),
2,0 rd L/
1.5+
1.0 T T T 5 0 T T T

—t— ™
0.2 0.3 0.4 0.3 0.6 0.7 08 09 1.0

Frequency (GHz)

Fig. 2. Simulated VSWR of a LPDA over an infinite soil ground using
HFSS.
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Fig. 3. Simulated radiation efficiency of a LPDA over an infinite soil ground
using HFSS.
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Fig. 4. Calculated and simulated radiation patterns of a LPDA over an
infinite soil ground (H-plane: xz-plane; E-plane: a plane comprised of y axis
and maximum radiation direction)
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Fig. 5. Simulated VSWR of a LPDA over an infinite sea surface using HFSS.
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Fig. 6. Simulated radiation efficiency of a LPDA over an infinite sea surface
using HFSS

150
| - i .

\ Sim., b=d /4 -e-Cal. hed 4 —— Sim. fred 4 /
\'-. — Sim._ hmd 2 <= Cal. hed 2 Sim., fred 12 /
N | ——Sim b4 Cal. h3ifd | || ——Sim. k=ddfd |/
200 | —— Sim_ =i ceeCul. fed Sim. ded, |/ 390
< - -

\\
~ ~ -
240 M0 300
T N o=
e 70
(a) E-plane (b) H-plane

Fig. 7. Calculated and simulated radiation patterns of a LPDA over an
infinite sea surface (H-plane: xz-plane; E-plane: a plane comprised of y axis
and maximum radiation direction).

IV. CONCULSION

A theoretical analysis regarding the effects of lossy ground
on LPDA is presented. By using the proposed theoretical
formulas based on image theory and ANSYS HFSS, detailed
analysis results are obtained and discussed for a typical UHF
LPDA placed over an infinite soil ground and sea surface.
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Abstract

In this paper, we present a simple method to build a
mesoband pulse radiator by using a wideband patch
antenna fed with ultra-short pulses generator. Because E-
shaped patch antennas have a wide bandwidth, they filter
the mesoband pulses out of the ultra-short pulses in
addition to radiate the mesoband pulses. We designed,
manufactured and tested an E-shaped patch antenna with
a center frequency of 1GHz. This antenna radiates
mesoband pulses with an electric field strength of 6kV/m
and a pulse width of 5ns at a distance of 3m when it is fed
with a 0.5ns ultra-short pulse generator.

Keywords: Ultra-short pulse, Mesoband pulse, Patch antenna,
Electromagnetic pulse.

1 Introduction

High-power mesoband radiators with many different
frequency bands are wuseful to study high-power
electromagnetic (HPEM) effects [1]. A high-power
microwave system that converts the range of 200MHz to
6GHz in nine frequency bands has been developed [2].

Here, we propose wideband patch antenna modules that have
several tuned frequencies and are fed with a single ultra-short
pulse (USP) generator to study HPEM effects depending on
frequency. The USP has an ultra-wide-band (UWB) spectrum.
As shown in Fig. 1, we can obtain the mesoband pulses by
feeding the wideband patch antenna modules of several tuned

frequency bands with a USB generator.

—— Spectrum of Ultra-short pulses
Bandwidth of Patch Antenna

Amplitude

frequency !

Figure 1. UWB frequency characteristic.

2 Simulation and Experiment Results

We designed an E-shaped patch antenna because this has a
wide bandwidth among many patch antennas and a compact
structure [3]. Separation between the ground plane and the E-
shape allows high-voltage pulses to be fed without breakdown.

Figure 2. Configuration E-shaped antenna fed with USP
generator.

S,,[dB]

0.0 05 1.0 15 2.0
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Figure 3. Reflection coefficient of the E-shaped patch
antenna.

Fig. 2 shows the manufactured patch antenna. The reflection
coefficient of the antenna is the same as Fig. 3. The center
frequency is 1GHz. The fractional bandwidth is 30% at the
center frequency. A radiated field waveform is calculated by
CST simulation, as shown in Fig. 4. Fig. 5 shows the
measurement result of waveform radiated from the patch
antenna. This antenna radiates mesoband pulses with an
electric field strength of 6kV/m and a pulse width of 5ns at a
distance of 3m when it is fed with a 0.5ns ultra-short pulse
generator.
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Figure 4. E-field waveform of CST simulation.
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Figure 5. Mesoband pulse radiated from antenna.

3 Conclusion

In this paper, we present a simple method to build a
mesoband pulse radiator by using a wideband patch antenna
fed with USP generator. We fabricated an E-shaped patch
antenna with the center frequency of 1GHz. This antenna
radiates mesoband pulses with an electric field strength of
6kV/m and a pulse width of 5ns at a distance of 3m when it is
fed with a 0.5ns USP generator.
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Abstract

A Ku-band gyrotron backward wave oscillator (gyro-
BWO) operating in the TE,, square waveguide mode at
the fundamental cyclotron frequency was designed. The
circuit performance was predicted by MAGIC code.
Initial experiments operating condition at -18.9kV and 1A
have demonstrated output power of 316W and efficiency
of 2%. In the future, we will proceed with the detail study
of experiment.

Keywords: Square waveguide, Gyro-BWO, Ku-band, BWO.

1 Introduction

Vacuum electron devices are important sources of high
power microwave radiation for use in industrial heating,
plasma heating in magnetic confinement fusion experiments
radar, communications, driving accelerators and many other
applications [1]. There are many high power microwave
devices, [2], [3] (such as twts, vircator, extended interaction
klystron-EIKS, gyrotrons, free electron lasers-FELS etc.)
which are capable to produce the frequency in Ku-band but the
requirement of a proper combination of frequency, power,
efficiency and compactness of the device is the problem of
research [4].

In this paper, we designed a Ku-band gyro-BWO as
interaction circuit of square waveguide. The characteristic of
interaction circuit predict by MAGIC code. The designed
circuit was manufactured. The fabricated circuit composed

experiment setup and we performed experiments of gyro-BWO.

2 The gyro-BWO setup

Figure 1 shows the layout of a Gyro-BWO. It consists of a
double anode MIG (Magnetron-Injection-Gun), a beam tunnel,
an interaction circuit, a collector, a window and an electro
magnet. The MIG has been performed the simulation that it
could to operate in Ku-band by controlling magnetic field, a
beam voltage and the modulating anode voltage. The beam
tunnel is designed circular type. Its cut off frequency is
12.87GHz at TE;; mode. The beam tunnel protects the MIG by
the oscillation power. Next part is interaction circuit. The
circuit of square waveguide was designed to operate the output
power more than 300W in TE; mode. The operating
conditions are the velocity ratio of 0.6 to 0.8, a cathode voltage

of -18kV and magnetic field of 4.3kG. Its performance predict
by the MAGIC code. The dimension of square waveguide
width and height is respectively 13.7mm. Also a length of the
circuit is 550mm. The electron beam passing through the
interaction circuit is collected in the collector. The collector
structure is a tapered rectangular waveguide which changes to
the WR-62 in the square waveguide. Next, the vacuum window
was designed with a ceramic of stepped alumina for the broad
band performance. Finally, the electromagnet used a solenoid
coil type.

Electro-magnet

- . H5 1 |
./, / % Vacuum
Beam tunnel /

window
Gyro-BWO circuit

Figure 1. The gyro-BWO experiment setup

WR-62
Beam collector

3 Experimental

The test of gyro-BWO is performed using the solenoid coil
and a high voltage modulator. Diagnostic apparatus was used
for a detector, a spectrum analyzer, a power meter. The detector
and the spectrum analyzer is finding of oscillated signal and
frequency respectively. The output power was measured by the
power meter.

The operating conditions of the gyro-BWO are cathode
voltage of -18.9kV, a mod-anode voltage of -5.66kV and the
beam current 1A. The initial magnetic field is flat field of
4.3kG. However, this condition was not occurred the
oscillation. So we found the optimization of the oscillation
condition by adjusting the magnetic field. As a result, the
output power is 316W at 11.69GHz and the magnetic field
profile has a slop of 4.3kG to 4.7kG in interaction circuit region.
At this time, the efficiency is 2%. Figure 2 is signal of appeared
oscillation by spectrum analyzer.

The next experiment is finding of a starting oscillation
condition. The test conditions were the same as previous. Only
the variable parameter is beam current. Figure 3 appear the
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starting oscillation condition in beam current of 1A. As shown
in the graph at the current can see that power is growing rapidly.
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Figure 2. Onset of oscillation signal
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Figure 3. Condition of starting oscillation.

4 Conclusions

The Ku-band gyro-BWO has been designed and tested.
Experiments have demonstrated the output power of 316W,
maximum efficiency of 2% and operating frequency 11.69GHz.
The operating condition is a cathode voltage of -18.9kV, a
mod-anode voltage of -5.66kV and the magnetic field profile
has a slop of 4.3kG to 4.7kG in interaction circuit region. The
onset of oscillation is appeared at beam current of 1A. In future,
we will analyze through additional experiments of gyro-BWO.
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Abstract
The induced current for cable lying on ground
illuminated by four kinds of HEMP radiation

environment is investigated. By analyzing the calculated
results, the relationship between the HEMP radiated
environment prescribed in IEC61000-2-9 and the HEMP
conducted environment prescribed in MIL-STD-188-125
2 isshown.

Keywords. HEMP, radiated
environment, cable, induced current

environment, conducted

1 Introduction

As we well known, radiated disturbance protection and
conducted disturbance protection are necessary to ensure the
HEMP survivability of weapons. Before a weapon with
HEMP protection is designed, the designer needs to know the
HEMP radiated environment and the HEMP conducted
environment. MIL-STD-2169 and MIL-STD-188-125-1/2([1],
[2]) prescribe the HEMP radiated environment and the HEMP
conducted environment for the U.S. military systems. For
MIL-STD-2169 is classified, we do not known how the
HEMP conducted environment in MIL-STD-188-125-1/2 is
deduced. However, MIL-STD-464 [3] indicates if the HEMP
radiated environment is not defined, the IEC HEMP radiated
environment [4] can be used. Then there is a problem that if
the HEMP conducted environment in MIL-STD-188-125-1/2
can be used under the IEC HEMP radiated environment.

The definition of an intrasite cable can be found in MIL-STD-
188-125-2. The HEMP conducted environment for the
intrasite cable is expressed by an induced current whose
waveform is double exponential wave with 1000A
amplitude, less than 20ns rise time and 500~550ns pulse
width. In order to show the relationship between the IEC
HEMP radiated environment and the HEMP conducted
environment in MIL-STD-188-125-2, the induced current for
a cable with length of 200m lying on ground illuminated by
four kinds of radiated HEMP environment is calculated.

2 Computational model

In fig.1, a cable is illuminated by HEMP, where y is incident
angle, and f is azimuth angle. The induced current along the
cable can be calculated by transmission line equations

presented in reference[5], which is closely relative to the
HEMP radiated environment, the structure of cable and the
electrical parameter of the ground.

Fig.1 A cableilluminated by HEMP

The HEMP radiated environment can be expressed by double
exponential wave:
E(t)=kE, (e - &™) t>0 (1)

The values of k, Ey, a and b are given in table.1 for four kinds
of HEMP with 23ns,50ns,75ns and 184ns pulse width
respectively, and the time-domain waveforms can be seen in
fig.2, where the first is [IEC HEMP environment, the second
and the third are assumed HEMP environment, and the fourth
is Bell Laboratory environment.

Table 1: The parameters of HEMP environment

HEMP Eo k a b
1 50kV/m 1.30 4.00" 10’ 6.00" 10°
2 50kV/m 1.12 1.58" 10’ 6.98" 10°
3 50kV/m 1.08 1.02° 10’ 736" 10°
4 50kV/m 1.05 4.00°10° 476" 10°

E/(kvim)

Fig.2 Thefour kindsof HEMP

The ground parameters are chosen as: relative permittivity
e,~10 and conductivity s,=0.01, 0.001, 0.0001S/m.

The cable parameters are chosen as: length [=200m, height

h=0.1m, cable radius a=lcm and terminal impedance
Z]ZZZZOVV.
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3 Computational results

Fig.3 illustrates the calculated current in the cable at x=| for
different ground conductivities for horizontal polarization
wave at y =90°, where the maximum value of peak current is
obtained. It can be seen that as the ground conductivity
decreases, the peak current value, rise time and pulse width of
the current increase accordingly.
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Fig.3 Induced current for horizontal polarization

Fig.4 illustrates the calculated current in the cable at x=I| for
different ground conductivities for vertical polarization wave
at y=30° and f=0°, where the maximum value of peak
current is obtained. It also can be seen that as the ground
conductivity decreases, the peak current value, rise time and
pulse width of the current increase accordingly. However, the
peak current value is larger than that for the horizontal
polarization wave, and pulse width is less than that for
horizontal polarization wave.
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4 HEMP conducted environment analysis

Some typical ground conductivities can be found in the
reference [6]. The HEMP conducted environment can be
obtained according to the calculated current with
$~0.001S/m.

The HEMP conducted environment is expressed by double
exponential wave. However, the calculated results are some
different from double exponential wave. Therefore, the
calculated results are needed to be fitted to double
exponential wave. According to calculated results, the pulse
width is larger than the rise time, so the fitted pulse width can
be estimated by single exponential wave. The fitting ruler is
that the whole energy of calculated wave is the same value as
that of fitted wave, indicated by the following equation:

L2
¥ R ®-10
Qi(t)dt=gcet =dt
e o9 2
Where i(t) is united current, t is the time constant of single
exponential wave.

In table.2, the calculated pulse width and the fitted pulse
width of the induced current for the four kinds of HEMP for
both horizontal polarization and vertical polarization are
given. It can be seen that the fitted pulse width of horizontal
polarization is larger than that of vertical polarization, and the
fitted result of horizontal polarization for the first HEMP is
similar to the conducted HEMP environment in MIL-STD-
188-125-2. Fig.5 illustrates the calculated current wave and
the fitted current wave for the first HEMP. The curve of the
pulse width of fitted current vs. that of HEMP is illustrated in
Fig.6.

Table 2: Fitted induced current waveform

HEM P y /A v Calﬁulated i\,/v/ns F||_t|ted tw<r/15
1 397 781 258 229 439 274
2 697 1328 419 333 691 433
3 905 1700 555 377 887 535
4 1543 2892 1118 500 1647 797

The combination of maximum peak current value, maximum
ratio of rise time and maximum pulse width forms the
conducted HEMP environment for weapons. If the IEC
HEMP radiated environment is used, according to calculated
results, the HEMP conducted environment may be chosen as:
peak current 800A and pulse width 450ns. In addition, the
maximum ratio of rise time is about 35  10°A/s as
$,=0.01S/m. Thus, if peak current is 800A, the rise time is
18ns. Considering the fact that the rise time value of the truly
vertical polarization wave may be larger than that of IEC
HEMP radiated environment, it is practicable to choose the
rise time value as not larger than 20ns. For the intrasite cable
defined in MIL-STD-188-125-2 may have elevated parts,
1000A may be chosen for it, and 800A may be chosen for
buried cable.

energy fitted curve
\ - - -computated curve
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T T T 1
0 500 1000 1500 2000
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Fig.5 Thecalculated waveform and thefitted waveform
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Fig.6 Pulsewidth of fitted current vs. pulse width of HEMP

5 Conclusion

The induced current for cable lying on ground illuminated by
four kinds of HEMP radiation environments is calculated.
The results show that the peak current value for vertical
polarization is larger than that for horizontal polarization, and
the rise time and pulsed width of induced current increase as
ground conductivity decreases. By analyzing the calculated
results, the relationship between the HEMP radiated
environment in IEC61000-2-9 and the HEMP conducted
environment in MIL-STD-188-125-1/2 has been shown.
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Abstract

Time reversal mirrors have been widely used to achieve
wave focusing in acoustics and electromagnetics. A typical
time reversal experiment requires that a transmitter be
initially present at the target focusing point, which limits
the application of this technique. In this contribution, we
propose two methods to focus waves at an arbitrary
location inside a complex enclosure using either a passive
nonlinear object or a numerically calculated wave
excitation signal. In the latter case we use a semi-classical
ray algorithm to calculate the signal that would be
received at a transceiver port resulting from the injection
of a short pulse at the desired target location. The quality
of the pulse reconstruction is quantified in three different
ways and the values of these metrics can be predicted by
the statistics of the scattering-parameter |S,,|* between the
transceiver and target points in the enclosure. We
experimentally demonstrate the method using a
microwave billiard and quantify the reconstruction
quality as a function of enclosure loss, port coupling and
other considerations.

Keywords: Time-reversed wave focusing, semiclassical
treatment, nonlinear time-reversal mirror, synthetic sona.

1 Introduction

Exploiting the time-reversal invariance and reciprocal
properties of the lossless wave equation enables elegantly
simple solutions to complex wave-scattering problems and is
embodied in the time-reversal mirror [1]. In previous work,
we extended the concepts of Loschmidt Echo and Fidelity to
classical waves, such as acoustic and electromagnetic waves,
to realize a new sensor paradigm [2-4]. Here we demonstrate
the implementation of an electromagnetic time-reversal
mirror in a wave chaotic system containing a discrete
nonlinearity [5]. We demonstrate that the time-reversed
nonlinear excitations reconstruct exclusively upon the source
of the nonlinearity. As an example of its utility, we
demonstrate a new form of secure communication and point
out other applications.

A typical time reversal experiment requires that a transmitter
be initially present at the target focusing point, which limits
the application of time-reversal techniques. We propose a
method to focus waves at an arbitrary location inside a
complex enclosure using a numerically calculated wave
signal [6]. We use a semi-classical ray algorithm to calculate
the signal that would be received at a transceiver port
resulting from the injection of a short pulse at the desired
target location. The quality of the reconstruction is quantified
in three different ways and the values of these metrics can be
predicted by the statistics of the scattering-parameter |S,,[
between the transceiver and target points in the enclosure.

2 Experiment

We experimentally demonstrate the two methods using both a
flat microwave billiard (enclosure with reflecting interior
boundaries) and three-dimensional complex enclosure (Fig. 1),
and quantify the reconstruction quality as a function of
enclosure loss, port coupling and other considerations.

Linear Source

Sona with Nonlinearity

Volts

~1 m? box dmerpe)

Nonlinearelement (diode)

New frequencies (e.g. f = 2f)

Linear reconstruction at source Time-Reversed Sona

~hagp

Nonlinearreconstruction at nonlinearelement

] ::, madhasn il

Figure 1.  (Top) time-forward step in which a brief
Gaussian pulse is injected into a complex over-moded
enclosure, modulated on a multi-GHz carrier, and
produces a complex sona signal. (Bottom) Time-reversed
step in which the time-reversed sonas are injected into the
enclosure and reconstruct as time-reversed replicas.
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The first experiment is schematically illustrated in Fig. 1.
We utilize a passive nonlinear source (a diode in this case) to
respond to an interrogation pulse (~ few ns duration Gaussian
of a microwave carrier signal) by creating a second harmonic
sona signal. (We use the word ‘sona’ to represent the entire
waveform produced by the complex enclosure, as opposed to
‘coda’ which refers to just the end of the waveform.) Both
the linear and nonlinear sona signals are collected at a third
port. In the second step, the two sonas are time-reversed and
injected into the same port in which they were measured. The
linear sona reconstructs as a time-reversed replica of the
original pulse at the linear source. The nonlinear sona
reconstructs as a time-reversed replica of the up-converted
interrogation pulse, and a few of its echoes, at the nonlinear
element. This demonstrates a selective reconstruction at an
arbitrary location in the enclosure, and requires only the
initial presence of a passive nonlinear object [5, 7].

Applications include exclusive communications and wireless
power transfer. As discussed in detail elsewhere [7] we have
sent images from the third port to either the linear or
nonlinear port. The image sent to one port is not visible at the
other port, demonstrating the exclusivity of the information
transfer.

A second experiment utilizes the synthetic sona technique to
create a purely theoretical waveform that, when time-reversed
and injected into a physical two-dimensional microwave
billiard, will reconstruct as a short pulse at a precise (and
arbitrarily chosen) location in the billiard. This method
exploits ‘short orbits” [8, 9] between the injection point and
reconstruction point to perform a semi-classical calculation of
the synthetic sona [6]. The experimental reconstructions are
successful for billiards in which the interior geometry is
known. We find that the quality of the synthetic sona
reconstructions correlates strongly with the transmission S-
parameter over the bandwidth of the pulse.
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Abstract

In this paper, we present a study on the analysis of
EMI(Electro-magnetic Interference) effects on the vehicle
model which is directly exposed to an external incident
wave. The electronic devices in a vehicle are required to
prepare for unwanted electromagnetic coupling effects.
To effectively anticipate and respond to the problem, the
analysis of the internal structure is essential by the
external electromagnetic wave.

Keywords: Vehicle, EMI, EMC, Shielding Effectiveness

1 Introduction

Modern electronic systems have become smaller and more
complex. For this reason, EMC (Electromagnetic
Compatibility) problem has become more important.
Furthermore, the possibility of malfunction is increased
according to the power consumption of the system is reduced.
These problems are particularly important in areas which can
be life-threatening for people when causing a malfunction as
a vehicle. Especially in the case of a vehicle that the external
frame is made to the metal, the penetrated electromagnetic
wave from small apertures can cause resonance inside the
structure. It can be fatal to the internal electronic systems of
the vehicle. To effectively anticipate and respond to the
problem, the analysis of EMI effects on the vehicle is
essential by the external electromagnetic wave. Full wave
methods such as FDTD(Finite-difference time-domain)
method and FEM(Finite element method) are very strong to
analyse the effects of EMI[1,2]. However, full wave analysis
methods will be difficult to apply large models as target size
increase because of limited computer performance. In this
paper, we analyse the effect of EMI inside the vehicle model
using mode matching method[3,4].

2 Analysis of EMI effects on the simplified
vehicle model using mode matching

The simplified vehicle model is shown in Fig. 1. This model
consists of two cavities with apertures. The sizes of vehicle
model are shown in Table. 1. It is illuminated by an external

plane wave polarized in x-direction, as shown in Fig. 1. The
coupled fields on each aperture affect the interior of vehicle
model.

+x
‘ =
Ve | apt! |apt3, apt4| |apt5, apt6
Plane Wave
apt?
‘ Cavity 1 Cavity 2

Figure 1. Simplified vehicle model

Table 1: Sizes of the vehicle model

Item X [mm] y [mm] z [mm]
Cavity 1 600 300 500
Cavity 2 600 500 1000

Apt 1 400 - 100
Apt 2 200 - 45
Apt3~Apt6 - 250 120

Based on mode matching method, equations on apertures can
be written as

inc,aptl ref ,aptl aptl apt3~apt6
(H + H ) y=aptl _( cav2 + HcavZ ) y=apt1 (l)
inc,apt2 ref ,apt2 apt2
(R mq™=)  =(H22) @)
y=apt2 cavl Jly_apt2
ref ,apt3 aptl apt3~apt6
(H=)  =(H2 2= ®)
z=apt3 cav2 cav2 z=apt3
ref ,apt4 _ aptl apt3~apt6
(H ) - ( cav2 cav2 ) (4)
z=apt4 z=apt4
f ,apt5 tl t3~apt6
(Hre apt ) :(Hap +Hap ap! ) (5)
z=apt5 cav2 cav2 z=apt5
( H ref ,apt6 ) — ( aptl + Hap13~ap!6 ) (6)
z=apt6 cav2 cav2 z=apt6
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H"™*" is the incident magnetic field to aperture 1 and

aptl

H™ ™" is the reflected field from aperture 1. H™' means
that the magnetic field by aperturel inside cavity 2. In similar
H***° indicates magnetic field by side apertures

Way’ cav2

inside cavity 2.
We introduce the shielding effectiveness [5] to compare how
much fields are penetrated. Shielding effectiveness is defined

as a following equation.

E
Shielding Effectiveness (dB) =20 log (@j @)

| Center

Ec, is the incident E-field from source and E is the E-

field in the center point of the cavity.
We compare the simulation results using mode matching
method with FDTD method.

Center

40 T T T T

E : |
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/)
Figure 3. Shielding effectiveness of Cavity 2 (center)

3 Conclusions

In the paper, we analyse the effect of EMI inside the vehicle
model using mode matching method. Furthermore, we
compare the simulation results of mode matching method
with FDTD method. The results are in good agreement except
a difference of magnitude on resonance frequencies.
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Abstract

The compromising electromagnetic emanations of
personal system/2 (PS/2) keyboards are generated by
electric signal on the cable between the computer and the
keyboard. They include key stoke information so that
there is risk of information leakage, because significant
key information such as passwords are eavesdropped. In
this paper, the compromising electromagnetic emanations
are detected and analyzed for verifying the possibility of
electromagnetic eavesdropping. The leakage signals
received by wideband antenna are reconstructed by
designed algorithm. Analysis on the compromising
electromagnetic emanations of PS/2 keyboard is
conducted for the 36 key strokes and all the key strokes
are reconstructed.

Keywords: eavesdropping; TEMPEST; electromagnetic
interference  (EMI); compromising electromagnetic
emanations.

1 Introduction

It has been reported that the compromising electromagnetic
emanations from the peripherals such as the monitor and the
keyboard contain information of the computer [1]. The
researches for the compromising electromagnetic emanations
have been conducted consistently from discovery of van eck
phreaking in 1985 [2]. Also, the study on the electromagnetic
emanations of keyboards has been performed until now. In
2010, the research for analyzing the electromagnetic
emanations of PS/2, USB, and wireless keyboards was carried
out [3]. It was suggested that the leakage electromagnetic
signals of PS/2 keyboards are analyzed and reconstructed
with high accuracy but those of USB and wireless keyboards
are insufficient.

In this paper, it is verified that the research on the analysis of
the compromising electromagnetic emanations of PS/2
keyboards. The leakage signal of PS/2 keyboards was
measured at the short distance, and algorithm of analysis the
compromising electromagnetic emanations was supposed.

2 Measurement Results
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Figure 1. Measurement signals of PS/2 keyboard for data,
clock, and received the compromising electromagnetic
emanations.
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Figure 2. Reconstruction the compromising electromagnetic
emanations of PS/2 keyboards when the key ‘Q’ is pressed.

The compromising electromagnetic emanations of PS/2
keyboards are measured by using the wideband antenna
which has frequency range from 25 to 3000 MHz. The
leakage signals are generated when the key is pressed. Fig. 1
shows the measured signals of PS/2 keyboard for data, clock,
and received compromising electromagnetic emanations. The
format of data and clock signal are related to the PS/2
protocol. The peaks of received signal are generated by
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falling edge of data and clock signal. It is possible to infer
transmitted data between computer and keyboard through the
compromising electromagnetic emanations.

Measured data of the leakage signals in keyboard is input to
the designed algorithm for analysis of key stroke data. The
designed algorithm accomplishes some signal processing
techniques which are band pass filtering, envelope, and peak
detection. Band pass filtering operates on frequency domain
and return to time domain signal using fast Fourier transform
(FFT) and inverse fast Fourier transform (IFFT). Fig.2 shows
the analysis result of compromising electromagnetic
emanations of PS/2 keyboard when the key ‘Q’ is pressed.
Each key of PS/2 keyboard has the scan code which is
identification hexadecimal number. The state of pressed key
data is distinguished by peak level of leakage signals. It is
verified that analysis data of compromising electromagnetic
emanations when the ‘Q’ key is pressed is equal to the scan
code of the same key as shown in Fig. 2. In addition, analysis
for other key stroke is conducted and all the keys are analyzed
perfectly with designed algorithm.

3 Summary and Conclusion

In this paper, the compromising electromagnetic emanations
of PS/2 keyboard are analyzed. The leakage signals from
keyboard when the key is pressed are measured by wideband
antenna and digital oscilloscope. The algorithm of analysis
the compromising electromagnetic emanations is designed by
using some signal processing technique. The number of key
under the analysis is 36 (A to Zand 0 to 9), and all the keys
are analyzed identically with their own scan code.
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Abstract

A compact and cost-effective electromagnetic bandgap
(EBG) structure for noise suppression in ultra-wideband
applications is designed and simulated. The structure is a
hybrid EBG structure with multi-slot in a unit cell to
provide excellent noise suppression up to 20 GHz. This
type of hybrid EBG structure shows a high noise isolation
and suppression capability of -55 dB on average in an
ultra-wide stopband range of 3 GHz-20 GHz.

Keywords: Ultra-wideband, electromagnetic bandgap (EBG),
simultaneous switching noise (SSN).

1 Introduction

Electromagnetic bangap (EBG) structures embedded in
power/ground planes have been widely studied as an efficient
solution to suppress the power/ground noise in a high speed
board and mixed-signal systems [1]-[4]. As system operating
frequency increases more and more, simultaneous switching
noise (SSN), also known as delta-1 noise has become one of
the major concerns in the development of high speed mixed-
signal systems. To mitigate the effect of SSN in ultra-
wideband, many noise suppression techniques have been
developed, such as the mushroom-type EBG structure [2], L-
bridge EBG structure [3] and AI-EBG structure [1]. However,
the mushroom-type EBG structure requires additional metal
layer with via connections, it presents an expensive solution
for printed circuit board (PCB) applications. L-bridge EBG
structure and AI-EBG structure are only made up of two
metal layers of a periodic patterned power plane and solid
ground plane. It provides a cheap fabrication and wide
bandwidth as well as deep noise suppression. Based on the
AI-EBG structure, we have presented a hybrid EBG structure
with multi-slot which is inserted into each of unit cells to
improve the noise suppression in an ultra-wideband. This
hybrid EBG structure shows excellent noise isolation of -55
dB over 17 GHz.

2 Design and numerical simulation

The multi-slot EBG structure is a metallic-dielectric EBG
structure consisting of two metal layers separated by a thin
dielectric material, as shown in Fig. 1. In the EBG structure,
only one metal layer has a periodic pattern which is a two-
dimensional rectangular lattice with each element consisting

of a metal patch with multi-slot and connecting metal
branches. The multi-slot and metal branches form multi
distributed LC networks. In this structure, a metal branch
introduces additional inductance while the metal patch with
multi-slot forms a different capacitance corresponding to the
solid planes isolated by a slot. This periodic pattern in a unit
cell provides multi cutoff frequencies, which results in
excellent noise isolation characteristics in a wide stopband
range. The cutoff frequency of the unit metal patch is
obtained as [4]:

1
foor = @)
“ T \/ ( Lbranch + Lpatch ) X C patch

The numerical simulation is carried out by using a
commercial electromagnetic simulator, Ansoft HFSS to
evaluate the performance of the designed multi-slot EBG
structure depicted in Fig. 1. The simulated result shows that
the multi-slot embedded structure achieves an ultrawide SSN
suppression characteristic over 3 GHz-20 GHz, as shown in
Fig. 2.

/ unit cell {1.5x1.5 cm)

Figure 1. Schematic diagram of multi-slot EBG structure
based on AI-EBG.

3 Conclusion

This paper presents embedded multi-slot technique to
enhance the suppression against SSN based on the periodic
planar AI-EBG structure. This hybrid EBG structure shows
excellent noise suppression over 17 GHz. In addition, it can
be easily designed and fabricated using a standard PCB
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process because it is not necessary for blind vias and an
additional metal layer.

=M |
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Figure 2. Simulated result of multi-slot EBG structure
based on AI-EBG.
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Abstract

A small size dipole antenna with built-in fiber-optic
transmitting circuit is developed for the measurement of
free-field electromagnetic field. The response to and the
influence on the tested field are investigated by numerical
analysis. Design parameters are defined based on these
analysis results. A prototype probe with length of 8cm and
radius of 1.2cm is fabricated. A compact electro-optical
transform circuit is designed and built in the hollow space
of the antenna cylinder. The responses of the
measurement system are tested in a parallel-plate
electromagnetic pulse(EMP) simulator under input of
high-altitude EMP(HEMP) and lightning EMP(LEMP). A
rise-time of 2.8ns is obtained and the output has no
obvious low-frequency distortion in measuring LEMP
fields. This kind of sensor is suitable for measurement of
wide-band electric field from 1kV/m to 15kV/m.

Keywords: Electric field sensor, EMP, dipole antenna, fiber-
optic transmission, calibration.

1 Introduction

Wide-band frequency response, broad dynamic range and
good anti-interference capability are the basic requirements
for measurement of EMP. The design and features of various
EMP sensors have been summarized by Baum et al in [1]. To
avoid the disturbance from the external high-intensity field,

EMP sensors usually use fiber-optic(FO) transmission system.

Most of the market-available FO systems are provided as
separate devices to be incorporated with the sensing system.
As a result, both the size and the complicity of the
measurement system will be increased. For an example, the
differential type free-field sensor needs to use a balun first to
transfer the balance output to the unbalance input of FO
system, then the electric signal is transformed by the electro-
optic(EO) transforming device. At the receiving end, one also
needs to use a passive integrator for recovering the true shape
of the measured field[2]. For measurement of EMP field
inside a small cavity, traditional electric/magnetic field sensor
and FO transmission system need to be integrated so as to
minimized size and the influence of the measurement system
to the field.

Gassmann and Furrer have designed a 3-D vector sensor
consisting of three double-loaded orthogonal loops and built-
in EO device[3]. To minimize the power consumption and the
size, a RF-multiplexer was used to switch the 6-channel
signals to only one amplifier. The analog signal is digitized
within the sensor circuits and transferred by digital FO system
to a computer. However, in measurement of EMP field which
occurs as a very fast single pulse, it is better to use parallel
transmission instead of the multiplexer. Xu et al has
developed a 3-D pulsed electric field sensor using built-in 3-
channel FO system[4], the circuit system was fixed in a 10cm
metallic cubic.

The aim of this paper is to further reduce the size of the
measurement device and provide a low-cost sensor for
measurement of pulsed electric field. A compact circuit for
balun and EO transforming was designed and the whole
circuit can be fit in the hollow cylinder which is used as an
antenna. The design process and tested results are introduced
in the following parts.

2 Structure of the measurement system

As shown in Fig.1, two hollow cylinders are used as the main
structure of the sensor. To minimize the influence of the
sensor structure on the measured filed, the field distribution in
vicinity of the antenna is analyzed numerically under different
situations. Fig.2 is an example of the field distribution for the
antenna with semi-sphere caps. The equivalent RC load of the
measurement circuit is also considered in the simulation.
Parameters of the geometry and the input impedance are
finally selected according to the response waveforms on the
load and the influence of the antenna on the measured field.

B

— —
qi’- g

Receiver

Fig. 1 Photo of the measurement system
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Fig. 2 Field distribution in vicinity of the antenna

bz

Fig. 3 Circuit board for use within antenna

A compact circuit board was designed to be built in the
antenna, which is shown in Fig.3. Three MOSFETSs connected
in parallel are used to provide driven current to the laser
emitter. By adjusting the DC bias of the MOSFETSs, 26mA
steady state working current was set and it enables a dynamic
range of 54dB. The sensitivity and lower cut-off frequency of
the sensor can be adjusted by changing the load capacitance.
For the antenna with full length of 8cm and radius of 1.2cm,
the sensitivity to HEMP field is 19kV/m per volt when the
load capacitance is SOpF.

3 Test results

A parallel plate electromagnetic pulse simulator is used to
verify the characteristics of the developed sensor. Fig.4 is the
responses of the antenna to HEMP (2.3/25ns) and LEMP
(1.2/50us). The rise-time of the waveform for the dipole is
2.8ns.The response to HEMP is also compared with the
measured waveform obtained by D-dot sensor on the ground
plane of the simulator. The results show that the measurement
device developed in this paper has good response for both
HEMP and LEMP. However, the reference D-dot sensor fails
to measure LEMP field because its extremely low sensitivity
in lower frequency band.

4 Conclusion

The designed free-field EMP sensor has less perturbation to
the measured field. Compared to the market available D-dot
sensor, its output is the true waveform of the electric field.
Experimental research in the EMP simulator has verified that
the sensor can be used for both HEMP and LEMP
measurement. Presently, the proto-type sensor is only for one
dimensional measurement, a three-dimensional sensor in a
spherical structure is under development.

t (ns)
(a) Response to HEMP

0.45+

0.30+

U (V)

0.15+

0.00

-50 0 50 100 150 200

£ (us)
(b) Response to LEMP

Fig.4 Measurement results of the system
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Determination of Q-value of an Avionics Bay or Other
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Abstract

A study consisting of several experimental measurement
campaigns have been performed, with aim to verify a way
of determining the Q-value of multiresonant cavities, such
as avionic bays in aircraft. Measurements have been
performed in two reverberation chambers of difference
size — of which one with approximate volume as an
avionics bay — as well as in avionic bays of an aircraft.
Besides the relatively well-known methods of
measurements in frequency-domain, refined methods of
measurements in time-domain have been verified,
including a technique with only one antenna — operating
in both transmitting and receiving mode. Use of a single
antenna may be crucial for measurements in bays of small
volume.

Keywords:  Q-value, multiresonant,  avionic
measurements, time-domain.

bays,

1 Introduction

It is vitally important in the design of modern aircraft to
protect its equipment against High Intensity Radiated Fields
(HIRF), i.e. man-made electromagnetic fields in the radio and
microwave frequency range, from transmitters such as radio
or radar. Vulnerable aircraft electronics — avionics — may be
placed in well-shielded bays as part of this protection. The
average Shielding Effectiveness (SE) of such a bay can be
expressed [1,2] as:

(SE) = 2 )

.. where V is the cavity volume, 1 is wavelength. Equation
(1) also clearly shows that o, (the aperture transmission cross
section) and Q (the cavity quality factor) have impact on the
SE. Thus; it is important to know Q.

The main scope for the actual measurement campaign(s) has
been to verify a useful method of determining the Q-value in
multiresonant rooms such as avionic bays. Parts of this main
scope has been to:
e Reproduce and possibly refine lab measurements
performed by other labs [1,4]
e Qualitatively compare measurements in time- and
frequency-domain

e Perform and evaluate measurements with a single
antenna
e Perform and evaluate measurements in time-domain,
with frequency stirring
... and finally
e Compare said lab measurements with measurements
performed on a “real” test object, i.e. aircraft.
This paper includes brief descriptions of the test methods
used and extracts from the measured results from time-
domain measurements in the lab and on the aircraft.

2 Laboratory Measurements

Laboratory measurements were performed in two different
reverberation chambers (RC), one “main” which measure 35
m?, and one smaller (nicknamed “Akilles”) which measure 1
m?. Basic setup with two antennas is shown in Fig. 1:

Network Analyzer

RC or other resonant rogm/bay

1 2 3 4
© ® O O

K/'

Paddle
Coax feed-through

\F\ px Antenna

Figure 1. Principle test setup in RC, frequency-domain
measurements shown. For two-antenna measurements
in time-domain, the network analyser (NA) is replaced
by a signal generator feeding the Tx antenna, and a
digital oscilloscope connected to the Rx antenna. The
setup is also valid for measurements in avionic bays,
though with no paddle present.

2.1 Frequency-Domain

In frequency-domain, the Q-value is determined by measuring
the S,,-parameter:

16m2V <PRX> 1
= ZRx 2
Q 23 Prx| MRxNTx9RxqTx ( )
2°)

(722) = d1s2al?)
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...where S, is measured complex data from the NA, z
represents the ohmic losses and q is the impedance mismatch
factor. The brackets in Equation (2, 2”) indicates averaging
over a number of uncorrelated paddle positions in an isotropic
environment. The method is well established, see e.g. [1,2].
The disadvantage of the method is the uncertainty in
mentioned antenna parameters; q can be derived from Sy;-
measurements, but # has to be assumed (usually — as for
actual measurements — set to 0.9 for horn antennas, cf. [3]).

2.2 Time-Domain

For measurements in time-domain, the resonant cavity is
excited by a pulse modulated signal. Ideally, the pulse decay
shall be decided by [1]:

U=Use " (3)
...where t is time (set to t,=0 at the start of the decay), 7 is the
time constant and U is the steady state energy in the cavity.
t=c will occur when U =e 1U; = 0.37U;, and with
measured, Q can be decided from the relation

Q=wt (4)

... where w is angular frequency. For each frequency, data is
measured and averaged over a large number of uncorrelated
paddle positions or adjacent frequencies — mechanical or
frequency stirring — where the latter is preferred in small
cavities. Time-domain measurements are time-consuming. It
is practically impossible to include as many frequency-points
as with frequency-domain measurements.

2.3 The Circulator Method

An innovative method for measurements in time-domain is to
use only a single antenna and add a circulator to the
measurement setup, see Fig. 2.

RC or other resonant room/bay

Signal Generator

Antenna

Cirkulator r—
.
P Digital Oscilloscope
Figure 2. Principle test setup for time-domain

measurements with the “Circulator Method”, in RC or
avionic bay (though without paddle).
Here the antenna acts as both a receiver and transmitter;
during the generator pulse time, both the incident and the
reflected pulse will be present at port 3 of the circulator; but
as the pulse shuts off (t=0 in Equation (3)), only the reflected
decay will remain on the circulator port 3.

Practically, all time-domain measurements were performed
with continuous (frequency or mechanical) stirring and

continuous sampling oscilloscope sweeps. With a fast modern
digital oscilloscope with built-in average function this is a
convenient (and also reliable, see results further down) way to
collect and process a large amount of data, guaranteeing
enough uncorrelated stirrer positions. As a comparison, in [1]
average were taken over 200 fixed paddle positions, while we
average over 1024 or 4096 oscilloscope sweeps with the
paddle in continuous movement (or frequency saw-tooth
swept in a narrow band surrounding the frequency of
interest). A snapshot example is shown in Fig. 3:

Circulator Method. Oscilloscope Snapshot

Amplitude

] x10°

Figure 3. Recreated oscilloscope snapshot from
measurements with the circulator method, paddle
stirring in Akilles. Blue curve is raw data (voltage), red
curve is voltage squared (corresponding to the
measured energy). Green curve corresponds to
continuous averaging. Note the striking visual
irregularity in the raw data, which is smoothed out
nicely with averaging. Note also that the decay of
interest starts about t=2.2us, ampl=0.7 div. With the
used oscilloscope, it takes roughly a minute to collect
an average over 1024 sample sweeps, each consisting of
20000 points.

3 Results in Time-domain

To verify the reliability of the measurements, comparison
between measurements performed with the slightly different
methods (two antennas vs the circulator method, frequency vs
paddle stirring, and also time- vs frequency-domain
measurements) shall have good correlation. Also, time-
domain measured data shall have good correlation with a
fitted exponential function (cf. Equation (3)). Fig. 4 shows
examples from the RC, and similar results can be shown from
measurements in Akilles. It may be noted that in the examples
shown, 7 is in the ps range, corresponding to fairly high Q-
values (Equation (4)) in — the 10°-10* range; Avionic bays
have magnitudes lower Q-values.

Well-correlated comparisons between measurements in time-

and frequency-domain can also be shown, but is left out of
this paper.
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Figure 4. Blue curves is time-domain measurements from
the RC. Red curves show curve-fitted exponential
functions. The upper graph shows Circulator method
results with paddle stirring. Note the characteristic
“vertical drop” in amplitude preceding the decay of
interest. The lower graph shows two antenna results
with frequency stirring. T can be calculated from the
markers on the blue curve, e.g. the lower graph gives
1.35ps (from the corresponding fitted curve, t is in this
case 1.38 ps).

4 Avionic Bay Measurements

In a similar manner as described above (Fig. 1, 2),
measurements have also been performed in empty avionic
bays on an aircraft; an example of antenna placement in Fig.
5. Holes were drilled in hatches for coaxial cable feed-
throughs.

Figure 5. Bi-conical antenna inside small avionic bay.

Due to low Q-values (and also ), interpretation of the test
results is challenging. The signal time loss in the coaxial
cables has to be taken into account (especially when using the
circulator method), and a single-exponential function fits less
perfect. In Fig. 6 time-domain measurements yield 7 = 10 ns,
i.e. Q = 135. In [5], the following requirement is set up for

an effective chamber, as a lower limit for exponential

behaviour:
2 1
Q> Qur = ()22 (5)

For the avionics bay we get Q. = 27. Since Q = 135 we
regard Equation (5) to be fulfilled. Similar results (though not
shown in this paper) can be achieved in Akilles with added
absorbers.

Avionic Bay 2.15GHz, Two antennas, Frequency Stirring, t0=8. 12|,Ls
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Figure 6. Time-domain measurements in avionic bay. Blue
curves is measured data, red is curve-fitted. Note the
three markers in the lower graph (circulator method),
highlighting the coax cable delay (17.2ns), and the
decay of interest. Here the measured T = 10ns.

5 Conclusion

Measurements of the Q-value (via t) have been performed
with slightly different methods in time- and frequency-
domain, showing well-correlated results as long as Q (and t)
is comparatively high. With lower Q-values — where the bay
of interest is on its limit of being overmoded, the results are
harder to interpret, but correlation between the measurement
methods remains good. The circulator method — time-domain
measurements with only one antenna — is together with
frequency stirring an attractive choice for measurement in
small cavities such as avionic bays.
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Abstract

During the last decades, the EMC community has shown
a high interest in the use of reverberating chambers for
the immunity testing of electronic devices. Standards have
been published so that the compliance of test facilities can
be checked. One of the remaining open questions is the
efficiency of a mode-stirrer depending on the used
material, its shape and its location within the cavity. In
this paper, a description of the three main geometries
found in the literature is given. A practical comparison of
the mode-stirrers is proposed based on the Pearson
correlation coefficient, the electric field distribution inside
a computer and the results of the immunity testing of the
same device.

Keywords: Reverberating chambers, Mode-stirrer, Statistics,
Immunity.

1 Introduction

The immunity testing of electronic devices used in critical
infrastructures is of fundamental interest to define adequate
protections to be inserted in the facilities in order to improve
the availability of services provided to users. The EMC
community has shown a high interest for reverberation
chambers (RC) for performing radiated immunity tests. One
can consider the possible electromagnetic (EM) attack
scenarios and apply them by generating an EM field with
well-known magnitude, direction and polarization and
moving the device under test (DUT) relative to the fixed
source. Another way for performing immunity testing is the
use of a RC where the DUT is placed in a fixed position in
the working volume. For overmoded RC equipped with a
moving mode-stirrer, the statistic of the field is supposed to
be uniform. Thus, a quick statistic estimation of the
susceptibility of the DUT can be performed. One of the
remaining open questions, as far as we know, is the definition
of an efficient geometry of the mode-stirrer for a given
facility. Based on the last remark, a large review of the
published academic and technical papers as well as the
pictures available on the web has been conducted.
Considering, the most commonly used geometries; it has
been decided to design and build the three most used mode-
stirrers and to compare their stirring efficiency for a given
Faraday cage thanks to the statistical tools recommended by
standards. A comparison of the stirring efficiency is proposed
in this paper.

Recently, a health monitoring software was proposed in [1] to
characterize the effects of intentional electromagnetic
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Figure 1: Schematic representing the RC

interference (IEMI) on a DUT by analysing drivers and
operating system logs, in real-time operation. Thus, such a
software is used in order to validate the statistical analysis of
the stirring efficiency of the three mode-stirrers.

The paper is organized as follows: in Section 2, the procedure
for characterizing the efficiency of mode-stirrers in
reverberation chambers is summarized. In Section 3, the
benefits of the immunity testing of a commercial off the shelf
(COTS) computer using the mode-stirrers is discussed.

2 Analysis of mode-stirrers

The aim of mode-stirring is to produce inside a RC a
statistically uniform electromagnetic field in terms of field
homogeneity and isotropy [2]. This property directly depends
on the number of significantly excited modes (bounded to the
mode density at the considered frequency of operation), their
quality factor Q (often estimated as a composite Q factor)
which quantifies the amount of energy stored in the RC, their
bandwidth BW=f/Q and finally the stirred efficiency ry (see
Section 3). While setting up a RC with a mode-stirrer, one
has to choose its shape. Unfortunately there is no theory, but
only general guidelines [3], which provide an optimal
geometry for an optimal stirring efficiency. First of all we
determine the location and the maximum dimensions of the
stirring volume given a required working volume (a computer
45.3 cm x 20.3 cm x 45.7 cm in what follows) in the RC. The
RC we are working with is 43 cm high, 72 cm wide and 92
cm long. The lowest usable frequency LUF as defined by [3]
is included in [3 frgor1, 7 freorr], in our case LUF €
[794 MHz, 1.85 GHz]. Another estimation from [4] links the
LUF to the volume V of the RC as follows LUF =
¢(90/(4nV))"* = 879 MHz. Therefore we fixed the minimum
frequency of operation fy = 2 GHz (which corresponds to a
maximum wavelength Ayax = 15 cm), i.e. well above these
estimations of the LUF. It is commonly admitted that the
working volume must be Ayax/4 = 3.75 cm apart from the
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enclosure walls, and Ayax/2= 7.5 cm apart from the emitting
antenna to ensure a uniform distribution of the field around
the DUT. Finally we get the stirrer’s volume dimensions of
30 cm wide, 30 cm long and 34 cm high. The environment
(Fig. 1) is composed of a working volume, a stirring volume
and an excitation volume.

2.1 Review of the proposed geometries

To find the adequate shape of the mode-stirrer one can
simulate different shapes [5-7], or design a stirrer by trial and
error, minimising the symmetries and then choose the more
appropriate, based on their characterization. Due to the large
open literature on RCs and mode-stirrers, it could be also
possible to rely on the existing shapes. In this work, it has
been decided to select shapes from a review of commonly
chosen ones in the literature (see for example [2, 7, 8, 9]).
The three shapes (quoted as §;, S, then S3) depicted in Fig. 2
have been selected from an analysis of more than 200
references. Note that even though we selected common stirrer
shapes, this does not ensure that those are the most efficient
ones.

2.2 Statistical tools

The stirred efficiency is commonly [9, 3] characterised by the
Pearson correlation coefficient defined as:

%i(afﬂ,)(ﬁ-w]
== (1)

T~
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JE(&—H)’JE(W—M)E
Al il
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where X = [xy,..., xy.;] is a series of measurements at a fixed
frequency, for N consecutive mode-stirrer positions. Y is the

same series rotated from one position i.e.: Y= [xy.;, Xg,..., Xn.
2]- px is the X series mean.

In our case, X is a series of magnitude of scattering
parameters |S,;| measurements between ports 1 and 2 of a
VNA connected to the transmitting and receiving antennas
respectively. ry reveals the capacity of the stirrer to lead to a
non-correlated field distribution in the RC for different stirrer
positions. A high number of positions N is likely to create
highly correlated distributions, as the angle between two
positions is small. According to [3], for uncorrelated data the
estimated 7y should be lower than the threshold p
(p=1/6=0.37 for N=30). This assumption is not relevant
for N # 30 as highlighted in [10].

2.3 Measurement description and results

The stirring efficiency of each tested mode-stirrer shape is
depicted in Fig.2. The transmission parameter |[S,| is
aggregated along a full rotation of the stirrer with N =30
steps in a bandwidth of [2 GHz, 6 GHz] with a resolution of
150 kHz using a vector network analyser (VNA). A
resolution bandwidth slightly greater than BWq has been
chosen while minimizing the noise floor. For graph
readability, the mean, the first and the third quartiles have
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Figure 2: Comparison of the three selected stirrers

been estimated from the obtained ry on blocks of 300
consecutive points of frequency. As highlighted by Fig. 2, the
ranking based on ry of mode-stirrers is: §;, S, then S;.
According to this autocorrelation function criterion S;
appears to be much more efficient than the two others as its
associated ry is (mostly) below the threshold p. For shapes S,
and S; it can be mentioned that ry decreases with the
frequency at least in the half lower bandwidth under
investigation, unlike S; which seems to be less sensitive to the
working wavelength. This tends to prove that this stirrer
provides uncorrelated realizations almost all over the
considered bandwidth.

3 Immunity testing of electronic device

RCs are well-suited for immunity testing of information
systems (IS) for EMC or security. Indeed, in one
measurement it is theoretically possible to simulate an large
number of different aggressions due to the statistic of the
field: uniform distribution of the EM wave direction and
polarization. Doing so, using a stirrer in an RC can lead to a
simple, cheap and fast method for the immunity testing of an
IS. To evaluate the immunity of IS, different techniques can
be applied. One can either measure the field inside a
computer, measure induced voltages in circuits, or record the
number of faults on a running system. In this Section, the
electric field distributions at the points of interest in the
computer are discussed. Then, a brief overview of observable
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faults induced on the computer by parasitic fields is
presented.

3.1 Mode-stirrers classification thanks to the induced
electric field

The three positions, depicted in Fig. 3, are of high interest as
susceptible components [1] are placed in these parts of the
computer (P1: hard-disk drive, P2: CD player and P3: CPU
cooling fan). In order to analyse the contribution of the
different mode-stirrers, the distribution of the electric field
along x, y and z in the computer has been compared for the
three mode-stirrers. While the homogeneity of the field inside
the computer is not guaranteed, it has been observed that S;
allows a better excitation of the field along the three axes
inside the computer in contrary to S; and S, which don’t
stimulate the component along y.

Figure 3: Electric field probe inside the computer box at
the three chosen positions

3.2 Mode-stirrers classification based on fault detection
and analysis

Linux has been installed on the computer in order to gain
easy access to drivers and operating system logs. Faults [1]
(ex. USB, PS2 and temperature sensors) induced by IEMI
can be detected. The computer was tested using the
descripted approach and, as for example, it has been observed
that the 17 CPU clock balancing was highly deteriorated.
Moreover, it has been observed that the effects (ex. clock
balancing deterioration, temperature sensors errors) were
induced at different levels of criticality depending on the
mode-stirrer and the frequency. It can be mentioned that the
mode-stirrers S; and S, don’t stimulate the electric field along
the y axis. In this case, the criticality of the induced errors is
higher while the number of type of errors is small. On the
contrary, the mode-stirrer S; excites the three components of
the field in the computer. In this case, it induces faults with
less criticality levels but broadens the type of perturbations.

4 Conclusion

An exhaustive review of mode-stirrers geometry has been
performed leading to the study of more than 100 conference
and journal papers, 25 PhD theses and a large number of
pictures available on the Internet. The three most common
shapes have been designed and tested in order to have a clue
on their stirring efficiency for a given reverberating chamber.

It has been observed that for three positions of interest in the
computer, using a mode-stirrer allows to better evaluate the
susceptibility of the critical components. During the
presentation, the faults induced by parasitic fields will be
presented. The contribution of mode-stirrers for information
systems immunity testing will be discussed.
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Abstract

FOI is establishing a facility for destructive high-power
microwave (HPM) testing and is developing an envisaged
test methodology for such tests. The methodology consists
of two test phases: (1) Determine the lowest electric field
level required to destroy an object within a frequency
range, using a reverberation chamber (RC). (2) At this
frequency, determine the most sensitive direction of attack
using an HPM generator. As a part of the development of
the test method, destructive testing has been performed in
an RC. The hypothesis of the tests was that the formula
presented by Tasca for destructive testing of individual
components subjected to direct injection is also applicable
for to an electronic circuit consisting of many integrated
circuits and other components when subjected to an
incoming electro-magnetic wave. To check this hypothesis,
a simple battery-powered electronic circuit has been
extensively tested, and the electromagnetic energy density
required to permanently destroy the functionality of the
circuit was measured as a function of pulse length. The
results follow the shape of the Tasca curve, and the
adiabatic, Wunch-Bell and equilibrium regimes are
identifiable.

Keywords: Destructive testing, Electronic circuit. High-
Power Microwave (HPM), Reverberation chamber.

1 Introduction

Powerful high-power microwave (HPM) radiation can be
used to destroy electronic equipment [1]. When mitigating
effects from EMI and jamming, low-level tests can be
performed since the system responses are linear. However,
when studying destructive effects, the system response
becomes non-linear and scaling from low-level tests will not
be possible. To be able to perform tests in the destructive,
non-linear regime, FOI is developing a relevant test
methodology and appropriate facilities [2][3]. To find out the
susceptibility of a device under test (DUT) to narrow band
HPM-pulses it is necessary to irradiate at many discrete
frequencies in a wide frequency band from many angles-of-
attack and at least two polarizations. This is very time-
consuming and will require an extensive range of HPM-
sources. To make the procedure more efficient, the testing can
be simplified by dividing it into two stages [3].

1. A reverberation chamber (RC) can be used to gain
insight into at what field levels the DUT breaks at
different frequencies. The RC must have a small
time constant and be driven by a high-power pulsed
amplifier.

2. Information on directivity can be obtained by tuning
a high-power source to the critical frequency found
in the RC-test. The source must be tuneable and have
a well-defined polarization but does not need to be a
true HPM-source.

This method is similar to the one suggested in IEC61000-5-9
[4]. As a part of developing this test methodology, an
extensive test campaign has been conducted where
destructive testing has been performed in a reverberation
chamber.

2 Problem definition

Destructive testing of individual components by direct
injection of electromagnetic energy has been reported in the
literature [5][6], where Tasca [6] offers a three-dimensional
model with a continuous time derivate for the energy as a
function of pulse length required for the permanent damage of
an isolated integrated circuit:

Wyp = (gnr3p6p + 4nr? [pC,kt, + gﬂthp) AT (1)

where, in the experiments reported here, AT = 475 K, p =
532-10°kg/m’, k=55W/Km, C,=330J/kgK and r=
1.16:10° m, and t, is the pulse length.

The Tasca curve, valid for an isolated semiconductor device,
should be applicable to an electronic circuit or system
consisting of many integrated circuits and other components
when subjected to an incoming electromagnetic pulse. In this
context however the energy given by the Tasca curve needs to
be multiplied with a factor that expresses the coupling
between the energy density in the pulse and the energy
needed for destruction of a circuit. That is, the energy density,
Wy, required to destroy an electronic system follows the
formula

Wsys = Cr Wy 2)
where C; = C; (f) is a frequency-dependent geometrical factor

that corresponds to the coupling of energy in the
electromagnetic field to energy deposited inside the integrated
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circuit. To test this hypothesis, a simple battery-powered
electronic circuit was subjected to destructive testing in a
reverberation chamber.

3 Experimental setup and test procedure

The reverberation chamber (RC) used was designed and
delivered by Siepel and has an internal volume of 1.24 x 0.98
x 0.82 m’, a working volume of 0.72 x 0.56 x 0.40 m® and a
lowest usable frequency (LUF) of 1 GHz. The time constant
of the RC allows for testing down to a pulse length of 2 us
without loading the chamber while still complying with the
DO-160 standard [7]. A photograph of the RC is given in Fig.
1. The amplifier used can deliver about 5 kW in the S-band
(2-4 GHz) with a pulse length 200 ns — 50 us. Each test uses
18 paddle positions. To rationalize testing four circuits at a
time are tested. General performance in terms of normalized
electric field strength in, and time constant of, the RC are
found elsewhere [3].

Figure 1. Photograph showing the reverbarating chamber
(RC) with transmit and receive antennas. The chamber
internal volume is 1.24 x 0.98 x 0.82 m*® and the lowest
usable frequency (LUF) is 1 GHz.

The DUT used was a simple battery-powered electronic
circuit with one integrated circuit and three other
semiconductors. All semiconductors were mounted in sockets
so that they could be replaced between individual tests. The
objective of the test is to find electric field level necessary to
permanently destroy the DUT, with the pulse length and the
microwave frequency as parameters that were varied. The test
procedure was as follows: For a given pulse length and
microwave frequency, the electric field strength was
increased stepwise by 1 dB and after each application, the
functionality of the circuits was examined. The electric field
was increased until all individual DUTs were destroyed. In
the experiments reported here it was always the same
component, the integrated circuit, which was destroyed.

4 Results and discussion

4.1 Tasca curve comparison

Fig. 2 shows the electric field strength required for permanent
destruction of circuit functionality at 2.0 GHz as a function of
pulse length. The figure gives the field strength were the first
of the four circuits is destroyed and the field strength where
the last of the four circuits is destroyed. At the pulse length of
3 us, we could not achieve sufficiently high field strength to
destroy all circuits. Fig. 3 shows the same data as in Fig. 2,
but expressed in the form of energy density instead of electric
field strength. The figure also includes a Tasca curve fitted
according to equation (2) with C,0=3.15x10* m?, showing
good general agreement.

Electric field (E,__ ) vs. pulse length

Tmax

_| == Highest Field ||
=& | owest field

[N
i
T
|
|
1
|
|

= =
o N

©

Electric field [kV/m]

I

|

|

L

|

1

7 10 20
Pulse length [us]
Figure 2. Electric field strength required for permanent
destruction of circuit functionality at 2.0 GHz. The green
line shows the field strength required to destroy one of the
four circuits. The blue line shows the field strength
required to destroy all of the four circuits.
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Figure 3. Same data as in Fig. 2, but plotted in terms of
energy density. Included is also the mean energy density
required for destruction. In addition, the fitted Tasca
curve (equation (2)) is added with C,,=3.15x10" m™2. The
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approximate regions of adiabatic, Wunsch-Bell and

equilibrium regimes are indicated in the figure.

Approximate extensions of the regions of adiabatic, Wunsch-
Bell and equilibrium regimes are indicated in Fig. 3. It is seen
that for the shortest pulse lengths (3 and 6 ps) the energy
density levels out. This is an indication that the adiabatic
region for this particular circuit is reached at about 6 ps. More
experiments are needed to confirm this but reaching the
adiabatic regime means that the results can be extrapolated
down to the often very short pulses, of the order of 10’s or a
few 100’s of nanoseconds emitted by real HPM-generators.

4.2 Cumulative distribution function

Several tests were performed at each electric field level for a
pulse length of 50 ps, and the experimental cumulative
distribution function (CDF) is plotted (Fig. 5). Ten circuits
were tested at each electric field level. The data shows that no
circuits were destroyed at an electric field level of 5 kV/m
and that all circuits tested were destroyed at 10 kV/m. The
detailed shape of the curve might be interesting from an
academic point of view, but is not really relevant for an HPM-
perspective. This is because the data in the middle is not
really relevant since no-one is interested in 50% survivability.
Instead, when protecting a device, one is interested in the
protection, or survivability, level Pp, which is the region
where no circuit is destroyed (left of the vertical green line in
Fig. 5). On the other hand, when designing an HPM-weapon,
one is interested in the high kill-probability level Py, which is
the region where all circuits are destroyed (right of the
vertical red line in Fig. 5). Note that although the exact shape
of the curve might not be relevant, the distance between Py,
and Pp (in V/m or W/m®) is relevant since it is a measure of
how narrow the margin is.
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Figure4. The experimentally measured cumulative
distribution function (CDF) of the required electric field
strength required for permanent destruction of circuit
functionality, for a pulse length of 50 ps and a frequency
of 2.0 GHz. The vertical lines indicate the regions of
interest for protection of the device, Pp, and for
destruction of the device Py. Lines in the picture are just
examples where it is assumed that the desired protection

level results in Pp >95% survivability and the probability
for a kill when designing a HPM-weapon is
Pw >95%0.

5 Concluding remark

The energy density needd to permanently destroy the
functionality of an electronic circuit at a certain frequency is
shown to follow the Tasca curve together with a frequency-
dependent geometrical factor accounting for the coupling
efficiency between the field and the circuit. The results
presented here are based on a small number of individual
experiments; in order to obtain a better fit between
experimental data and theory many more tests at each pulse
length are needed.

In the cumulative distribution function (CDF) of the required
electric field strength required for permanent destruction of
circuit functionality, in general only the left-hand side (high
survivability probability) and the right-hand side (high kill-
probability) are of interest.

If RC-testing can be performed in the adiabatic regime where
energy required for destruction is constant, the results can be
extrapolated to realistic HPM-pulse lengths. Future studies
will include destructive testing using an HPM-source.
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Abstract—Forceful collision between moving electrode and
the target due to large approach speed will result in deformation
or damage when discussing discharge parameters variation with
approach speed. Simultaneous impact of surroundings factors on
discharge process made non-repeatability of discharge
measurement. A novel electrostatic discharge(ESD) test
system(China invention patent No. ZL201310017269.6) is created
for detecting effect on discharge parameter of electrode moving
to the target, after analysis of problem existed in test devices of
electrostatic discharge(ESD) by previous research. The new
system avoid possible instrument damage whereas keep straight
line high velocity motion of ESD generator to the target. For the
situation of multiple environmental factors impacting on
discharge process, the new system can be used to measure every
single factor effect in non-contacted ESD. Verification examples
were provided in experiment. The variation of discharge current
peak value reached Al,=0.56 A for velocity change Av=0.1276
m/s. Fast velocity has two peak values in 1ns discharge current
whereas only one peak value in 1ns discharge current for slow
velocity.

Index Terms—velocity;multiple factor;discharge parameter;
gap; noncontacted discharge

I. INTRODUCTION

Detecting effect on discharge parameters of electrode
movement at high velocity to the target and avoiding damage
of experiment setup has been a hot problem in ESD research
for long time since 1987, when B. Daout, H. Ryser et al''.
pointed out that approach speed has influence on discharge
result. Vehement collision for straight line motion between
high velocity moving electrode and the target may cause
serious damage of measurement system. The Swiss researchers
used a rotating body with circular motion to replace directive
line motion, getting equivalent straight line motion. One end of
the arm rotating circular motion closed to the discharge target
to be equivalent into linear motion. In this way, researchers
intend to examine the influence on discharge result due to the
equivalent linear motion between a charged body and the
electricity body. Researchers in the China state key laboratory
of electromagnetic circumstances protection'®), made another
experiment setup for approach action on ESD parameters. The
discharge gun fastened on rigid body makes free fall rotary
motion in the vertical plane. Discharge takes place when the
ESD gun tip (discharge head) rotated to the position closest to
the horizontal position (location of the discharge target fixed).
Both experiment setups above mentioned have similar feature,
no straight line motion between charged body and victim but
with circular motion to equivalent linear straight motion. ESD

This work was supported by National Nature Science Foundation of
China (No. 60971078), by Guyzhou Provincial Fund for International
Collaborative Science and Technology Research(No. G [2012]7019), by
Nature Science & Technology Foundation of Guiyang Baiyun District (No.
[2014]10),.

gun head speed, in the second place, at the position of
perpendicular to the ground (closest to discharge target) speed
value was got through energy transferring process calculation
from gravitational potential energy into kinetic energy on the
basis of the law of conservation of mechanical energy. D.
Pommerenke" proposed method detecting approach speed, arc
length.

No public job report, till now, has resolved the problem of
electrode or the target possible deformation or damage, due to
strong collision between them when electrode moves at large
speed to the target along straight line. The accuracy and
credibility of the research results are hence still needed to be
improved much.

Based on comparative long time research our team creates a
new detection system (China invention patent No.
71.201310017269.6) of electrode movement speed effect on
parameters in ESD event, providing completed problem
resolution of contradiction between large speed of moving
electrode and serious damage due to strong collision between
electrode and the target. Multiple factors of gas pressure,
temperature, relative humidity, approach velocity, sorts of gas
can be quantitatively measured with the new system.

II. EQUAVALENT CIRCUIT OF ESD GENERATOR

A type of equivalent circuits of ESD generator is shown
in Fig.1, describing two models of air discharge and contact
discharge. All elements in the equivalent circuit are given with
their symbols in frequency domain. The flat ground cable is 2m
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Figl Equivalent circuit of ESD generator discharge in
two modes
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long. The current detector (discharge target) has 2Q effective
resistance. For contacted discharge model, seen the right half
part in Fig.1, electrode tip has no effect discharge action to be
considered, but in air discharge model(shown in the left half
part in Fig.1) electrode tip capacitance play an important role in
the entire discharge current process. Two large peaks for air
discharge event can usually be seen in discharge current
waveform in experiment measurement with electrostatic
discharge generator.

For discharge current waveform the area under curve,
accordance with relationship between current and electrical
charge, refers to corresponding amount of charge. The first
large current peak in discharge current waveform is caused by
stray capacitor on the electrode tip, while the second large
current peak is the discharge from -cluster capacitor in
electrostatic discharge simulator (ESD generator). Discharge
Mode A and Mode B described in Fig2 are two types of ESD,

providing equivalent circuit of electrostatic discharge generator.

For two discharge modes in experiment with ESD generator,
mode A correspond air discharge while Mode B represents
contacted discharge.

III. FEATURES OF NEW MEASUREMENT SYSTEM

In order to research influence on discharge parameters
from multiple factors a new measurement system has been
developed by our team. The new developed measurement
system has been awarded patent with No. ZL201310017269.6.
Electrode has high velocity to the target whereas avoid
successfully instrument damage resulted from much strong
collision between the electrode and the target, an difficult
problem confused international researcher in EMC since 1987,
has been resolved thoroughly through excellent machinery-
electrical design. The second important feature of new system
is to detect multiple factor effect on discharge parameters. The
main factors impacted on discharge parameters include gas
pressure, velocity of electrode moving to the target,
temperature, relative humidity, and different sort of gas. The
new developed ESD measurement system provides new means
for researchers to implement deeper and more extensive
investigation on electrostatic discharge properties.

In non-contacted air electrostatic discharge events
discrete and much low repeatability of measurement results are
the typical features of parameters measured. Mechanism
investigation on low repeatability of measrued discharge
parameters has important theoretical significance for ESD
research. We performed initially experiment research with our
new ESD measurement system.The temperature and relative
humidity in experiment are T=20 °C, RH=56, respectively.
Discharge gap variation can be controlled through step motor
serve circuit. High performance digital oscilloscope,
DPO7254(BW2.5GHz, sampling rate 40GS/s), was employed
to records discharge current data. The discharge target is set in
the centre of right wall of the aluminium system body,
connected through cable with digital input terminal of the
digital oscilloscope. Electrostatic discharge generator is
EMPEK ESD-2020G, which has specifications meeting with
IEC standard IEC61000-4-2.

IV. SIMPLE APPLICATION EXAMPLES OF NEW SYSTEM

The novel ESD measurement system was employed to
detect velocity effect on parameters of discharge current. The
setup is shown in Fig.2. The voltage in experiment applied on
electrostatic discharge generator is 1kV. For driving motor,
f=7000Hz refer to comparatively high velocity(corresponding

Fig.2 new measurement system of ESD(China invention
patent No. Z1.201310017269.6)

to ~0.2146m/s) of electrode moving to the target, f=3000kHz
refer to comparatively low velocity(corresponding to 0.087m/s).
The result of measurement corresponding the two velocities
shows notable difference on their peak value, rise time,
waveform. Discharge result for the same charge voltage and
same gap, usually seem to be identical too. The real
measurement result of discharge currents for the same voltage
and gap, however, give drastic difference. The result of
measurement imply that there may be other factors, in addition
to charge voltage and gap, which impact on discharge process
and cause the distinct variation of current peak, rise time,
waveform. Circumstances temperatures, relative humidity, air
pressure, velocity of electrode to the target are important
factors affecting discharge parameters.

As shown in figure3 is discharge current measured for the
electrostatic discharge generator moves at low speed (0.087
m/s) to the discharge target. The frequency for motor is 3000
Hz(corresponding low velocity 0.087m/s), voltage supplied to
electrostatic discharge generator is 1.0 kV, air pressure within
the experiment box is -0.008MPa(0.92atm), temperature is 10
C, relative humidity is 65% while the gas type is air.
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Fig. 3 discharge current for electrode moving at low speed

In figure 4 is given measurement example2 with new
system, shown the discharge current for electrostatic discharge
generator moves at comparatively high velocity (0.2146 m/s) to
the discharge target, voltage supplied to electrostatic discharge
generator is 1.0kV, pressure within the sealed experiment box
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is -0.008MPa(0.92atm), frequency for motor is 7000 Hz,
temperature is 10°C, relative humidity is 65% and the gas
species is air.
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Fig.4 discharge current for electrode moving at high speed

Discharge current peak value, rise time, waveform, seen
from Fig.3 and Fig.4, have distinct change with velocity of
electrode (ESD gun) moving to the target. Seen from the two
figures, one can observe that, the lower the electrode velocity
to the target, the smaller the discharge peak value and the
blunter rise time(Fig.3); the larger the velocity of electrode
moving to the discharge target, the higher the current peak
value and the steeper the rise time slope(Fig.4).

In Ins time range, seen in Fig.3 and Fig.4, fast velocity
of electrode resulted in two current peaks but slow velocity
corresponding only one peak current value. Difference of the
largest peak current values between fast velocity and slow
velocity reached Al,=0.56A for velocity change Av=0.1276m/s.
The first large peak current in the waveform of discharge,
according to the equivalent circuit of ESD generator discharge
shown in Fig.1, refers to discharge from distributive stray
capacitor of the electrode tip. The second largest peak value in
discharge current waveform corresponds to the discharge from
the cluster capacitor(energy storing capacitor).

V. CONCLUSSION

The new test system of ESD can be used to investigate
the effect of electrode velocity to target, gas pressure variation
on discharge parameters in non-contacted ESD, and has strong
potential function to research more factors effect on
parameters in electrostatic discharge. The problem needing
large velocity of electrode moving to the target and avoiding
possible instrument damage due to strong collision has been
resolved completely with the new ESD measurement system,
which also provides a potential new approach or platform for
extensive problems investigation of ESD.
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Abstract

We here present our latest developments concerning
electro-optic sensors dedicated to ultra-wide band (>9
decades of frequency) and high dynamics range (130 dB)
characterization of electric fields. Such dielectric probes
act as fully uncoupled and orthogonal to each other
receiving dipole antennas; they allow to perform a
vectorial analysis of the transient evolution of each electric
field component. Furthermore, they present a very low
invasiveness due to their low permittivity (<4), their very
small size (measurement volume <1 c¢m®), and their
practically unlimited optical fiber link (>100 m). These
sensors give access to metrologic measurements (absolute
strength of electric field) in harsh environments as the
measurements are fully independent of temperature
variations, fiber link mechanical vibrations, EMI,
magnetic field and pressure variations.

Keywords: Electromagnetic measurement, Optical probe,
Electro-optic effect, Electric field, Fiber optic sensor.

1 Introduction

Among the numerous solutions to characterize radiated and
evanescent electric (E) fields, the use of antennas remains the
most widespread experimental technique. In the case of
guided E-field, contact probe are mainly used. The main
drawback of such sensors lies in their metallic structure that
could induce strong perturbation of the field to be measured.
Moreover, their size is linked to the lower bound of their
frequency bandwidth, this latter being intrinsically limited.
Finally, while their measurement dynamics is rather large, the
experimental analysis of intense field may lead to partial or
even total discharges, which are critical for the downstream
instrumentation. In this context, we here propose fully
dielectric pigtailed optical sensors as an alternative for the
non-invasive and ultra wide band vectorial electric field
characterization.

2 Electric field sensor principle

These optical sensors are based on the linear electro-optic
(EO) effect (also Pockels effect). This effect occurs in non-

linear optical crystals for which the eigen refractive indices
are modified by the applied electric field vector to be
measured. Experimentally, a laser beam is used to probe the
EO crystal which acts as a phase, amplitude or polarization
state [1] modulator. Then, the phase, amplitude or
polarization state of the laser carries out the real time
evolution of a given component of the field vector [2].

3 Optical probe description

The structure of the sensors consists in an optical arrangement
involving micro-lenses to collimate the laser beam inside the
EO crystal transducer and wave plates to control its
polarization state. The packaging of the probe is based on a
multi-layered dielectric coating ensuring both mechanical
probe integrity and permittivity matching between the
ambient medium in which the measurement is carried out (air,
water, plasmas, ...) and the EO crystal transducer. The field
characterization can be remoted up to several tens meters
thanks to an optical fibre. This fibre links the sensors to an
optoelectronic unit which includes both laser feeding and
optical treatment. This unit delivers finally an electrical signal
directly proportional to each of the three components of the
E-field vector.

4 Electro-optic probe features and potentialities

The whole system has been exhaustively characterized and its
intrinsic performances are summarized in Table 1.

Table 1: Performances of the EO system.

Minimum detectable field <1Vm'Hz"
Maximum measurable field >3 MVm'
Measurement dynamics > 130 dB
Vectorial selectivity >40 dB

Freq. bandwidth (EO probe) 30 Hz — 10 or 50 GHz

Spatial resolution <3x3x5mm’

Thanks to their above-mentioned features, to their millimetric
size, the EO probes are suitable for metrological E-field
assessment either in free-space or for guided waves. The
potentialities of such a technique has already been
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demonstrated for various applications: vectorial near field
mapping [3], E-field assessment in liquids (water, biological
media, ...) [4], high power microwave, electromagnetic
interference, intense field analysis, electric discharge or
plasma studies [5,6], and energy diagnostic [7].

As an example, Fig.1 presents the transient response of one
component of the E field in the reactive region of an ultra
wideband antenna fed by nanosecond pulses.

UWB “shark” antenna
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Figure 1. Top: Photography of the EO probe located in

the vicinity of a shark antenna. The antenna is fed by a
Kentech generator delivering nanosecond pulses (5 kV
peak volatge). The probe is orientated to measure the
vertical component of the field. Bottom: absolute
measurement (left scale) of the vertical E field component
and associated spectrum.

5 Conclusion

The EO technique allows to measured electric field in harsh
environments, and leads to a comprehensive analysis of the
spatio-temporal distribution of the E field in almost any
configuration, wherever measurements performed in air,
gases, vacuum or liquids. The associated performances make
them suitable for many applications, and fulfill very well the
requirements for non invasive and remoted intense field
measurements. Basic principles of the EO technique will be
explained during the conference. The advantages and

limitations of the EO technique will be also presented
together with a benchmark of other available metrological
techniques.  Additionally, experimental electric field
characterizations, in various conditions, will be presented and
compared to theoretical and/or numerical simulation.
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