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ABSTRACT We design a small nuclear electromagnetic pulse (NEMP) simulator to study the immunity
of core electronic components in high-altitude electro-magnetic pulse (HEMP) environments. The NEMP
simulator comprises of a power device, a high-voltage charging part, a pulse-shaping part, and the input taper.
The performance of the proposed simulator is verified by the actual experimental results. The positive and
negative polarities for the mono pulse output of a transient pulse generator are checked against the standard.
The field uniformity of the proposed NEMP simulator is 1.6 dB and fully meets the standard.

INDEX TERMS Nuclear electromagnetic pulse, high-altitude electromagnetic pulse, guided-wave electro-
magnetic pulse simulator, field uniformity.

I. INTRODUCTION
High-altitude electro-magnetic pulse (HEMP) is the
electromagnetic (EM) pulse that is observed due to nuclear
explosions at an altitude of 30 km and above [1], [2]. The
IEC 61000-2-9 standard [1] established by the International
Electronical Commission (IEC) categorizes the radiant envi-
ronments of HEMP according to the creation of time. Further-
more, the mechanism of nuclear explosion at high altitudes
was characterized by the peak electric fields of E1(early
time), E2(intermediate time), and E3(late time), as well as
fast rise time (10–90%) and pulse duration. HEMP has a peak
electric field of 50–65 kV/m, a rise time of 0.9–4.6 ns, and a
pulse width of 23–184 ns, covering a large area [2].

Previous studies on HEMP can be divided into two main
categories. The first involves the HEMP generation process
and the E1 signal. These studies were performed by simu-
lating the explosions of nuclear weapons at high altitudes
and converting gamma rays into EM energy via Compton
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scattering, resulting in the formation of a HEMP on the
surface of the environment [3]–[5]. Additionally, in the
HEMP environment, the E1 signal exhibits the largest electric
field intensity and a fast exponential waveform in nanosec-
onds. Therefore, HEMP has a large impact on electronic
equipment, which has been studied extensively [4], [6]–[8].

The second is on NEMP simulators for artificially gen-
erated HEMP signals. These simulators have become an
important mean of solving many problems that arise in the
HEMP environments [9]. The implementation technique and
standard of the E1 pulse characteristics of the NEMP simula-
tor were summarized [6] and NEMP simulators were clearly
explained in terms of their characteristics [10]. The NEMP
simulator artificially generates the HEMPE1 pulse waveform
for the HEMP process described above, to test the immu-
nity of the equipment under test (EUT) for the HEMP E1
pulse [11].

According to the IEC standard [12] and Baum [13],
the NEMP simulators are classified into three forms. These
are 1) guided wave, 2) hybrid, and 3) dipole (radiating). The
characteristics and experimental methods for each type have
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been detailed in a previous study [7]. Several researchers
have modeled HEMP signals according to the type of sim-
ulator and have achieved outcomes through all the three
forms (guided wave [14]–[17], hybrid [18], [19], dipole [20])
by using only computer simulations. Also, the guided-wave
simulator has four types of waveforms parallel, triangular,
conical, and rhombi-plate [21].

In [22], fifteen measurement points in the guided-wave
large NEMP simulator was undertaken using the Finite
Integration Technique (FIT). The results of field uniformity
were also analyzed by computational methods and real
measurements.

In [23], the guided-wave of the parallel plate type was
simulated on CST to find the optimal feed angle, which was
found to be 18◦. The prototype was modified with a hybrid
parallel-plate/conical TEM-Line to meet MIL-STD-461G.

The previous NEMP simulators were generally large since
the size of the EUTwas larger than 1m [15], [23]. Most of the
recent electronic components areminiaturized and integrated.
The small NEMP simulator has the advantage that only the
core parts of the EUT can be disassembled and used for exper-
iments in a test bed environment. It can be implemented in the
laboratory and can be used for EMP coupling studies on small
electronic components without setting up a larger NEMP
simulator [24]. Also, the previous NEMP simulators have
evaluated the immunity of the EUT at the system level, not
the component level. However, it is becoming increasingly
important to evaluate the immunity of the core components
at the component level. Therefore, small NEMP simulators
are required.

In [25], the small NEMP simulator has been proposed
to simulate the transmission line circuit model using the
time-domain reflections (TDR) method and predict the field
strength. The results showed an error of less than 10% below
70 kV/m. Also, previous studies [22]–[23], [25] of NEMP
simulator did not contain negative polarity for the mono pulse
output of a transient pulse generator that was required by the
specification [26].

In this paper, a small NEMP simulator is proposed.
According to the equipment conditions of the MIL-STD-
461G standard, the NEMP simulator requires both positive
and negative polarities. It is necessary for electromagnetic
compatibility (EMC) testing to enable negative polarity, and
additional designs have been made to implement it. The step-
by-step design process for the implementation of negative
polarity is proposed by using a high voltage DC- DC negative
converter within the high voltage charging part. In addition,
the electric field strength experiment was conducted from
low electric field strength to high electric field strength by
combining spark gap and solenoid in the pulse shaping part.
Capacitances of the high-voltage charging part and the field
uniformity are calculated and the impedance considering
the pulse waveform is predicted by using the computer
simulation (MWS of CST). The performance of the NEMP
simulator is verified by the experiments.

II. DESIGN OF NEMP SIMULATOR
A. DESIGN OVERVIEW
The EMP simulator has three types of guided-wave simulator,
as shown in Fig. 1 [21]. In the parallel-plate simulator (PPS)
method, the input taper (transmission line) is connected to
the pulse generator, and it transmits a signal to induce the
field with a working volume. This consists of three parts,
which are 1) input taper, 2) parallel plate to the bottom
surface, and 3) output taper. The PPS type simulator is advan-
tageous in that the reflected wave and the field distortion are
small. However, the length of the input taper is relatively
long to obtain good characteristics for PPS. Additionally,
the triangular-plate simulator (TPS) removes the horizontal
parallel-plate section in the PPS form. The input taper is
directly connected to the output taper in the middle of the
simulator. This causes a drawback in that the reflected wave
becomes larger in the middle region.

FIGURE 1. Guided-wave EMP simulator of categorization.

In the conical-plate simulator (CPS), the output taper is
removed from the TPS form, as shown in Fig 2. Since the
CPS uses only the input taper area as the working volume,
it is suitable for testing a small electronic component. Inside
the input taper, an electric field waveform similar to an
electromagnetic wave in free space should be applied to the
test object. This means that the pulse incident on the test
object should be a transverse electromagnetic (TEM) wave
with planar wave, as in free-space propagation [14], [27].
Therefore, the input taper is designed to reduce S11 (return

FIGURE 2. Side view of conical-plate simulator (CPS).
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loss). In other words, it should be designed to reduce the
reflected wave caused by the change in the characteristic
impedance that occurs at the matching part of the input
taper and termination part(impedance). Also, the TEM wave
propagation in an electric field inside the working volume of
the CPS-type NEMP simulator is expressed as (1) [15].

E =
V
h

(1)

where E is the electric field strength in V/m, V is the voltage
at the input port of the CPS in V, and h is the septum height
in m. Therefore, in the overall design, the input voltage and
height of the input taper must be considered. The design flow
chart of NEMP simulator is shown in Fig. 3. For testing small
core electronic component, the required maximum height is
500 mm. Consequently, the maximum input voltage of the
pulse-shaping part must be 25 kV. The small NEMP simulator
comprises a power device, a high-voltage charging section,
a pulse-shaping part, and the input taper, as shown in Fig. 4.

FIGURE 3. Design flow chart of NEMP simulator.

FIGURE 4. Structural diagram of small NEMP simulator.

B. POWER DEVICE
The power device consists of an AC–DC converter that con-
verts commercial AC power into DC power and a main
micro controller unit (MCU) circuit that generates the con-
trol signal, and supplies power and the control signal to the

high-voltage charging part and pulse-shaping part. Power
device transmit the high voltage DC–DC converter-driving
waveform (8 V, 30 ms).

C. HIGH-VOLTAGE CHARGING PART
The high-voltage charging part uses a high-voltage DC–DC
converter signal to charge the capacitor, by boosting a high
voltage of several tens of kV with the power applied by the
power device. In this part, positive and negative polarities are
created and delivered to the capacitor by switch.

D. PULSE-SHAPING PART
The pulse-shaping part converts a charged voltage of 25 kV
DC in the capacitor of the high-voltage charging part into a
pulse through a solenoid and transmits it to the input taper.
The solenoid then receives the control signal to operate from
the main MCU circuit of the power device. In the solenoid
operation, the 25-kV signal source is short-circuited using a
spark gap. Through this, the signal source is transmitted to
the input taper of the input unit (± 25 kV, 30 ms), as shown
in Fig 5.

FIGURE 5. Measured output voltage of pulse-shaping part. (a) Positive.
(b) Negative.

In the case of computer simulation of the pulse-shaping
part, the excitation signal (25 kV, 2.54 ns) of the source
stage applied to the discrete port, only the expected transient
time is applied when the source switch is short-circuited. The
excitation signal is shown in Fig. 6. Moreover, the source
capacitance (SC) must be designed according to an arbitrary
load resistor value. The SC of the simulation is from the
capacitor physically mounted inside the discrete port source;
assuming a load resistance of 100 �. This means that this
value is selected to satisfy the full width at half maximum
(FWHM) during the normal RC discharge. When R= 100 �
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FIGURE 6. Excitation signal(simulation) applied to discrete port.

and C= 280×10−12 F in the RC discharge (2) assuming that
the switch short-circuit transient time is t , the current I flow-
ing through the input taper becomes 50% of the maximum
value is approximately 19.4 ns, which satisfies FWHM.

I =
Vo
R
e−t/RC (2)

E. SIMULATION OF THE INPUT TAPER AND IMPEDANCE
Electric field of a HEMP E1 pulse is generated inside
the input taper using the excitation signal applied in the
pulse-shaping part. In general, the input taper of a large
NEMP simulator required to meet MIL-STD-461G uses a
metal wire. This is because it is difficult to reduce the EMP
rising time using metal plates due to the occurrence of corona
and high impedance [22], [28]. However, small NEMP sim-
ulators can be designed using metal plates as they are less
impacted by above problems. As presented in Fig. 7, the input
taper part was designed in the form of ametal plate and design
parameter with simulation is shown on table 1.

TABLE 1. Design parameter with simulation.

Impedance matching is important for the input taper
because it changes the waveform shape. A poor matching
between input taper and termination part(impedance) can
destroy the target pulse waveforms even if the other parts
of the simulator have been designed well [14]. For parallel
plates, the impedance can be calculated by using the trans-
mission line equation [29], [30]. In the TEM horn antennas,
the impedance can be calculated by considering the width and
height of the input taper [31], [32]. In the case of small-NEMP
simulators in the type of CPS, a formalized waveform

FIGURE 7. The simulation model of small NEMP simulator. (a) Top view
(b) Side view.

(a peak amplitude of 50 kV/m, an FWHM of 23 ± 5 ns,
and a rise time (peak amplitude of 10 % to 90 %) of
1.8–2.8 ns) is required [26]. So, it is necessary to calculate
the impedance considering the waveform by using computer
simulation (MWS of CST). Fig. 8 and Table 2 show the wave-
form in terms of the impedances from 50 � to 377 �. At the
intrinsic impedance (377 �), the largest field strength was
71 kV/m; however, the formalized waveform was obtained

FIGURE 8. Electric field waveforms with varying impedance.

TABLE 2. Simulation results.
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when the impedance was 100 �. Normally, the NEMP sim-
ulator is terminated by a characteristic impedance, typically
in the range of 80–100 �, at the end of the line [33]. In the
above method, a load resistance of 600 � was used for all six
parallel lines, and the total resistance value was set to 100 �.
The components of the electric field are Ex, Ey, and Ez. The
difference between Ey and other components is greater than
7dB since the direction of the E-field probe is the Y-axis.

III. MEASUREMENT
All designs were completed using computer simulation, and
the fabricated prototype is shown in Fig. 9.

FIGURE 9. Fabrication of small NEMP simulator.

A. EXPERIMENT OF ELECTRIC FIELD STRENGTH
As presented in Fig. 10, the experiment of electric field
strength was performed in an anechoic chamber for accurate
measurements. A D-dot probe (Montena SFE35G) and a
digital oscilloscopewere used tomeasure thewaveforms. The
measurement position of a D-dot probe was 50mm from the
bottom of metal plate. The measurement result was compared
with the simulation results, which are shown in Fig. 11 and
Table 3. Despite a pulse delay time of 4.27 ns between the
measurement and the simulation, themeasured peak, FWHM,
and rise time were consistent with the simulation results.

FIGURE 10. Measurements in an anechoic chamber.

Measurement is conducted according to the standard
method. It was necessary to increase the pulse amplitude
in two steps until the required 50 kV/m was reached. Also,
the negative polarity was thoroughly examined since the
standard requires both positive and negative polarities for the

FIGURE 11. Measurement result compared with simulation.

TABLE 3. Measurement compared with simulation.

mono pulse output of the transient pulse generator. Negative
polarity must be activated on the electromagnetic compatibil-
ity (EMC) test, as both polarities were required in the elec-
tromagnetic immunity experiment [34]. The measurement
results of the pulse amplitude are shown in Table 4 and Table 5
for positive polarity and negative polarity, respectively. The
targeted pulse amplitude is very similar to the measurement.
Themain purpose of themilitary electronic equipment immu-
nity test of MIL-STD-461G and the general electronic equip-
ment immunity test of IEC 61000 is performed to determine a

TABLE 4. Pulse amplitude of positive polarity.

TABLE 5. Pulse amplitude of negative polarity.
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weak immunity level of the electronic equipment. Therefore,
measurements are made by varying the electric field strength
to several levels from the lowest strength (10%) to the highest
strength (100 %).

B. EXPERIMENT OF FIELD UNIFORMITY
The field uniformity is crucial to ensure the validity of
results of the EUT in the electromagnetic field [34]. It is
important that the proper field uniformity is formed inside
the small NEMP simulator’s input taper. According to
MIL-STD-461G, five measuring points must be set inside the
input taper, the uncertainty on the peak value of the electric
field is 0 dB ≤ magnitude ≤ 6 dB, and the rise time and
FWHM values must also be met [26]. The field uniformity
is given by (3), (4), (5) [35], [36].

field uniformity = 20 log
E+ 1.15 · s
E− 1.15 · s

(3)

where E is the mean value and s is the standard deviation as

E =
1
n

∑n

i=1
Ei (4)

s =

√
1

n− 1

∑n

i=1
(Ei − E)2 (5)

The MIL-STD-461G requires five measurement positions
for the field uniformity, but the additional measurements were
made for nine measurement positions. Fig. 12 shows the
measurement position (0.2 m length × 0.2 m width) of each
point in the field uniformity of the small NEMP simulator
and the measurement results are listed in Table 6. The results
of the measurement are 1.6 dB and 1.3 dB for five and nine

FIGURE 12. Positions of each point in field uniformity.

TABLE 6. According to position of measurement (9 position).

measurement positions. These results meet the MIL-STD-
461G standard for the field uniformity. Note that there is only
a slight difference in the field uniformity even if the measure-
ment position of each point is shifted a little bit. Large NEMP
simulators do not have a directionality due to the isotropic
radiation pattern [37]. For large NEMP simulators, the field
uniformities (1.0 m length × 1.0 m width) are is 3.6 dB
and 3.5 dB for five and nine measurement positions, respec-
tively [22]. Thus, the field uniformity of the proposed small
NEMP simulator is 2 dB better at five measurement positions
and 2.2 dB better at ninemeasurement positions than the large
NEMP simulator. This improvement of the field uniformity is
the result of using both the spark-gap and the solenoid in the
pulse shaping part. If the output voltage of pulse-shaping part
is less than 10 kV, a solid-state switch can be used to generate
an accurate output voltage. The accurate output voltage can
reduce the deviation of the electric field strength and achieve
the good results of field uniformity. However, the maximum
output voltage of the pulse-shaping part of our simulator is
25 kV according to equation (1). Therefore, a non-solid state
switch, i.e. spark gap should be used instead of the solid-state
switch [38] and the output voltage inevitably deviates due to
the characteristics of the spark gap. To solve this problem,
the pulse-shaping part was implemented with a spark-gap
and a solenoid. Fig. 13 shows a fabricated the pulse-shaping
part. The solenoid makes the spark gap into a short circuit
when it receives an electrical control signal. Then DC 25 kV
charged in the capacitor of the high-voltage charging part is
applied to the input taper through the spark gap. The solenoid
can compensate the output voltage deviation of the spark
gap. The solenoid uses a triggered method and it triggers
immediately when the targeted voltage is charged in the spark
gap, thus the spark gap has a smaller voltage deviation than
the self-triggered method. In addition, it always makes a
constant peak pulse voltage as shown in Fig. 14. A constant
peak pulse voltage is applied to the input taper through the

FIGURE 13. Spark-gap and solenoid in the pulse-shaping part.
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FIGURE 14. Output voltage of spark-gap in the pulse-shaping part.

spark gap, and the electric field is formed uniformly inside
the input taper. Another reason to use a solenoid is to get low
voltage to high voltage to create an electric field from 5 kV/m
to 50 kV/m. Therefore, it is possible because the targeted
voltage is charged in the spark-gap and accurate output can
be performed using a solenoid. (ex. output voltage of spark-
gap: 2.5 kV, electric field: 5 kV/m (10 %)∼ output voltage of
spark-gap: 25 kV, 50 kV/m (100%)). As a result, we obtained
the improved results of the accuracy for the electric field
strength and field uniformity by combining the spark-gap
and the solenoid. The proposed NEMP simulator has the
advantage of obtaining accurate results for the component
level measurements.

IV. CONCLUSION
A small NEMP simulator was proposed to investigate the
immunity of small electronic component in HEMP envi-
ronments. The measured field strength was 54.1 kV/m,
the FWHM was 21.6 ns, and the rise time was 2.2 ns, which
were within an error of 5% of the simulation results. Also,
the measured result satisfies the positive and negative polar-
ities of the transient pulse generator mono pulse output, as
specified in the equipment conditions. The field uniformity
of the small simulator is 1.6 dB and fully meets the standard.
To design the negative polarity, a high voltage DC-DC nega-
tive converter was used in the high voltage charging part and it
was possible by combining the spark gap and solenoid in the
pulse shaping part to design the desired electric field strength.
Our small NEMP simulator can make accurate electric field
strength for good field uniformity.
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