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Numerical simulation of the coupling of ultra-wide band
electromagnetic pulse into landmine by aperture”
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The modern landmine’s electronic fuse is susceptible to strong interference or can even be damaged by the ultra-wide
band electromagnetic pulse (UWB-EMP). The finite-difference time-domain (FDTD) method in lossy media with cylindri-
cal coordinates is used to study the interactions of the UWB-EMP with the landmine. First, the coupling of UWB-EMP
into the landmine shielding shell through an aperture is numerically simulated. Second, the coupled electromagnetic field
of mine shells made of different shielding materials and with apertures of different sizes is plotted. Third, the aperture
coupling laws of UWB-EMP into shells are analyzed and categorized. Such an algorithm is capable of effectively prevent-
ing ladder similar errors, and consequently improving the calculation precision, and in addition to adopting the message
passing interface (MPI) parallel method to divide the total calculating range into more sub-ranges, the overall calculating
efficiency is greatly increased. These calculations are surely a constructive reference for modern landmine design against

electromagnetic damage.
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1. Introduction

The ultra-wide band electromagnetic pulse (UWB-EMP)
weapon has witnessed a new concept of radio-frequency di-
rected energy weapons, and many countries have long been
in the race for its research and development. As the electro-
magnetic wave radiation has many unique properties such as
a steep rising front edge, high peak-value power, and wide
frequency-spectrum range, such new concept weapons are
thus capable of strong interference with, or even serious dam-
age of, the electronic as well as electrical system.[!=# Most
modern mines have applied the electronic fuse technology, for
instance, the proximity fuse and time delay fuse, and thus just
for its precise and sophisticated structure, such a fuse is sus-
ceptible to UWB-EMP interference, under which the fuse ei-
ther fails to perform its normal function, or turns spuriously
detonated or even damaged.!> Although such shells are made
of metal, conductive plastic or other electromagnetic shielding
materials that effectively improve the anti-interference capac-
ity against the UWB-EMP, there are often apertures (or slits
for manufacturing necessity) on landmine shells as formulated
from the annectent devices, and through the aperture coupling
operations, the UWB-EMP would easily impose a coupling
effect upon the electronic fuse.®”! To improve the capability
of resisting UWB-EMP interference, the coupling mechanism
as well as the weak segment of EMP in mines ought to be an-
alyzed and understood in terms of a technical experiment or
numerical simulation, so as to give a reference for the electro-
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magnetic defense reinforcement. Reference [8] numerically
studied the coupling of UWB-EMP in mines made of plastic
shells with rectangular coordinates FDTD, and demonstrated
some coupling results of electromagnetic distributions as pre-
sented for different incident distances and angles from the an-
tenna to the mine. Reference [9] calculated the shielding ef-
fectiveness of landmine shells made of composite materials
on the ideal ground for UWB-EMP with CST electromagnetic
simulation software in rectangular coordinates, which are, ac-
cordingly, compared with experiment measuring values. All
these literatures have provided some references for modern
landmine design against the electromagnetic interference.
Most mines are cylindrical in structure, whose surface can
be simulated with an FDTD cube grid cell in rectangular co-
ordinates, in which the ladder boundary emerges, driving the
transmission of the surface wave and causing numerical dis-
persion. To improve the calculating precision, the small grid
cell dimension is necessary, but the computation quantities in-
creased greatly. To improve the computation efficiency, the
HIE-FDTD and HIE-PSTD methods are used to calculate the
electromagnetic coupling through slots or apertures.!'%!!] In
this paper, the aperture coupling of UWB-EMP into the shield-
ing shell is studied in terms of the FDTD method in the cylin-
drical coordinates. The coupling regulation of landmine shells
made of different shielding materials and with apertures of
different sizes is to be analyzed. This algorithm effectively
prevents ladder similar errors, and improves calculating pre-
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cision. Moreover, the total calculating range is divided into
many sub-ranges by the MPI parallel method, and the calcu-
lating efficiency is greatly improved. The calculating result is
thus valuable for modern landmine design against the electro-
magnetic interference.

2. Numerical analysis method

2.1. Differential equations of FDTD algorithm in cylindri-
cal coordinates

Maxwell’s equations in cylindrical coordinates are

n+1/2

Considering the lossless isotropic and homogeneous
medium, the FDTD differential mode of Maxwell’s equations
was established under the cylindrical coordinate system ap-
plied with the Yee grid cells. Take the E, component for ex-

ample, the differential equation takes the form of
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Under the cylindrical coordinates, the spatial step size and
time step needs to be more stringent than the Cartesian coor-
dinates. Along the same radial direction, the angle steps are
in the same value, while the step phase angle, lateral length of
the unit length is different. Therefore, to ensure the conver-
gence of values, the minimum value is required and taken into
calculation. Because of the different radial distance among the
transverse element length as iAr x A¢, taking the electric and
magnetic fields away from a half space step into account, it is
preferable for the grid closest to the axial length of the trans-
verse element, namely, i = 1/2. The stability condition of the
time step is
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Equation (7) shows that the differential equation cannot
be used at r = 0. Similarly, H, singularities exist in the axial
direction. Ampere’s law can be used to remove this kind of
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Derived from the above equation with a differential equa-
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where Ar, A@, and Az are the length of grid step along r, cir-
cumferential ¢, and z in cylindrical coordinates, and At is the

time step size.

2.2. CPML absorbing boundary conditions under cylin-
drical coordinates

The FDTD algorithm requires that Yee’s grid should be
established all within the problem domain space. Due to con-
straints of computer capacity and calculation efficiency, all
calculation should be done in a limited domain, some appro-
priate absorbing boundary conditions are needed to truncate
the open boundary. The PML has proved to be a very valid ab-
sorbing boundary condition. However, the absorbing function
of the PML absorbing boundary greatly reduces when elec-
tromagnetic wave radiation emerges by approaching grazing
incidence, and low frequency and lost wave can lead to the
false reverberation of the PML boundary. The great reflecting
error is produced due to the longer imitated time or the big pro-
portion of low frequency. In order to improve absorbing prop-
erties for lost or later low frequency wave, this paper adopts
the convolutional perfectly matched layer (CPML) absorbing
boundary condition with good absorbing effect, simple format
and compliance to the cylindrical coordinates.!'>~!]

Take the E, component for example, the deduction of the
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differential equation in the cylindrical coordinates is
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where the differential equation of Yg,, Wgzr¢, and Yg, are
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2.3. MPI parallel FDTD algorithm in cylindrical coordi-
nates

Since any landmine shell aperture is technologically too
small, the sub-aperture grid simulation cannot effectively en-
sure its calculation accuracy. It requires fine mesh, but corre-
spondingly increases the amount of data calculation. To im-
prove the calculating efficiency, the MPI parallel FDTD algo-
rithm is adopted in the cylindrical coordinates. The total area
is divided into a plurality of sub-regions, each sub-region cor-
responds to a process, and through the exchange of data along
the process spectrum, calculation of the entire region can be
accomplished.!!®! Categorized into sub-regions, the connec-
tion boundary, absorbing boundary, and scattering body are

further divided into some sub-areas, thus increasing the com-
plexity of programming. A variety of methods to achieve the
position of the boundary is transmitted to all the sub-domains,
sub-domains according to its own grid to determine the scope
of the book containing a domain boundary. Various processes
at the interface field quantities must communicate with each
other to pass through, the amount of which is calculated in
flow communication with the field shown in Fig. 1.
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Fig. 1. (color online) Schematic calculating process and communication.

3. Model building

Usually, the landmines are distributed in the lossy earth.
‘When the UWB-EMP is incident on the landmines, it can cou-
ple into the mine by the aperture. The incident UWB-EMP is
supposed to be the differential Gaussian pulse,

2
4<—>> .

E(t) = Eok (t —t9) exp (- 2

where k = v/87e /7, Ep is the peak electric field, 7 is the pulse
width, 7y is the delay time, and the pulse rise time is about 7/4.
According to the actual requirements and the radiation charac-
teristics of the Minesweeper antenna, select the peak electric
field Ey = 40 kV/m (minesweeper distance of 10 m, the an-
tenna height of 2 m, the pulse source radiation is approximated
by a plane wave irradiation), and T = 2 ns.

To analyze the coupled field inside the landmine, based
on some kind of spreading anti-tank mines, let us consider two
mine shell materials, hole conditions, and other factors. Five
kinds of calculation models are created, as shown in Fig. 2.
The structure size and electromagnetic parameters were set as
follows.

Model 1 Mines’ dimensions: height H is 0.13 m, the ra-
dius R is 0.053 m. Using an infinitely thin perfect conductor as
the mine shell, the shell opens a mine 1 cmx 1 cm holes, pitch
Lei shell underside 0.04 m. Placed directly in the lossy earth,
h = 0. Electromagnetic parameters of the Earth are taken as
o0 =0.01 S/m, & = 10.
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Fig. 2. Calculation model and locations of sampling points.

Model 2 The shell in the mine opened two 1 cmXx1 cm
holes, pitch 2 cm, the other parameters are the same as that of
Model 1.

Model 3 Ray shell material with a thickness of 0.003 m
stainless steel fiber (SSF) filled conductive plastic shielding
materials. Based on the lossy flat screen models, test mate-
rial shielding effectiveness, the measured values are used to
fit the equivalent electromagnetic parameters as ¢ = 30 S/m,
& = 1.1'7] Other parameters are the same as those in Model 1.

Model 4 Hole size of 2 cmx 1 cm, the other parameters
are the same as those of Model 3.

Model 5 Lei shell opened two 1 cmx 1 cm holes, pitch
2 cm, and the other parameters are the same as those of Model
3.

To analyze the spatial distribution of the field inside the
cavity, we show three samples in the chamber cross section in
Fig. 2: the sample section a is a cross section through the hole
center, the sample section b is a cross section from 1 cm be-
low the hole, and the sample section c is a longitudinal section
through the hole center. In order to analyze the field strength
variation in the cavity, the electric field needs to give the time-
domain waveform of each component. In cross-section sam-
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ple a, we take 5 sampling points, aj, az, a3, a4, as, respectively,
from the axis of 1 mm, 15 mm, 30 mm, 45 mm, 50 mm, also
take five sampling points by, by, bz, b4, and bs on the sampling
section b.

4. Results and discussion

The internal coupled spatial and temporal distributions of
electric and magnetic fields at the sampling points were calcu-
lated from Model 1 to Model 5 under the UWB-EMP irradia-
tion conditions.

4.1. Spatial electromagnetic distribution inside mine shells

The spatial electromagnetic distributions from Models 1—
5, on crossing sample sections a, b, and c, are substantially
identical at a given time. For example, Model 1 shows vari-
ous electric field section distributions of sample section b (see
Fig. 3) and gives the sampling point’s time-domain waveform,
as shown in Fig. 4. An analysis has shown that the electric
field component emerged with a stronger excitation field at
the position of the aperture; from the opening position toward
the housing, it extends in the radial direction (r direction) of
the rapid attenuation of the field strength; and in the axial di-
rection (z direction), the field strength decays with equal pace.
The time-domain waveform of Model 1’s electric field has re-
vealed that the induced electric field was strong at the shell
openings, but when it extended within the housing openings,
the electric field component decayed fast, the Ey and E, com-
ponent decay faster than E,. Therefore, the mine casing in the
layout position of the circuit element ought to avoid the po-
sition of the aperture cross section, in particular, the position
near the hole.

4.2. Impact of resonant frequency

UWB-EMP is easy to sew into the landmines through the
aperture openings. In such cavities, reflection and refraction
form a spatial standing wave form, and the abdominal circuit
components in such a standing wave are to be exposed to po-
tentially high electromagnetic fields. The time-domain wave-
form of each component of the electric field indicated that the
electric field E, and E, component, internally coupled within

A .
T 004
0.04

Fig. 3. (color online) Distribution of electric field component. (a) £, component; (b) £, component; and (c) E; component.
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Fig. 4. (color online) Each sampling point field component time-domain
waveform. (a) Ey component; (b) E, component; (c) E; component.

infinitely thin metal shell components, witnessed the periodic
oscillation after a stable waveform oscillation, and its oscil-
lation period is approximately 1.7 ns. The electric field Ey
and E, components within shielding composite material shells
equally witnessed the periodic oscillation after a stable wave-
form oscillation, and its oscillation period is approximately
1.8 ns. The approximate resonant frequency, which can be cal-
culated from the resonance period, is respectively 5.8 x 108 Hz
for infinitely thin metal casing, and 5.6 x 10% Hz for the com-
posite materials of the lightning shields. Therefore, the operat-
ing frequency of the circuit components should avoid a choice
close to the resonant frequency, because such a frequency that
is close to the resonant frequency of the electromagnetic field
coupling is strong, which is thus possible to make permanent

damages to the electronics, or has a liability of fuse malfunc-
tion, spurious detonation, or surface breakdown. (18]

4.3. Comparison of inside field enhancement of landmine
with different materials

Seen from the peak value of each component electric
field, the internal coupling field strength in mines made of
composite shielding materials is higher than that of mines
made of metal shells. Table 1 lists the peak values of the cou-
pling electric field component in mines made of different shell
materials under different cavities. Regarding apertures of the
same size and with the same position, the internal coupling E
component in mines of composite shielding materials is about
20 times higher than that in mines of metal shells; the field
strength E, component is about 10 times higher; and the field
strength E, component is about 3 times higher. For resisting
anti-landmine destruction of UWB-EMP interference ability,
it is recommended that the existing composite shielding ma-
terials are coated with thin metallic coating so as to achieve a
better shielding effect.

Table 1. Peak value of the coupling electric field in sample section b.

Calculation model Ep/V-m™! E/V-m~! E./V-m™!
1 3.3 125 86
2 32 107 68
3 440 863 2400
4 80 1400 2500
5 420 800 3000

4.4. Impact of different sizes of apertures upon the cou-
pling fields

The internal coupling fields within the shielding shells of
composite materials under 1 cmx1 cm and 2 cmx 1 cm cir-
cumstances have been calculated. Judging from the calcula-
tion results (Table 1), the electric field induced at openings
is evidently higher than that in the internal coupling within
larger sizes, but the coupled electric field away from the open-
ing shows no essential difference either within small or larger
sizes, and there are only about 2 times difference of the E,
component. Thus, it is necessary to conscientiously design
aperture size and location according to practical requirements.

5. Conclusion

To analyze the coupling problem of UWB-EMP and land-
mines by the numerical approach, this paper applies the cylin-
drical coordinate parallel FDTD algorithm and CPML absorb-
ing boundary conditions, presents numerical simulation results
of the aperture coupling effect of cylindrical shell mines made
of two electromagnetic shielding materials, and demonstrates
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their respective time-domain waveforms of the coupling elec-
tromagnetic field and its electric field component in shells of
different shielding materials and apertures with different sizes.

With an analysis of the aperture coupling laws of UWB-
EMP in mine shells made of ideal metal conductors and con-
ductive plastic landmines, and together with an analysis of the
coupled resonant frequency as well as the impact of aperture
size, this paper has also proposed some suggestions for design-
ing shell structures against the UWB-EMP interference and
damage.
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