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Abstract-The modeling of electromagnetic pulse coupling to a
shielding device, which is connected with a shielded cable, is
studied. The exciting fields of the shielded cable are solved by a
full-wave commercial software. Thereafter, the current response
of the device is simulated by the Agrawal’s model and the BLT
(Baum, Liu, Tesche) equation. It is shown that the simulated
result is agreed well with that of full-wave commercial software,
and the computational efficiency is improved over 80% by the
proposed method.

I. INTRODUCTION

With the development of the electronic technology and
electromagnetic pulse (EMP) sources, it’s important to
analyze an EMP coupling to electronic devices and systems. A
metal shielding box is widely used to protect the sensitive
device from the electromagnetic interferences. However, there
are mainly two inevitable coupling paths that the EMP
interfere with the devices, apertures on the shielding box and
the wires or shielded cables connect to the device. On the
other hand, the presence of transmission lines through a
shielding box increases computational difficulty as they
provide additional electromagnetic coupling paths between
outer and inner fields. Therefore, it is of great interest to
develop a method to quickly predict the electromagnetic
effects induced in a shielding box with various types of
transmission lines.

Paletta et al. dealt with the application of electromagnetic
field-to-transmission-line coupling models for large cable
systems analysis [1]. The method uses a combination of a full-
wave solver and transmission-line analysis. And an
experiment has been performed on a prototype wiring installed
in a Renault Laguna car to validate the efficiency of this
methodology. The coupling of an incident electromagnetic
wave to a device inside a shielding box penetrated by a wire or
a shielded cable has received some attention in recent years.
Lertsirimit et al. computed an electromagnetic wave coupling
to a device on a printed circuit board inside a cavity from a
wire penetrating a cavity aperture by a hybrid method. The
exterior problem was analyzed by a full wave method, while
the interior problem was analyzed by transmission-line theory
[2]. Li et al. simulated an EMP induced interference current in
circuits inside a shielding box by a wire penetrated through an
aperture by the finite-difference time-domain (FDTD) method
[3]. Hakan Bagci analyzed electromagnetic coupling into
enclosures through coaxial cables by a fast hybrid time-
domain method [4]. Sapuan et al. studied the shielding
effectiveness and S,; of a rectangular enclosure with apertures

and wire penetration experimentally and numerically by using
the commercial software CST Microwave Studio [5]. Xie et
al. analyzed an electromagnetic pulse coupling to a device
from a wire penetrating a cavity aperture by applying the
transient electromagnetic topology method [6]. The method
uses a combination of the FDTD method and SPICE model.

There are mainly three models are used to describe the
coupling of incident field to transmission lines, Taylor’s
model [7], Agrawal's model [8] and Rachidi’s model [9].
Compare to Taylor’s model and Rachidi’s model, Agrawal’s
model has many advantages. First, the distributed voltage
generators in Agrawal's model are directly equal to the
incident electric field components tangent to the line. Second,
the calculation of the BLT equation [10] is reduced because
there are no equivalent current generators in the expression of
source waves. Third, Agrawal's model requires less memory
to store the data files of exciting fields . By using the
Agrawal’s model, only the incident electric field components
tangent to the line and the electric fields along the terminals
and the ground are needed. Therefore, the Agrawal’s model is
used to describe the coupling of incident field to the shielded
cable in this paper.

The modeling of an electromagnetic pulse coupling to a
shielding device is studied. The device is connected with a
shielded cable that penetrates through an aperture on the
shielding box. The method is based on the electromagnetic
topology (EMT) technology [11]. The coupling of an external
electromagnetic wave to the shielded cable is concerned while
the influence of the shielded cable on external fields is
neglected. Furthermore, the influence of the inner conductor
on the shield layer of the shielded cable is neglected. The
computation process of the method includes two steps: The
exciting fields of the shielded cable are solved by a full-wave
commercial software but the presence of the cables is at first
neglected. Thereafter, the current response of the device is
simulated by the Agrawal’s model and the BLT equation (the
key equation of EMT). The obtained result is compared with
that solved by a full-wave commercial software. This paper is
divided into four sections. In section 2, the computation model
and the computation process of the proposed method is
described. Results and discussion are provided in section 3
while conclude in section 4.

II. COMPUTATION MODEL AND METHOD DESCRIPTION



A.  Computation Model

The schematic diagram of the system for computation is
shown in Fig. 1. It consists of a shielded cable that penetrates
through an aperture of a shielding box and then connects with
a device inside the shielding box. The device is represented by
a resistance Z!” here. The length, the wide and the height of
the shielding box is 41.0 cm, 10.5 cm and 27.3 cm
respectively. And the back surface is 2 mm thick while others
are 6 mm thick. The length of the shielded cable outside the
shielding box and inside the shielding box is 2.57 m and 0.1 m
respectively. The outer terminal loads of the shielded cable are
both 100 €, and the loads between the inner conductor and the
shield layer at the two terminations are both 50 Q. The height
of the shielded cable above the perfect ground plane is 0.2 m.
The direction and polarization of the EMP is shown in Fig. 1

B.  Computation Process

The computation process includes two steps: a full-wave
commercial software is used to compute the exciting fields of
the shielded cable at first, thereafter the Agrawal’s model and
the BLT equation are used to compute the current response of
the shield device. The method is based on the electromagnetic
topology theory. The influence of the shielded cable on
external fields is neglected. For the calculation of the exciting
fields , the shielded cable is removed at first. And then
compute the fields at the exact positions of the shielded cable.
As the cable does not need to meshed, the computation of the
external fields just spend a few time. The source terms of the
BLT equation is obtained by the exciting fields wusing the
Agrawal’s model.

In this paper, Agrawal's model is used as the equivalent
model to analysis the shielded cable. A full-wave commercial
software is used to compute the exciting fields of the shielded
cable. Therefore, the exciting fields at the exact positions of
the shielded cable are saved into data files. The date files are
used to compute the current response on the shield layer of the
shielded cable by Agrawal’s model. And then the applied
sources on the inner conductor of the shielded cable is
obtained by the transfer impedance Z, and transfer admittance
Y,. The current response of the device is computed by the
BLT equation.
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Figure 1 .Simple model of a shielded cable penetrates an aperture in a

shielding box

There are two paths that the EMP coupling to the device as
shown in Fig. 1, the shielded cable penetrating the shielding
box and the aperture on the shielding box. In the computation
model, the size of the aperture on the shielding box compare
with the wavelength of the EMP is electrically small.
Therefore the coupling effect through the aperture is neglected
in this paper. As the heights of the outer part and the inner part
of the shielded cable are different, the characteristic
impedances of the two parts are different .The expression of
the characteristic impedance Z. is

Z .= - 1
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where L’is the inductance per unit length, and C’is the
capacitance per unit length. The expressions of them are

=t )
2r  a
2
C'= ”25;1 3)
In(—)
a

where a is the radius of shield layer of the shielded cable, 4 is
the height of the shielded cable. The characteristic impedances
is computed by these expressions. The characteristic
impedance of the outer part is 329.55Q, while the
characteristic impedance of the inner part is 328.95Q. As the
characteristic impedance of the outer part is approximate to
the characteristic impedance of the inner part, the shielded
cable in Fig. 1 is regarded as a shielded cable over ground
with the same height in this paper.

The shield layer of the shielded cable satisfies the good
shielding approximation in this paper. The shielded cable is
considered as two transmission line system, the external
transmission line system which consists of the shield layer of
the cable and the ground and the internal transmission line
system which consists of the shield layer and the inner
conductor of the cable [12]. The two transmission line systems
are linked by the transfer impedance Z, and transfer admittance
Y, of the shielded cable.

| “
I,=-v¥,

where I, and V; are the current response and the voltage
response of the shielded layer of the cable, they are computed
by the exciting fields using Agrawal’s model. 7, and V,, are

{V;,- =71,

the sources of the inner conductor of the shielded cable
respectively.
The current response of the shielded layer is solved by

I(x)= jOL G, (x;x,)V.(x,)dx, =G, (x;0)/V, + G, (x; L)V,  (5)
where G, (x;x,)1is a green function, it’s represents the current

response of voltage source per unit and connected with the
characteristic impedance of the shield layer. The expression is
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where x_is the smaller between x and x_ ,x_ is the bigger
between x and x,. ¥, is the distributed voltage sources on
the shield layer of the shielded cable, and it is equal to
tangential electric fields at the position of the shielded cable.
V; and V, are the lumped voltage sources of the terminals of
the shield layer in Agrawal’s model. The expressions of them
are

h inc
v, =— jo E™(0,2)dz (7)

v, = joh E™(L,z)dz (8)

where E™ is the exciting fields along the terminals, it is
obtained by the exciting fields . % is the height of the shielded
cable.

For the computation of transfer impedance Z, , the
diffusion and aperture penetration effects are taken into
account in this paper. The expression of Z; is

Z,=7,+joL, ©)

where Z, = OM (10)

sinh(1+ j)d /6

Ry is the direct-current resistance of the shield layer. d is the

skin depth of the shield layer. d is the diameter of the thin

metal wires in the shield layer. L, is the aperture leakage
inductance.

The expression of transfer admittance Y, is

Y, = jeCs, (11)
where C is the inner coax capacitance. S; is the electrostatic
shield leakage parameter.

The internal sources of the inner conductor of the shielded
cable ¥, and I, is calculated by transfer impedance Z, and
transfer admittance Y, of the shielded cable, and then the BLT
equation of the internal transmission line system is built.
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where p, and p, are the reflection coefficient of the inner
conductor. y is the propagation constant. S; and S are the
source terms of the equation. The expressions of them are

(12)
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where Z is the characteristic impedance of the inner
conductor.

Because the exciting fields obtained by the full-wave
commercial software are in time-domain, all the results is
post-processed in frequency-domain using fast Fourier
transforms (FFT).The current response of the device is solved
by BLT equation. As the BLT equation is a frequency-domain

equation, the results are in frequency-domain. The inverse fast
Fourier transforms (IFFT) is needed to obtain the transient
response of the device.

III. RESULT AND ANALYSIS

The expression of the incident field waveform in the
computation model is

E(t) = kE,(e " —e ")

where E~=50 kV/m, k=1.3, 8,=4.0x10" s, f,=6.0x10° s™".The
direction and polarization of the EMP are given in Fig. 1.The
shielded cable for analyzing is a RG-58 cable. The internal
characteristic impedance of the RG-58 cable is 50 Q. The
radius of the shield layer a=0.152 cm. The thickness of the
shielded layer 4=0.127 mm. The direct-current resistance of
the shield layer R,=14.2 mQ/m. The aperture leakage
inductance L, =1.0 nH/m, the electrostatic shield leakage
parameter S;=6.6% 10" m/F.

The transfer impedance Z, is calculated by (9), and the
amplitude of the shielded cable transfer impedance Z, is
shown in Fig. 2.

After the exciting fields calculated by a full-wave
commercial software, the current of the shield layer of the
cable is computed by Agrawal’s model. The current response
on the shield layer of the cable is shown in Fig. 3.

To verify the accuracy of the proposed method, a full-wave
commercial software is used to analyze the same problem in
Fig. 1. The full-wave commercial software that used in this
paper is a powerful and easy-to-use package for the analysis of
conducted transmission, electromagnetic interference and
electromagnetic susceptibility on complex cable structures.
The current response on the load Z{” in Fig. 1 obtained by the
proposed method and full-wave commercial software are
shown in Fig. 4. All the simulations are performed on a
personal computer with the Intel(R) Pentium(R) Dual-Core
CPU E5200 with 2.50 GHz and 2.0 GB RAM.
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Figure 2. The amplitude of the shielded cable transfer impedance
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Figure 3. The current response of the shield layer of the cable
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Figure 4. The current response of Z{”

From the results in Fig. 3 and Fig. 4, the shielding
effectiveness of the shield layer is about 46 dB. The shield
layer does a good job in protecting the internal electronics
from the disturbance of the external EMP. In the proposed
method, the cable does not need to be meshed in the process
of compute the exciting fields . Furthermore, the transmission-
line analysis just spent a few seconds. The calculation time of
the proposed method is 17 minutes 36 seconds on a personal
computer, including 17 minutes 30 seconds for the
computation of the exciting fields and 6 seconds for the
computation of the load current response, much less than 1
hour 37 minutes 29 seconds needed by the full-wave
commercial software. As shown in Fig. 4, the result obtained
by the proposed method and that obtained by the full-wave
commercial software are in good agreement.

IV. CONCLUSION

The modeling of electromagnetic pulse coupling to a
shielding device, which is connected with a shielded cable, is
studied in this paper. The computation process of the method
includes two steps: The exciting fields of the shielded cable
are solved by a full-wave solver but the presence of the cables
is at first neglected. Thereafter, the current response of the
device is simulated by the Agrawal’s model and the BLT
equation. The results obtained by the proposed method and
that solved by the full-wave commercial software verified the
accuracy of the proposed method. These numerical results are
helpful for further designing electromagnetic protection of the
inner devices against the electromagnetic interference.
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