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Abstract— Based on the equivalent circuit method and the Fourier transform technique, an
approximate analytical model for calculating the shielding effectiveness of an apertured rectan-
gular cavity against planar electromagnetic pulse is presented. The validity of the theoretical
model is verified by the comparison with the full-wave electromagnetic simulation software CST.
The effects of the aperture’s shape and size, and pulse width on the pulse shielding effectiveness
are analyzed.

1. INTRODUCTION

Electromagnetic pulse is a kind of transient electromagnetic phenomenon characterizing wideband
and high field intensity. Electromagnetic pulses, which usually are resulted from some transient
processes like lightning, static discharge, high altitude nuclear burst, switching operation and cir-
cuit faults, may couple into electronic equipment and systems via antenna, hole, cable, etc., and
then cause the performance degrade of the equipment and systems. With the development of
wireless communication technology, high-speed circuit and extensive application of microelectronic
device, the sensitivity of the electrical and electronic equipment to electromagnetic pulse is increas-
ing continuously. The electromagnetic interference protection problem has received widespread
attention [1-5].

Electromagnetic shielding is one of the most basic methods to suppress electromagnetic interfer-
ence, and its common form is isolating the sensitive equipment using shielding shell made of metal
materials to prevent the entry of external electromagnetic disturbance or the leakage of internal
electromagnetic disturbance. Completely closed metal cavity has very high shielding effectiveness
for electromagnetic fields except low frequency magnetic field. In practice, there exist a large num-
ber of holes on the shield for some indispensable functions like ventilation and heat dissipation. In
general, the electromagnetic field penetrating directly through the metal wall of a shield can be ne-
glected. Therefore, the hole on the shield is the dominant way for the coupling between the internal
and external region of the shield, and hence is the key factor affecting the shielding effectiveness
(SE) of a shield. So, lots of works focus their attention on the effect of apertures on shielding
effectiveness, and some numerical [4-7], analytical [10-12] or experimental techniques [8-11] have
been presented to solve the problem.

Although numerical method on this issue is widely applied, but its complexity, high compu-
tational cost [14-16] make the development of analytic method of easy implementation, quick
calculation and clear physical meaning still necessary. For harmonic field, people have put forward
the equivalent circuit method and analytical method based on the Bethe holes coupling theory
and mode expansion theory [17-19]. For the non-harmonic field, relevant analytic theory model is
rarely reported.

In this paper, a novel model is proposed to calculate the SE of an apertured cavity against
electromagnetic pluses. The model is the combination of the frequency-domain equivalent circuit
model reported in Ref. [8] and the Fourier transform technique. First, we transform the incident
pulse signal in time domain into frequency domain. Second, equivalent circuit model is used to
calculate the electromagnetic field in the cavity in frequency domain. Third, the waveform in time
domain is obtained by using Fourier inverse transform. To test the validity of this model, the
calculation results of the simulation software CST are also presented. The effects of the size and
shape of the hole, and pulse width on the cavity shielding effectiveness are also analyzed.

2. THEORETICAL MODEL

Figure 1 shows an apertured rectangular enclosure under the illumination of planar electromagnetic
pulses. The height, length and depth of the enclosure are denoted by a, b, and d, respectively. The
wall of the enclosure is assumed to be perfect conducting and has a thickness of t. There is a
rectangular aperture of length [ and width w on the left wall of the enclosure. The point Pj is
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Figure 1: Apertured rectangular enclosure against planar electromagnetic pulses.

the center of the aperture and P» represents the point where the shielding effectiveness will be
observed.

The electric shielding effectiveness Sg at a given point is defined as the ratio of the maximum
electric field intensity of the time domain Ey at the point with the enclosure removed to the
maximum electric field intensity s at the same point with the shield applied.
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Similarly, the magnetic shielding effectiveness Sy is defined as
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The shielded field Es and Hg can be calculated by the equivalent circuit in Fig. 2, Where the
incident plane wave is represented by voltage V{ and impedance Zy = 377 ().

The aperture is treated as a coplanar strip transmission line with a length of [ along the y axis,
shorted at each end. Then, the effect of the aperture can be embodied by the shunt impedance Z,
in the circuit model with [8].
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where kg = 27 /A, and we=w — (5t/4m) [1 + In (4d7w/t)].

The enclosure is considered as a rectangular waveguide with a length of d along the z axis and
shorted at the right end (z = d). When the wave frequency is lower than the cutoff frequency of the
second lowest mode of the waveguide, we can assume there is only a single mode of propagation,
that is, the TEq g mode. Then, the waveguide can be modeled very well by a transmission line with

its characteristic impedance z4 = 19/4/1 — (A\/2a)? and propagation constant kg=Fk4/1 — (A\/2a)>.
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Figure 2: The equivalent circuit model for the apertured rectangular enclosure against planar electromagnetic
pulses.
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For the Gaussian excitation case, the time domain expression of plane wave electromagnetic
pulse is f;(t). We can obtain its expression in frequency domain by Fourier transform.
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This expression is used as the voltage source Vy of equivalent circuit. By Thevenin’s equivalent
circuit theorem, combining Vp, Zp and Z,, gives an equivalent voltage V7 and source impendence
Z.
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We now transform Vi, Z7, and the short circuit at the end of the waveguide to P», giving an
equivalent voltage V5, source impendence Z5, and load impendence Zs.
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The voltage and current at P, in frequency domain is now

Zs
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Then the unilateral Fourier inverse transform is used to get the time-domain expression of electric
field and magnetic field in the cavity.
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The maximum of fg(t) is Eg, and the maximum of f;(¢) is Ep. The maximum of fy(t) is Hg,
and the ratio of the maximum of f;(¢t) and Zy is Hy. All of the electric fields calculated are in the
direction of x axis and the magnetic fields are in the direction. of y axis.

3. WAVEFORM OF ELECTRIC AND MAGNETIC FIELDS IN THE CAVITY

3.1. The Electric Field Waveform
The time domain expression of the incident plane wave electromagnetic pulse (Gaussian pulse) is

filt) = emultto) (14)

The value of u are 1 x 107, 7 x 107, 1 x 10572, respectively. The spectrum of the incident
Gaussian pulse is shown in Fig. 3. The dimensions of the enclosure employed for calculation are:
a=30cm, b=12cm, d =30cm, t = 1.5mm, [ = 5mm and w = 5mm. Figs. 4-6 plots the curves
of the electric field waveform at the center of the cavity (p = 15cm) for the three different values
of u.

Figure 4 shows that when u is 1 x 107 s72, the electric field strength is zero before ¢ = 5ns.
From about ¢ = 5ns to ¢ = 20ns, the waveform is approximately a complete sine wave, and then
goes to zero. The second half of the sine wave is actually the reflection of the first half of wave at
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Figure 3: Frequency spectrum of Gaussian pulses.
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Figure 5: Time domain waveform at the center of
the enclosure against planar electromagnetic pulses
(u=17x10s72 tg = 5ns).
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Figure 4: Time domain waveform at the center of
the enclosure against planar electromagnetic pulses
(u=1x10"s72 ty = 12ns).
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Figure 6: Time domain waveform at the center of
the enclosure against planar electromagnetic pulses
(u=1x10¥s72 t5 =4ns).

the back of the cavity wall. When u increases to 7 x 1017 s72, the Fig. 5 shows that the waveform of
electric field intensity contains not only a single period of the sine wave of high amplitude, but also
a sinusoidal steady state response of low amplitude. The frequency of the steady state response
is 0.7 GHz which is resulted from the resonance of the TEg; cavity mode. There are two aspects
of the impact for the increase of the high frequency components caused by the increase of u. On
the one hand, it makes the maximum value of the electric field inside the cavity increases, and the
shielding effectiveness of the cavity reduces. On the other hand, it will also stimulate the resonance
mode of the cavity forming the steady-state oscillation.

As is shown in Fig. 6, when u increases to 1 x 10'® s72, the maximum of electric field strength
increases further, and the amplitude of the steady-state response of increases as well. When u is
small, our method has a good agreement with the computational result of CST software (Figs. 4
and 5). When u is bigger, the two results are in good agreement in the time synchronization, but
there is a little difference in the amplitude. The reason is that the frequency component more
than 1 GHz appears in great quantities, making higher order waveguide modes (such as TEyy mode
whose cutoff frequency is 1 GHz) can’t be ignored, while only the influence of the TE;g mode is
considered in this paper. It should be noted that all of the TEjq, cavity modes are incorporated
in the present model, since they can be regarded as the different spatial distribution forms of TEq
waveguide mode along the z axis.

3.2. The Magnetic Field Waveform

The Gaussian pulse parameter u is set to be 1 x 10'¥s72, and the magnetic field waveform at
p =0.15m and p = 0.25m are calculated respectively, as is shown in Fig. 7 and Fig. 8.

From Fig. 7 we can see that the magnetic field strength waveform at p = 0.15m in the cavity
has only a large positive pulse wave with neither a large negative pulse nor a periodic oscillation
following up, which are very different from the electric field waveform in Fig. 6. The reason is that
when reflecting after encountering the back wall of the cavity, the direction of the electric field
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Figure 7: Time domain waveform of the magnetic =~ Figure 8: Time domain waveform of the magnetic
field (p = 0.15m). field (p = 0.25m).

will reverse, while the direction of the magnetic field will not. Thereby, for the electric field, the
reflected wave and incident wave are superimposed in the same direction, and because of the lag in
the former, the waveform with a positive pulse part and a negative pulse part is formed. As to the
magnetic field, the reflected wave and incident wave are superimposed in the opposite direction,
but there are not enough time intervals to form two separate parts of waveform. The reason why
there is also no subsequent periodic oscillation is not that no TEqg; resonance is formed, but the
oscillation is in the standing wave form, and the center of cavity just is the node of the standing
wave. For the point of p = 0.25m, which is not the node of standing wave, the magnetic field
waveform contains a periodic steady state response of 0.7 GHz as shown in Fig. 8.

4. CALCULATION OF SHIELDING EFFECTIVENESS

Take the parameter u of the Gaussian pulse plane wave for 1 x 10'® s72, and shielding effectiveness
at the center of the cavity with different apertures and pulse width is analyzed.

4.1. Different Size of the Aperture

Assume that the shape of the aperture is square. Shielding effectiveness at the center of the cavity
with different size of the aperture is shown in Fig. 9. As you can see, SE decreases with the
increasing the side length. Our calculated results and the simulation results match well when the
side length of the aperture is about 23 mm. while the aperture is bigger or smaller, there is a little
difference which is less than 10 dB.

4.2. Different Shape of the Aperture

Figure 10 shows the SE at the center of the cavity versus the length a when the area of the
aperture is fixed at 16 cm?. We can see that the shape also affects the shielding effectiveness, which
is decrease with the increasing of the length of the long side. Therefore, in order to get good
shielding effectiveness, seam and slim aperture should be avoided. And the shape of the aperture
should be square or circular. The calculation results of equivalent circuit are slightly larger than
the simulation results, but the maximum difference is within 8 dB.
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Figure 9: SE for different size of the square aperture. Figure 10: Dependence of the SE on the length of
the aperture.
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4.3. Different Pulse Width

Figure 11 shows the shielding effectiveness of the cavity with certain aperture parameters (I = 0.1 m,
w = 0.05m) while the parameter u changes.
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Figure 11: SE for the different values of u.

As can be seen from Fig. 11, shielding effectiveness is falling with the increase of u. It’s because
of the increasing of the high frequency components. And the calculation results of equivalent circuit
method and CST match very well.

5. CONCLUSION

Based on the frequency domain equivalent circuit method, and combining the time-frequency do-
main conversion of the Fourier transform, an analytical model is established to calculate SE in
an apertured rectangular cavity against planar electromagnetic pulses is established. This model
is characterized by simple implementation, fast computing speed, and its calculation results are
consistent with the calculation results of electromagnetic simulation software CST. Take Gaussian
pulse as an example, the electric and magnetic field in the cavity in time domain is analyzed. Also,
the influence of size and shape of the capture and pulse width on the shielding effectiveness is also
revealed. It is shown that the electromagnetic response in the cavity contains transient part and
steady part. The former is mainly composed of the incident wave and the reflected wave, and
the latter is due to the resonance modes. When the width of Gaussian pulse spectrum is small,
there is no steady-state response. With the increasing of the size and length of the aperture and
width of Gaussian pulse spectrum, shielding effectiveness of the cavity will decrease. Higher order
modes, transmission and polarization direction of incident wave are not consider in this model, the
influence of these factors can be resolved by superposition of the modes and decomposition of the
incident field in future work.
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