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Abstract — In this paper the shielding effectiveness of metal
enclosure with twelve hexagonal air-vents are experimentally
studied. Therefore, two scenarios of hexagonal groups formed in
3x4 and 4x3 order are conducted. The experimental procedure is
carried out in a semi-anechoic room. All measurement results
are compared to the numerical ones obtained by TLM method
with incorporated compact air-vent model and wire model.
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. INTRODUCTION

To get protected from external influences, electronic
equipment is wusually placed inside some protective
enclosures. The effect of these enclosures is two-fold. On the
one hand, it is necessary to protect the electronic equipment
inside enclosure from the outer radiation. On the other hand,
the electromagnetic (EM) field which is generated from the
electronic equipment inside enclosure should be reduced, as
much as it is possible [1]. Commonly, shielding enclosures are
made of a highly conductive material in order to reduce not
only external EM fields impact on equipment inside the
enclosure, but also a level of internal EM interferences
emitted from equipment to outside space. Moreover, on the
enclosures there usually exist the airflow aperture arrays of
different shapes, so-called air-vents, as well as some other
slots, which are intended for heating dissipation and airing [2].

To determine the shielding effectiveness (SE) characteristic
of a metal enclosure over a frequency range, there exist
several different methods, such as the analytical, the
numerical and the experimental ones. There are many
numerical methods that can be employed, e.g. Finite
Difference Time Domain (FDTD) method in [3], Method of
Moments (MoM) [4] and Transmission Line—Matrix (TLM)
[5], etc. In the experimental methods, an antenna is set inside
the enclosure in order to determine its SE. Usually, the
monopole [6], and the dipole antenna [7] are used to
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determine the electric field level as opposite to the loop
antenna which is appropriate to determine the magnetic field
[6]. In [8] the impact of the physical dimensions of receiving
antenna on the resonant frequency is also analyzed by using
the TLM method.

The objective of this paper is to experimentally quantify the
SE of a metallic enclosure with groups of 4x3 hexagonal air-
vents on the removable front panel for one scenario and
groups of 3x4 hexagonal air-vents for another scenario.
Afterwards, these measurement results are compared to the
numerical results obtained by the TLM method with
incorporated compact wire model [8], [9] and hexagonal air-
vent model [10], [11]. Namely, in the numerical simulations,
the physical presence of a monopole-receiving antenna, used
in measurements, is taking into account by the wire model
while aperture arrays are described by the air-vent model.

The paper is organized as follows. In Section I,
experimental procedure of measuring shielding effectiveness
with tracking generator and spectrum analyzer is outlined.
Section Il and IV are engaged to the physical enclosure
model and the numerical one. Section V provides discussion
of the results. Finally, Section VI summarizes the work.

Il. EXPERIMENTAL PROCEDURE

Usually, anechoic rooms are used to measure EM radiation
of electronic equipment, as well as to test immunity. For
instance, resistance of equipment to external radiation or
resistance of equipment under test (EUT) irradiated by a
controlled plane wave can be measured. Since interior space
in anechoic room is coated with radio-frequency (RF)
absorbent material, internal reflections are minimized and the
device being tested is exposed to a precisely determined EM
field. To measure the SE of enclosure, a spectrum analyzer or
a scalar network analyzer can be used.

The measurements presented in this paper are performed in
ordinary laboratory space by using RF absorbers. Also,
unnecessary procedure of EM shielded chamber against
external EMI is carried out. To determine the SE of enclosure
a measuring procedure has to be performed twice, without and
with enclosure. The SE is measured by the spectrum analyzer
and with the Sy1n and Sze, parameters. The transmission
parameters of the measurement without and with an enclosure
are marked as S»in and Sze, respectively. The SE can be
defined as in Eq. 1:

SE = 20log,, 520! 1)
[S21el
In order to find the best possible minimal interference in a

measurement chamber, both transmitting antenna and
enclosure are rotated. Since when the curve had sufficient low
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Fig. 1. The measuring configuration used in a semi-anechoic room.
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Fig. 2. Two sets of front panels with different air-vent distances;
a) H43air-vent layouts, b) H34 air-vent layouts.

b)

ripple of the sp1 parameter, the measurement process is started.
The enclosure is placed in far field against the transmitting
antenna, in the whole observed frequency range [12].

The measurement processes are performed by using the
spectrum analyzer with tracking generator and the SPIKE
Software for PC computer, as shown in Fig. 1 [12]. A Vivaldi
dipole antenna was used as a transmitting antenna, while an
in-house monopole antenna was employed as a receiving one.
The monopole, which is made of a copper material with a
length of I = 50 mm and radius of r = 0.1 mm, is placed in the
middle of the enclosure.

I1l. PHYSICAL MODEL

The rectangular metal enclosure with internal dimensions of
(100 x 100 x 200) mm and with walls thickness of t =2 mm is
manufactured from copper material. This metal enclosure has
removable front wall. Two sets of three panels are made. Each
of the front walls is perforated with twelve hexagonal aperture
arrays which are placed around the middle of a wall, Fig. 2.
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In the first scenario, there are three panels of hexagonal air-
vents formed in the group of 4x3, as depicted in Fig. 2a. These
front walls are used in experimental measurements. In order to
make it easier to describe distances between any two
hexagonal apertures, in both the wvertical, di;, and the
horizontal axes, d,, panels are labeled in the following order:

H43 1 — width side of hexagon is a = 7.0 mm, aperture
distances di = 2.24 mm, d2 = 2.53 mm and cov = 0.5348.

H43_11 — width side of hexagon is a = 7.12 mm, aperture
distances di = 8.18 mm, d; = 8.40 mm, and cov = 0.2833.
H43_111 — width side of hexagon is a = 7.04 mm, aperture

distances d; =16.30 mm, dz = 16.32 mm and cov = 0.1487.

For the second scenario, the same number of hexagonal air-
vents is formed in the group of 3x4. The panels are shown in
Fig. 2b. In the following, more details about parameters of this
group:

H34 | — width side of hexagon is a = 7.12 mm, aperture
distances di = 2.33 mm, d; = 2.62 mm and cov = 0.5108.

H34_11 — width side of hexagon is a = 7.15 mm, aperture
distances di = 4.24 mm, d, = 4.5 mm and cov =0.4250.
H34_111 — width side of hexagon is a = 7.17 mm, aperture

distances d; = 8.33 mm, dz> = 8.45 mm and cov = 0.2826.

IV. NUMERICAL SIMULATION

In this paper, the TLM method is employed for numerical
simulations. According to the physical enclosure model a
numerical one is created. A compact air-vent model was used
to model group of hexagonal shaped apertures. A TLM wire
model was used to model a monopole-receiving antenna
inside the enclosure.

The compact TLM air-vent model consists of two reactive
circuits per propagation direction, which are placed between
two neighboring TLM cells. The TLM cells coincide with the
position of perforated metal wall. Firstly, it was developed for
square and circular perforations on thin metal walls and on
walls of significant thickness [10]. Afterwards, it was
extended for rectangular and hexagonal air-vents [11].

The compact TLM wire model is employed for modeling
an antenna inside enclosure. The main purpose of a receiving
antenna is to measure the EM field level and its distribution.
A receiving antenna is modeled as a wire segment which is
incorporated into the Symmetrical Condensed Node (SCN)
[8], [9]. The impedances of additional wire network link and
short-circuit stub lines depend on the space used and time-step
discretization, and also on per-unit length wire capacitance
and inductance [11]. Two-way coupling between signal in the
wire circuit and external EM field is described by pulses in
transmission line network of SCN [10], [11].

In the considered model, the wire is connected to the
ground via resistor R. The current which is induced on the
wire, due to external EM field, generates voltage on the
resistor R, which is loaded at wire base, and this allows
measuring the level of EM field.
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The numerical TLM enclosure model is created according
to dimensions, thickness, material and distance between air-
vents like in physical one. The enclosure is excited by
vertically polarized incident plane wave.

The SE characteristic is calculated as logarithmic ratio of
the electric field without and with the enclosure, in the same
probe point. A monopole-receiving antenna is placed in the
middle of the enclosure to detect the electric field level. In the
case of monopole antenna in free space, the size of a ground
plane is chosen to be as the size of the enclosure wall when
monopole antenna is placed inside the enclosure [10].

V. DISCUSSION OF RESULTS

In this section, we discuss about the experimental and the
numerical SE results obtained for the considered enclosure.
The analyses are carried out for two scenarios. In both, the
front enclosure wall is perforated with 12 hexagonal air-vents.
However, distances between the air-vents differ among
panels. Both the numerical and the experimental analyses are
conducted in order to improve the effectiveness of enclosure.
The excitation toward the enclosure is normal incident plane
wave vertically polarized. The frequency range of interest is
from 600 MHz up to 4 GHz.

To start with, we consider the same enclosure model with
three hexagonal air-vent layouts. It can be seen that the frontal
panels differ between each other due to aperture distances, as
illustrated in Fig. 2a. In the first scenario, the air-vents are
arranged in groups of 4x3 around the center of frontal
enclosure wall. Parameters of layouts entitled by H43_I,
H43_11 and H43_I11 are given in details in Section Ill. For
instance, the first panel under the title H43 | has aperture
distances mutually separated by the distance of d; = 2.24 mm
and d> = 2.545 mm in vertical and horizontal directions,
respectively. Therefore, the percentage of surface area
covered by apertures is equal to 53.48 %. In numerical model,
to describe the part of the perforated wall, the compact TLM
air-vent model is employed. Figure 3 presents the SE results
obtained by the measurement and the numerical simulation of
the enclosure model H43 1. It can be observed an excellent
agreement between compared shielding characteristics. Also,
the experimental and the numerical SE curves which are
obtained for other layout cases fit very well, so there is no
need to display them.

Figure 4 illustrates the comparison of SE measurement
curves for three different H43 enclosure layouts. It can be
noticed that all SE curves match very good at resonant
frequencies. However, the SE levels are slightly higher with
increasing in the distances between air-vents. Although, the
resonances are almost the same, the SE peaks are shifted
toward the higher frequencies, at frequencies around 2.4 GHz.
This effect is occurred due to the reducing the coverage of
perforated wall. Namely, the coverage in descending order is
considered, from 53.48% up to 14.87 %.

The second scenario presents the air-vents in groups of 3x4
around the center of front wall of considered enclosure. The
front panels are depicted in Fig. 2b. In this scenario, the
distances between air-vents and the coverage of panels
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Fig. 6. Compared measurement SE curves for H43_I and H34_1I
enclosure models.

entitled H34_1, H34_I11 and H34_111 are given in Section I1I.
Like in the previous scenario, the measurement SE curves fit
very well in comparison to the SE simulation results.
Therefore, only experimental SE results are mutually
compared for three cases, and they are presented in Fig. 5. It
can be noticed that the SE characteristics are not significantly
changed with increasing in distance between the air-vents. It
can be explained that there are not a big difference in value
between H34 1 and H34_Il coverages. However, due to
decreasing in the coverage up to 0.2826 (H34_III), the levels
of SE differ a bit at higher frequencies, especially at peaks.
Beside this, the SE characteristics have the same values of the
resonant frequencies for all three considered H34 enclosure
layouts. Detailed theoretical analysis of these issues is
described in [13], [14].

Further, comparison between measurement SE curves of
H43_1 layout and H34 | layout are presented in Fig. 6. It
shows excellent matching curves for almost the same spacing
between the air-vents and similar coverage, even when the air-
vent arrangement is turned; in one case it is 3x4 and the other
one is 4x3.

V1. CONCLUSION

To conclude, the experimental results obtained for the
considered enclosure are in an excellent match with the
numerical ones. The TLM method incorporated with the TLM
wire model and the TLM air-vent model is accurate and fast
computer tool for efficient numerical characterization of EM
problems on the field of EMC. It can be seen a remarkable
matching between compared methods, especially at the
resonance frequencies. Also, detailed analysis of the measured
and numerical results shows very similar SE characteristics. It
can be concluded that for a similar coverage value, even when
the arrangement of the air-vents are reversed, the SE curves
are quite similar.
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