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Abstract—In this paper, an extremely fast technique is introduced
to evaluate the shielding effectiveness of a rectangular enclosure of
finite wall thickness and numerous square or circular small apertures
subject to a normally incident plane wave. The technique is based
on the traditional waveguide circuit model where the enclosure is
replaced with an equivalent shorted transmission line. In the proposed
circuit model, the perforated thick wall is represented by an equivalent
impedance which is derived from the reflection coefficient. The
computation results are in very good agreement with measurements.
Additionally, further results are compared to a generalized modal MoM
technique which are in excellent agreement as the number of apertures
increase. Besides accuracy, the method is extremely efficient and easy
to implement compared to the numerical techniques.

1. INTRODUCTION

Real electromagnetic shielding enclosures contain a large number of
ventilating small apertures. Shielding effectiveness (SE) calculations
of such metallic structures with small openings and large dimensions
is complicated. There are many techniques that deal with multiple
numbers of apertures in an enclosure. Approximate analytical methods
are accurate but applicable only to simple geometries. A simple
analytical method has been introduced by Robinson et al. based on a
transmission line model [1]. In this method, the rectangular enclosure
is modeled by a short-circuited rectangular waveguide and the aperture
is represented by a coplanar strip transmission line. By neglecting
the mutual coupling between multiple apertures, the perforated wall
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impedance is the sum of the individual elements impedances. In [2], the
mutual coupling between small holes and their lattice configuration are
also taken into account. In addition to analytical techniques, a number
of computational methods, such as transmission line modeling method-
time Domain (TLM-TD) [3], the method of moments (MOM) and
integral equations [4-7], finite element method (FEM) [8,9] and finite
difference time domain (FDTD) technique [10] have been proposed for
the solution of shielding problems.

In the majority of the abovementioned methods, the effect of
the perforated wall thickness is ignored to simplify the calculation.
However, wall thickness has a significant impact on the SE of the
perforated enclosure. At low frequencies, the thick aperture acts as
a waveguide below cutoff and attenuates the field penetration through
it. At high frequencies, due to the substantial electrical length of
the aperture, the wall-aperture waveguide should be considered for
accurate results. There are analytical approaches such as [11] in which
the closed form expressions are derived for the equivalent magnetic
current distributions over the apertures of filled grooves and slits in
a thick infinite ground plane or [12] where the semi analytical MoM
technique is utilized for several parallel thick plates with apertures.
For the apertures in thick wall enclosures, numerical techniques such
FDTD [13-15], transmission line matrix (TLM) [16,17] and mode
matching [18] can deal with the wall thickness, but at the cost of
solution complexity and CPU time. The robustness of the numerical
techniques is severely limited by the size of the aperture and its
thickness relative to the cavity dimensions.

In this paper, the original waveguide equivalent circuit model of [1]
is modified to take into account the wall thickness of the perforated wall
with a large number of square or circular apertures. It can be shown
that although the aperture thickness is considered in [1] to yield an
equivalent impedance for the represented coplanar strip transmission
line, it does not confirm the real effect of the aperture thickness on the
SE, specially for the large thicknesses. Here, the perforated thick wall
is represented by its reflection coefficient reported in [19] between free
space and the enclosure. Then, similar to [1], the enclosure is modeled
as a shorted waveguide represented by its equivalent transmission line
model. Here, a TE;g propagating mode is assumed and the incident
wave is modeled by a voltage source and the free-space impedance in
the equivalent circuit. As reported in [2], since the mutual coupling
between the openings and the lattice arrangement are taken into
account in the admittance of the wall, the results are more accurate
than that of the traditional circuit model of [1]. The theoretical results
are in a very good agreement with the measurements reported in [16]
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for an array of small circular holes. For square apertures, the SE of
this model is compared with the generalized modal method of moments
(GMMoM) technique results. The agreement between the results
increases as the number of apertures augments. Since this technique
considers the effect of wall thickness in the analysis, it is more accurate
when compared to methods that ignore the thickness. In addition, this
technique is extremely time efficient for enclosures with a large number
of apertures where alternative full wave numerical solutions are very
time consuming. As in [2], just the dominant TE;y mode is considered
here for the equivalent waveguide. The restrictions of the presented
transmission line model such as normally incident plane wave, central
apertures and observation points along with the limitation on the
frequency range can be overcome considering [20-22]. This method
is applicable to square and equilateral lattice arrangements of holes of
square and circular shapes.

2. EQUIVALENT TRANSMISSION LINE MODEL

2.1. Impedance of an Array of Small Holes in a
Finite-Thickness Plate

Figure 1 shows an infinite metallic flat plate of finite thickness with
square and circular holes in a square lattice. For normal incidence, the
reflection coefficient of a reflector screen can be reduced to
1 1
= . + . -1, (1)
1—j[A+ Btanh(Gt/2)] 11— j[A+ Bcoth(5t/2)]

R

where t is the perforation thickness; A and Bare functions of element
spacing, aperture size, and wavelength, and [ is the propagation
constant of the field inside the holes [19]. In addition to a square lattice
configuration, the apertures could be distributed in an equilateral
triangular lattice structure whose A and B are also reported in [19].

Equation (1) is valid below the aperture cut-off frequency where
only the dominant waveguide mode is significantly present in the
openings. The aperture size and spacing between them should meet
the conditions in Table 1.

The equivalent impedance of the array of apertures is Z,; = 170%
, where g is the free space intrinsic impedance. For an enclosure wall
with its center partially perforated by an array of holes, the effective
wall impedance Z/, is a fraction of Z,;. Using an impedance ratio
concept Z!; becomes [2]

Zap = Zan, (2)
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Figure 1. Geometry of an array of holes in a metallic flat plate in
square lattice; (a) square and (b) circular apertures.

Table 1. Shape, size and spacing of the holes for different lattice

configurations.
Shape of Type of lattice Openings Element
openings configuration size separation
Circular Equilateral ac > 0.28d d < 0.57A
Circular Square ac > 0.28d d < 0.5\
Square Equilateral as > 0.5d d < 0.57\
Square Square as > 0.5d d < 0.5\

where « is the ratio of the perforated area to the whole surface. Here,
the traditional circuit model is improved by this proper choice of
aperture impedance that considers the finite wall thickness, the hole
lattice arrangement, and the mutual coupling between them.
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2.2. Equivalent Circuit Model

Figure 2 shows a rectangular perfect electric conductor enclosure of
finite wall thickness with an array of holes exposed to an incident plane
wave and the equivalent circuit model of the structure. The enclosure
is modeled as a shorted waveguide whose characteristic impedance
and propagation constant are Z; and kg, respectively [1]. For the

TEo mode of propagation in the enclosure, Z;, = n9/+/1 — (Ao/2a)?

and k; = koy/1— (Ao/2a)?, where ky and Ao are the free space
propagation constant and wavelength, respectively. The incident wave

is represented by the voltage V{; and the free space intrinsic impedance
no ~ 377§ The impedance Z!, represents the array of small holes in
the finite-thickness wall linking free space with the waveguide.
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Figure 2. A rectangular box with an array of holes (a) exposed to an
incident plane wave and (b) its equivalent circuit model.

2.3. Electric and Magnetic Shielding Effectiveness

The electric and the magnetic SE at point P at distance p from the
perforated wall is obtained from the voltage and current at that point
in the equivalent circuit of Fig. 2. The details of the derivation and
the resultant formulas for SE are given in [1].
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3. GENERALIZED MODAL MOM TECHNIQUE

The modal MoM technique in [23] can be generalized to include the
wall thickness in a SE calculation of a perfect electric conductor box
with rectangular apertures [24]. It is assumed that apertures are small
enough so that image theory can be applied. Additionally, the edge
diffracted fields are ignored. Here, in the generalized approach, by
using the surface equivalence principle, each aperture is replaced by
two sets of equivalent magnetic currents at both sides. The problem is
divided into three separate regions of outside the enclosure, inside the
aperture, and inside the enclosure. Fig. 3 depicts the side view of the
enclosure and its rth aperture, where Fig. 3(a) shows the aperture fields
and 3(b) represents their equivalent magnetic currents, respectively.
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Figure 3. Enclosure side view with (a) electric fields and (b)
equivalent magnetic currents at both sides of the aperture.

The rectangular configuration of the enclosure and the apertures
allows the use of sinusoidal modal expansions for the transverse
electrical fields. Then, using the equivalence principle, the equivalent
magnetic currents at each side of the rth aperture are:

R

er =1 Xﬁaptrl = Z z Z Z Urpqur‘_yz Z ‘/rpqq)r
L P q p q

r=1

R T
M2r = Nig X Eaptr? = Z —T Z Z Arpq\pr +ZQ Z Z Brpqq)r
r=1 L P q p q

where U,,q and V;,, are the unknown amplitudes of the pgth mode
of the magnetic current on the outer face of the enclosure which are
nonzero at the rth aperture and zero elsewhere. Similarly, A,,, and
B,pq are defined for the inner face of the enclosure. In addition, R
indicates the number of apertures, L, and W, are the length and width

, (3)

,(4)
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of the rth aperture, z.. and y., are its center coordinates, and

T

Uy = st (P (Lo f2 4 0= ) ) cos (00,240 =) ) 9

®, g = cos <]£ (Ly/2 4z — :ccr)> sin <IC/]V—7T

K /24y ) (6)

In Fig. 4(a), Region I is the outer area and is assumed to be a half
free space. The total field in this region is the sum of the radiated

fields from er, the incident wave, and its reflection. Region II is the
volume composed of the aperture sides and the thick wall as shown in
Fig. 4(b). The total field in this region is the sum of radiated fields

from —Mhn and _MQT.
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Figure 4. Division of the problem space into (a) Region I, outside the
enclosure, (b) Region II, within the wall, and (c) Region III, inside the
enclosure.

The negative currents satisfy the continuity of the tangential
electric field on both sides of the aperture. Inside the enclosure

is the third region where the total field is just radiated from Mo,
Electromagnetic fields in terms of the electric vector potential (ﬁ)

are given as:

E i(—%Vxﬁ), (7)

r=1

H =

M=

(%3” <k§ﬁ+vvﬁ)>, (8)

r=1
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where F is defined as:

FT - // / ém(x’ Y, Z/xla yla Z/) ’ MT('r/» y,7 z')dx'dy'dz’, (9)

aperture

and G (z,y, z/2',y/, 2’) is the Green’s function of each region [24]. By
enforcing the tangential magnetic field boundary condition at each side
of an aperture, two sets of integral equations for the magnetic currents
of each aperture are derived. Then, the Galerkin MoM approach
solution is used to find the electromagnetic fields in all space.

4. COMPARISON WITH MEASUREMENTS AND THE
GMMOM TECHNIQUE

4.1. Comparison with Measurements

An empty 36 x 12 x 42 cm rectangular enclosure with holes, as shown
in Fig. 5, is analyzed with our modified waveguide equivalent circuit
model. The wall thickness is ¢t = 1.2 mm, and the radius of the circular
holes and their separation are a. = 5mm and d = 12 mm, respectively.
Electrical SE is computed at the point P, in the mid plane parallel to
the side walls, 4cm from the back wall and 2cm from the enclosure
lid.

42 cm
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Figure 5. An enclosure with equilateral lattice structure of circular
holes.

The y-polarized normally incident plane wave allows the use of the
proposed circuit model to find the SE at point P. Fig. 6 depicts the SE
from this model, measurements [16] and the TLM [16]. As illustrated,
the results of this method are in better agreement with measurements
than TLM predictions. Since the proposed technique deals only with a
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simple circuit analysis, it is more efficient than the TLM technique that
discretizes the space of the problem and uses an iterative approach at
each cell to obtain voltages and currents and thus the final result. Our
equivalent circuit model requires less than 0.05 milliseconds of CPU
time on a 2.68 GHz computer at each frequency, thus, it is not only
very simple to implement but also computationally extremely fast.
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Figure 6. Comparison between the electrical SE of the present model
and the measurements of [16] for the enclosure of Fig. 5.

The resonant frequencies of the box without apertures up to
1GHz are 357.1, 548.8, 714.3, 826.9 and 906.6 MHz. As observed
in Fig. 6 since the apertures’ size are very small compared to the
enclosure dimension, the perforation in the enclosure does not change
the resonant frequencies and two resonant frequencies of 548.8 and
906.6 MHz appear in the figure. The other resonances are omitted due
to symmetry. It should be noted that in all the examined cases in this
paper the array of holes is are located at the centre of the front face.

4.2. Comparison with the GMMoM

Further validation is performed by comparing the results of the newly
proposed circuit technique with the GMMoM [24]. A 50cm cubic
enclosure with various numbers of 4cm square apertures and 5mm
thickness is examined. The holes are distributed in a square lattice of
6 cm separation. Fig. 7 shows the SE of the circuit model and GMMoM
at the centre of the enclosure. As the number of apertures increases,
the two approaches are in better agreement, while the calculation
time of the numerical method increases remarkably that is validated
in Table 2. Since the reflection coefficient in (1) is derived for an
infinite plate completely covered by the apertures, the model becomes
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Table 2. Comparison of the CPU time.

CPU time for each frequency analysis

aperture array GMMoM Present Circuit Model
4x4 4.36 minute <0.05 ms
6x6 19.51 minute <0.05 ms
8x8 57.71 minute <0.05 ms

Table 3. SE of the enclosure in Fig. 7(c) for different thicknesses.

SE (dB)
. Frequency Frequency
T?‘(‘:Clgllfs 200 MHz 500 MHz
Present GMMo Present GMMo
Circuit Model M Circuit Model M

0.1 40.50 38.97 21.55 20.02
0.5 41.88 42.07 22 .90 22.09
0.7 4232 43.54 23.33 24.55
0.9 42.64 4498 23.66 25.98
2 43.40 52.64 24 .40 33.59

more accurate as the total surface area of perforations increase. Again
here the presence of the small apertures does not alter the resonant
frequency of the enclosure.

4.3. Effect of the Wall Thickness on the SE

Table 3 compares the SE of this method and GMMoM for the
configuration of Fig. 7(c) at 200 and 500 MHz for various wall
thicknesses. As shown, by increasing the wall thickness a higher SE
is achieved. However, as the thickness increases beyond 0.7 cm, the
agreement between the two methods diminishes.

In order to study the effect of wall thickness on small apertures,
the SE at the central point of a 30 x 12 x 30cm enclosure with 20
circular holes and various thicknesses is shown in Fig. 8. The holes of
6 mm radius are distributed in an equilateral configuration of 20 mm
separation distance (Fig. 8). As shown, the SE improves as the wall
thickness increases. Please note that there is a 3 dB difference between
the SE of ¢ = 0.0001 mm (approximately zero thickness) and ¢ = 2mm,
which means that wall thickness should be considered for accurate SE
prediction particularly for small apertures. Such a behavior is also
observed for square thin holes.
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Figure 7. Comparison between the electrical SE of the present model
and the GMMoM of [24] for a cubic enclosure of 50 cm with 4 cm square

holes of 6 cm separation for (a) 4 x4, (b) 6 x 6, and (c) 10 x 10 element
aperture array.

4.4. Validation in the Limiting Case of Zero Thickness

For the case of zero thickness, the method is compared with the circuit
model of [2] where a proper impedance is used for circular perforations
with equilateral and square configurations. A 30 x 12 x 30 cm enclosure
with circular openings of 7.5 mm radius and separation of 17.5 mm with
two square and equilateral arrangements is studied. As shown in Fig. 9,
the results of the two approaches for the central point of the enclosure
are identical.

4.5. Discussion on the Thickness of the Wall

As the thickness of the wall increases, the argument of the hyperbolic
tangent function in (1) tends towards 1. Therefore, the validity of
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Figure 8. Effect of various wall thicknesses on SE.
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Figure 9. Comparison between the electrical SE of the present model
for infinitesimally small thickness wall and the model in [2] for the

circular holes of (a) square and (b) equilateral lattice structure.

the circuit model is limited to thicknesses whose (t/2 remains in the
linear region of the hyperbolic tangent function; thus, t/2 < 0.4 is a

good approximation for this criterion. Fig. 10 compares the SE at the
central point of a 50 cm cubic enclosure with 6 x 6 square holes of 2 cm
and separation of 3.5cm for various wall thicknesses. As shown for
t > 5mm where the hyperbolic tangent is not linear, the calculated SE
is incorrect. Disagreement between two calculated SE for ¢ > 0.7 cm
in Table 3 confirms this fact.
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Figure 10. Effect of increasing wall thickness on calculated SE.

5. CONCLUSION

In this paper, an enclosure with numerous apertures in a finite
thickness wall is modeled by a very efficient analytical approach
based on waveguide equivalent circuit model. The model supports
the square and circular openings with square and equilateral lattice
structures. The impedance used for the perforated wall takes the
mutual coupling between the apertures into account consistent with
their lattice configuration in the thick wall. This highly efficient
and simple to implement method is proved to be very accurate when
compared to measurements and the GMMoM technique. It is shown
that wall thickness has a noticeable effect on SE particularly for small
apertures and thus, it should be considered in SE calculations.
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