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Abstract — In this paper, the shielding properties related 

to a protective metal enclosure with airflow aperture arrays 
are numerically analyzed. As a numerical model, a TLM 
method, either in a conventional form based on fine mesh to 
describe apertures presence or enhanced with the compact 
air-vent model is employed. The main focus in the paper is on 
examining the limits of applying the compact air-vent model 
for EMC problems solving. Namely, various values for the 
distance between neighboring apertures in the TLM air-vent 
models as well as the air-vent thicknesses are analyzed. 
Specifically, the analyses are conducted for a normal incident 
plane wave, vertically and horizontally polarized.  

  
Keywords — Enclosure, fine TLM mesh, hexagonal 

apertures, plane wave, round apertures, shielding 
effectiveness, TLM Air-vent model. 

 

I. INTRODUCTION 
NE of the major challenges in the design of an 
electronic system is to harmonize electromagnetic 

(EM) radiation and eliminate potential electromagnetic 
interferences (EMI). In order to protect electronic circuits 
from some external influences, they are often put in some 
shielding enclosures, which are made of materials to a 
wide range of electrical conductivity, magnetic 
permeability, and thickness [1]. However, the shields 
commonly contain some apertures, slots and/or seams 
which enable an external EM radiation to penetrate inside, 
and which in turn results in distortion of their protective 
function. The focus of this paper is put on the enclosures 
for high-speed digital designs that use airflow aperture 
arrays (so called air-vents), instead of large open 
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apertures, for ventilation and heat dissipation [2]. 
Specifically, here we examine the shielding properties of 
an enclosure with such apertures from the viewpoint of 
shielding effectiveness (SE).  

There is a number of numerical techniques for 
computational analysis of various EM and electromagnetic 
compatibility (EMC) problems. Probably the most popular 
methods among the differential time-domain ones are the 
finite-difference time-domain (FD-TD) method [3] and the 
transmission line matrix (TLM) technique [4]. The TLM 
method has been already enhanced in order to efficiently 
account for small but influential features instead of using a 
fine mesh to model their presence [4-8]. One of these so-
called sub-cell models is presented in [9-11] to permit 
modeling of air-vents on thin and thick enclosure metal 
walls. The accuracy of this compact air-vent model has 
been successfully verified through comparison with 
experimental [9] and fine TLM mesh results [9,10]. Also, 
the efficiency of this model has been demonstrated on 
several classical EMC problems examples [11]. However, 
note that the applicability of the compact TLM air-vent 
model to EMC problems has a few possible limitations [9-
11].  

In this article, we investigate the effects of arbitrary 
distance between apertures and different perforated wall 
thicknesses from the TLM air-vent model applicability 
point of view. The analysis is done for both a horizontal 
and vertical incident plane wave. 

 

II. BRIEF DESCRIPTION OF TLM AIR-VENT MODEL  
An efficient numerical calculation of EM field inside 

protective enclosures and estimation of its shielding 
properties can be accomplished by using a TLM method 
of compact air-vent model. 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, as illustrated in Fig. 1. Firstly, it 
was developed for square and circular perforations on thin 
metal walls [9] and on walls of significant thickness [10]. 
Afterwards, it was extended for air-vents with rectangular 
and hexagonal apertures [11]. 

To capture both horizontally and vertically polarized 
EM field propagation through the perforations, two 
reactive circuits are needed. Each of them interacts with 
voltage pulses travelling through one of two orthogonally 
polarized link lines of TLM cell. Note that the apertures 
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Fig.1 Compact TLM air-vent model of perforated metal 

wall in yz plane; LhCh circuit for horizontal and LvCv 
circuit for vertical polarization. 

 
should be analysed in two dimensions. Each circuit is 
current running near the aperture borders, while the latter 
one models the EM field distribution inside the apertures. 
The equivalent reactance, denoted by X, can be 
empirically found by a series of TLM fine mesh 
simulations conducted for a plane wave illuminating 
perforated metal wall of different thicknesses and 
apertures’ mutual distances. It is expressed as a product of 
angular frequency and four other terms that depend on 
aperture cross-section form, cut-off frequency of the 
aperture fc, coverage cov (percentage of wall surface 
covered by apertures) and wall thickness t or perforation 
depth [11]: 
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Constants Ai, i=1, 2, 3, 4 in (1) are given in [11] for 
each considered aperture shape and appropriate 
polarization. In case where the propagation of an incident 
plane wave, irrespectively of its polarization, can be 
represented by an equivalent circuit consisting of a line of 
characteristic impedance Z0 loaded with reactance X 
inserted at its midpoint, the transmission coefficient is 
given by the following expression [9-11]: 

)2//( 0ZjXjXT += .                  (2) 
The reactance X, i.e. its capacitance and inductance in 

parallel are selected so as to match the value of 
transmission coefficient at two different frequencies 
corresponding to 10% and 80% of aperture cut-off 
frequency. 

The main advantage of compact TLM air-vent model is 
that a coarse mesh can be used with cells that can be 
potentially bigger in size than individual apertures. This 
stands in sharp contrast with the fine mesh modeling 
where a number of cells are necessary across each aperture 
dimension. Also, there is no need to model aperture depth 
as it is included explicitly in the model through parameter 
t (thickness). 

However, the TLM air-vent model has several 
drawbacks when used for EMC problems. Some of them 
are obvious; for example, there are no structures beyond a 
perforation as this will obviously not correspond to the 
way the transmission coefficient is calculated in (2). Also, 
the model is applicable to the frequencies below the cut-

off frequency of the perforation as we consider aperture 
on a metal wall as an extremely short, highly cut-off 
waveguide. Other model limitations are less obvious; for 
instance, the applicability of the model is limited to 
frequencies at which perforations are closer than a half 
wavelength apart [12]. Also, model is valid within the 
limits of defined parameters which in the case of 
perforation depth go from indefinitely thin perforated 
metal wall to the wall with thickness up to the cross-
sectional dimension of the aperture. Perforated walls with 
extremely small coverage are also not taken into account 
during the empirical derivation of compact model. Some 
of these limits will be studied in the next section.  

III. NUMERICAL ANALYSIS AND RESULTS 
This section is devoted to the numerical results related 

to the shielding effectiveness of a protective metal 
enclosure with circular perforations. The results are 
obtained by employing a fine mesh and a coarse mesh 
with the compact air-vent model which has been described 
in the previous section. In order to investigate the 
applicability limits of the compact air-vent model, 
different values for both the distances between circular 
apertures and the wall thickness are examined.  

A. Numerical Models 
Let us consider a protective metal enclosure with 

circular perforations on its frontal wall, as depicted in Fig. 
2(a). We will first model the enclosure by using a 
conventional TLM method based on applying a fine mesh 
to describe the apertures. The enclosure is of a rectangular 
shape, with inner dimensions (100 x 100 x 200) mm. Also, 
it has eight round apertures, where each aperture is of a 
diameter of 12.77 mm. The apertures are positioned 
symmetrically around the center on the frontal wall. The 
horizontal and vertical spacing between any two apertures 
is d = 2 mm, see Fig. 2(c). The wall thickness of t=2 mm 
is constant for the whole enclosure. In order to accurately 
model the enclosure’s thickness and its circular apertures, 
the mesh with fineness of 26 cells along z and x axes is 
used to model each aperture, while 4 cells are used to 
describe the apertures mutual distance and the wall 
thickness. A plane wave of the vertical polarization with 
the propagation in y-direction and with the electric field 
component in z-direction is used as an excitation. The 
characteristics of the enclosure, such as its geometry, 
dimensions and shape of apertures, as well as the 
excitation are assumed to be as in [13]. 

Next, the same enclosure is also modeled by employing 
the coarse mesh with incorporated compact air-vent 
model. The part of frontal wall on which the model is 
applied is of dimensions a’ = 29.54 mm and b’ = 59.08 
mm, where a’ and b’ are depicted in Fig. 2(c). These 
dimensions are determined based on the rule that the 
apertures are at half mutual distance (d/2) from the 
modeled part border. To describe this area, the number of 
cells used along x axis equals 10, while 20 cells are used 
along z axis. The percentage of the surface of this part of 
frontal wall covered by apertures is 58.71%. 
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a) 
 

   
b)           c) 

Fig 2 (a) Protective metal enclosure of rectangular 
cross-section, (b) Two apertures along the z-axis,  

c) Frontal wall with ventilation apertures. 
 

Figure 3 presents the results for the enclosure SE 
obtained by previously described fine mesh and coarse 
mesh with incorporated compact air-vent model in 
comparison with the SE curve from reference [13]. 
Observe that the figure shows a very good agreement 
between the first two curves in the whole analyzed 
frequency range, which is from 0 up to 3 GHz. Also, it can 
be noted that the SE levels in both cases are slightly higher 
at lower frequencies in comparison with the SE 
measurement curve from [13]. Moreover, the first two 
resonant frequencies are shifted toward lower frequencies 
in contrast to the SE curve in [13]. The differences can be 
explained by the fact that the inner space of the enclosure 
is slightly larger than in [13] due to differently defined 
internal dimensions of enclosure.  

Next, the expression for the resonant frequencies of 
rectangular enclosure mnlf is provided below: 
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where a, b, and c are dimensions of a rectangular 
enclosure, c0 is the velocity of light in free-space, rε  and 

rμ  are relative permittivity and relative permeability, and 
m, n, and l are integers where at least two of },,{ lnm  must 
be greater than zero. The resonant frequencies of TE110 
and TE112 cavity modes, analytically calculated by using 
the expression in (3), for the enclosure dimensions which 
are previously given, are at 2.121 GHz and 2.598 GHz, 
respectively. The values of these two resonances, obtained 
by the compact air-vent model, are at 2.119 GHz and 
2.583 GHz, are in excellent agreement with the ones 

obtained by the fine mesh (2.118 GHz and 2.584 GHz). It 
should be mentioned that the resonance values for both 
models are closer to the analytical values than the 
measurement results, which are equal to 2.210 GHz and 
2.668 GHz. 
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Fig. 3 The SE curves of enclosure with an array of 8 

round apertures (d=2 mm) compared to measurements 
[13] for vertical polarization. 
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Fig. 4 The SE curves of enclosure with an array of 8 

round apertures (d=2 mm) compared to measurements 
[13] for horizontal polarization. 

 
In Fig. 4 a similar comparison is performed; now, a 

horizontally polarized plane wave is used instead. The SE 
levels obtained by the fine mesh and the air-vent model 
show an excellent agreement. Here, the resonant 
frequencies of TE011 and TE013 cavity modes, analytically 
calculated from (3) for horizontal polarization, are at the 
frequency values of 1.677 GHz and 2.704 GHz, 
respectively. These two resonant frequencies obtained by 
the air-vent model are equal to 1.674 GHz and 2.705 GHz. 
In the fine mesh scenario, these resonances take the values 
of 1.673 GHz and 2.705 GHz, respectively. In addition to 
this, a very good resonance fit for both numerical models 
is obtained. Again, the resonances have a small shift 
toward the lower frequencies compared to the SE curve in 
[13] (in which the resonances are at 1.730 GHz and 2.765 
GHz) due to the same reasons as explained before.   
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B. Aperture spacing 
In this subsection, we change the aperture spacing while 

using the same enclosure as in subsection A. We firstly set 
the spacing to be 18 mm and compare the fine mesh and 
the air-vent model, see Fig. 5. The figure indicates that the 
SE curve related to the enclosure modeled with the fine 
mesh has a similar frequency offset at the first two 
resonant frequencies, with respect to the one obtained by 
compact air-vent model, as in the case where the aperture 
spacing of 2 mm was used. When analyzing the SE levels, 
it can be noticed that the SE curves for both models are in 
a good mutual agreement in the whole observed frequency 
range. 
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Fig. 5 The SE curves of enclosure with an array of 8 
round apertures (d=18 mm) – vertical polarization. 
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Fig. 6 The SE curves of enclosure with an array of 8 

round apertures (d=18 mm) – horizontal polarization. 
 

The same aperture distance of 18 mm for both 
numerical models is performed. Now, the enclosure is 
excited by a horizontally polarized plane wave. An 
excellent mutual match between both SE curves can be 
observed, with the exception in a small peak which occurs 
at frequency above 2 GHz, as depicted in Fig. 6.  
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Fig. 7 The SE curves of enclosure with circular air-
vents for different spacing – vertical polarization 
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Fig. 8 The SE curves of enclosure with circular air-

vents for different spacing – horizontal polarization. 
 

We proceed now by considering the case in which the 
aperture spacing is increased to the value of 37 mm. The 
analysis is now done only for the air-vent model and the 
results are compared to the ones for the aperture spacing 
of 18 mm and 2 mm. As Fig. 7 illustrates, the values of the 
first two resonant frequencies, which are taking the values 
of 2.119 GHz and 2.583 GHz, do not change with the 
increase of aperture spacing. However, at a given 
frequency, the SE level values corresponding to the three 
analyzed cases differ in general due to the fact that an 
increase of aperture spacing (which also increases the 
dimensions of the part of the wall on which the air-vent 
model is applied) causes that the coverage decreases. 
Namely, the frontal wall covered by the apertures with 
distances of 18 mm and 37 mm is 13.52 % and 5.17 %, 
respectively. Most importantly, additional (vibrant) 
resonant peaks at higher frequencies appear due to the fact 
that air-vent model cannot give good results at frequencies 
higher than 2.5 GHz. 

In the same air-vent model, the same enclosure is 
excited by a horizontally polarized plane wave. The 
aperture space of air-vents is set to be at distances of 2 
mm, 10 mm, 18 mm and 37 mm. The distance between 
apertures of d = 37 mm has the coverage of 5.17 %. The 
SE results are compared with the others of various 
aperture distances, such as 2 mm, 10 mm 18 mm and 37 
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mm, as illustrated in Fig. 8. It can be noticed that, 
although the resonances are the same, with the increase in 
aperture distance the SE levels are slightly higher up to the 
first resonant frequency. After that, all the curves have 
different forms. Moreover, the model still works for the 
aperture spacing of 37 mm, which can be said to be the 
border of the model applicability. In addition, by 
calculating the coverage of air-vents, which should be at 
distance of d = 38 mm, the parameters a’ and b’ are 
exceeded the physical enclosure dimensions, 101.54 mm 
and 203.08 mm, respectively. If there is a need to satisfy 
the requirement that the enclosure should have an air-vent 
with 8 perforations, the distance of 37 mm meets the 
requirement and it is set to be the limit of the model 
applicability. 

In the following, the same enclosure with hexagonal 
air-vents for the plane wave of vertical polarization is 
conducted. The enclosure has eight hexagonal apertures 
with the length side of l=7.02 mm. Firstly, the aperture 
space between any two apertures along x-axis and z-axis 
of 2 mm is analyzed. For that case, the frontal enclosure 
wall on which the hexagonal air-vents exist has the 
percentage of surface area covered by apertures of 56.37 
%. Further, we set the aperture spacing to be 18 mm and 
the coverage of 13.25 % in order to obtain the SE 
characteristics. Finally, the aperture distance is put on 36 
mm to examine the applicability of the model for the very 
small coverage, such as 5.32 %. The SE curves for 
different coverage are illustrated in Fig. 9. It can be noted 
that the values of the resonances, which are around 2.120 
GHz and 2.587 GHz, do not change by increasing the 
distances between apertures. The SE levels increase with 
reducing the coverage of perforated wall. But the air-vent 
model does not give correct results for an aperture spacing 
of 36 mm. Especially, additional peaks appear at higher 
frequencies above 2.5 GHz, as depicted in Fig 9.  

In the case of circular and hexagonal air-vents, for the 
similar air-vent coverage and the same type of 
polarization, the SE characteristics have similar values. 
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Fig. 9 The SE curves of enclosure with an array of 8 
hexagonal apertures for different spacing – vertical 

polarization.  

C. Wall thickness 
In order to test an air-vent model in a case of a thick 

perforated panel with thickness greater than the cross-
sectional dimension of the aperture, different thicknesses 
of frontal wall from Fig. 2(c) are considered next (2 mm; 
10 mm; 20 mm; 50 mm). The last two values are greater 
than the diameter of circular apertures in the air-vent 
screen. The distance between apertures is assumed to be 2 
mm and coverage is calculated accordingly. The results 
for the SE of enclosure, obtained by the air-vent model, 
for all considered thicknesses are shown in Fig. 10. It can 
be seen that the shape of SE curve remains the same 
regardless of frontal wall thickness. Also, the relative ratio 
between two adjacent SE curves is almost constant in the 
considered frequency range and follows the value 
obtained when empirical formula of 32*(t/2r) dB [2] is 
applied for each thickness in order to correct its SE level 
with the respect of infinity thin perforated panel.  
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Fig. 10 The SE curves for the cases of different depths 

of frontal wall covered by circular air-vents – vertical 
polarization. 

 
For example, the relative ratio between the SE values of 

two curves in Fig. 10, obtained for thicknesses of 10 mm 
and 20 mm, is around 20 dB which corresponds to a 
difference of 25.1 dB and 5 dB calculated when empirical 
formula from [2] is applied to each thickness, see Table 1. 
Therefore, it can be said that the air-vent model is able to 
give correct results even in cases when perforation depth 
is outside the range for which the model is developed. 

The effect of different thickness values on the air-vent 
model when excited by a horizontally polarized plane 
wave is analyzed next. The thickness values of 2 mm, 10 
mm and 15 mm are considered and the SE results are 
presented in Fig. 11. It can be noticed that the SE 
characteristics are of the same shape while there are 
significant differences in their levels. Figure 11 presents, 
for instance, that the SE characteristics of air-vents 
thicknesses of 10 mm and 15 mm differ about 12 dB 
which is in accordance with the level difference between 
37.59 dB and 25.1 dB given by empirical formula [2]. 
Also, the SE values for different enclosure thicknesses are 
given in Table 2. 
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Fig. 11 The SE curves for the cases of different depths 

of frontal wall covered by air-vents – horizontal 
polarization. 

 
TABLE 1: SE LEVEL CORRECTION 

Depth of air-vent hole [mm] 
vertical polarization 

Empirical 
formula [2] 

2  5 
10 25.1 
20 50.1 
50 125.3 

 
TABLE 2: SE LEVEL CORRECTION 

Depth of air-vent hole [mm] 
horizontal polarization 

Empirical 
formula [2] 

2  5 
10 25.1 
15 37.59 

 

IV. CONCLUSION 
In this paper, the TLM air-vent model has been tested at 

the frequencies at which the aperture spacing is greater 
than a half of the wavelength and for perforated wall 
thicknesses bigger than apertures diameter. Also, analyses 
are conducted for the normal incident plane wave of both 
vertical and horizontal polarization. The TLM air-vent 
models with round and hexagonal apertures are analyzed 
for different values of the spacing between the apertures. 
The results have shown that, with an aperture spacing 

increase, the resonant frequencies remain the same while 
some additional resonant peaks may appear at higher 
frequencies. Afterwards, the effect of an increase of the 
wall thickness has been examined and it has been shown 
that the levels are higher. Future research will be focused 
on the investigation of other possible model limits, such as 
for an oblique incident plane wave and perforated walls 
with extremely small coverage, and on finding solutions to 
overcome identified limits. 
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