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Abstract—In this paper, the problem of evaluating the electro-
magnetic field on rectangular apertures backed by rectangular
cavities is investigated. The electromagnetic-field distribution is
derived by using a circuital model of an aperture and suitable
forcing terms introduced into the equations related to the aperture
model. The effects of a rectangular cavity on the aperture-field
distribution are assessed by considering the rectangular cavity as
a load impedance. The impedance value is obtained by modeling
the rectangular cavity as a length of rectangular waveguide
back-ended by a short. The distribution of the electromagnetic
field on the aperture is used as an exciting source to evaluate,
through a modal expansion, the electromagnetic field inside the
cavity. Numerical simulations are in a good agreement with both
other theoretical models and experimental data.

Index Terms—Electromagnetic modeling, EMC, radiated
immunity, shielding effectiveness.

I. INTRODUCTION

I N THE LAST few years, there has been a growing interest
within the electronic industry regarding problems related to

the applications of shielding devices.
Some works have faced the problem of emission from an

aperture caused by an internal field source. In this problem, the
aperture is treated as an aperture antenna that radiates in the ex-
ternal region. First, the field due to the internal source is com-
puted on the aperture. Such a field is then used as the source in
the aperture antenna problem [1], and the radiated field is ob-
tained by imposing suitable boundary conditions between the
internal and external regions.

Another typical problem is the evaluation of the penetration
of an electromagnetic field through apertures on the surface of
a metallic cabinet. When one considers an external electromag-
netic field that impinges on the metallic cabinet, the problem
becomes a scattering one. In these kind of problems, the diffi-
culty is in finding the correct distributions of the electromag-
netic field on the apertures and to match the electromagnetic
field with that inside the metallic cabinet. The numerical eval-
uation of the electromagnetic field inside the metallic cabinet
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may be obtained to a high degree of accuracy by using various
computational methods such as the method of moments (MoM),
finite-difference time domain (FDTD) [2], [3], finite-element
method (FEM) [4], Fourier transform, and mode matching [5].
However, the computational efforts required by such methods
does not always justify their use, especially when the designer
is searching for a quick (even though approximate) solution.

In some works, the electromagnetic wave is modeled by using
a voltage source with an internal impedance equal to the vacuum
impedance [6]. This approach is very simple and gives good re-
sults, but the electromagnetic wave cannot be well determined;
in particular, this model does not permit one to specify the inci-
dence angle and polarization of the electromagnetic wave.

In other works, the field distribution on apertures is often
evaluated by means of an infinitely perfect conducting plane
sheet, and the solution based on Maxwell equations is obtained
by imposing correct boundary conditions on the apertures. For
example, in [7], an elegant theoretical formulation is presented
that considers the effects of diffraction of the electromagnetic
wave by holes that are small as compared with the wavelength.

The main purpose of this paper is to present a method based
on a circuital approach that is able to predict the field distribu-
tions on rectangular apertures backed by rectangular cavities.
To this end, an aperture is modeled as a length of rectangular
stripline ended by a short, and the metallic box backing the aper-
ture is modeled as a load impedance that is calculated by re-
garding the box as a length of rectangular waveguide ended on
one side by a short, and by considering only the fundamental
propagation mode . In particular, the voltage distribution
on the aperture (without cavity) is determined by using a well-
known approach [8], [9] that was originally developed to eval-
uate the effects of an electromagnetic field on a transmission
line. The Thevenin equivalent of this structure is evaluated and
connected to the load given by the backing cavity. In order to
evaluate the electromagnetic field on the aperture, the final value
of the field is calculated by considering the divider between the
impedance of the aperture and the impedance of the metallic
cabinet. After these steps, we find an approximate, but accurate
enough valuation of the field distribution on the aperture, and
we exploit it as a source for the computation of the field inside
the cabinet.

In order to test the model, the field inside the metallic cab-
inet is computed through a modal expansion [10]. Each term
of the modal expansion is determined by using the field com-
puted on the apertures as the exciting source. It is worth notice
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Fig. 1. Geometry of the problem.

that, whereas the field distribution along the rectangular aper-
ture is computed considering only the fundamental propaga-
tion mode (and this approximation gives good accuracy
in most cases of practical interest), the matching between the
field distribution on the rectangular aperture and the field inside
the enclosure is evaluated by using a modal expansion and also
considering higher modes.

The proposed model provides a high degree of accuracy with
a low computational burden, as compared with more complex
numerical methods; moreover, the model is more variable than
other circuital models [6], as the incident field can be well de-
fined in terms of the propagation vector and polarization angle.
With respect to a previous model by the authors [11], the present
approach provides a better accuracy in the computation of the
field inside the enclosure. Furthermore, the field source on the
aperture is better matched with the modes of the rectangular
cavity.

II. M ATHEMATICAL FORMULATION

The first goal is to derive the circuital model of a rectangular
aperture illuminated by an external uniform plane wave. The
plane wave is characterized by an arbitrary propagation vector

and an arbitrary polarization angle(see Fig. 1). In order to
obtain the model, the Thevenin theorem is used and the aperture
is considered separate from a metallic cabinet.

The rectangular aperture is characterized by the dimensions
, , and , which are, respectively, the width, height, and thick-

ness of the metallic sheet (see Fig. 2).
In order to apply the Thevenin theorem, the impedance of

the rectangular aperture must be calculated. This task is accom-
plished by following the method presented in [6], where the
characteristic impedance of a rectangular aperture is derived as
the impedance of two lines ended with shorts and having the
characteristic impedance of a coplanar-strip transmission line

(1)

where and is the characteristic impedance of the
strip [12].

The approximation used to model an aperture as a transmis-
sion line also permits one to find the equivalent voltage source,
which models the coupling between the electromagnetic wave
and aperture. The approach to evaluating the coupling between
the electromagnetic field and the transmission line involves in-
troducing suitable forcing terms into the transmission-line equa-
tions [8], [9].

According to this method, the usual equations for a transmis-
sion line are modified by introducing two forcing functions as
follows:

(2)

(3)

where and are the inductance and capacitance (per unit
length) of the line, respectively, and and are the
two forcing functions.

According to the notation used in Fig. 2, the forcing functions
can be written as follows [8]:

(4)

(5)

where is the magnetic induction vector incident on the aper-
ture, is the -axis versor, is the -axis versor, and is
the electric-field vector incident on the aperture. The above re-
lations are found by using quasi-TEM approximations.

By combining the relations (2) and (3) and introducing the
forcing functions (4) and (5), the following differential equation
is obtained:

(6)

The vertical slabs are assumed to be the two conductors
that act as load for the transmission line and give the correct
boundary conditions (7) necessary to solve the linear differen-
tial equation (6) as follows:

(7)

where and are the positions of the shorts at the end of the
line.

The following relation gives the solution to (6) that represents
the voltage along the line:

(8)

where , , and are complex constants. We refer the reader
to [11] for a detailed solution.

Now the circuital model of the aperture is complete, (1) gives
the equivalent impedance of the aperture and (8) gives the equiv-
alent voltage source representing the plane wave; therefore, the
Thevenin theorem can be correctly applied.
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Fig. 2. Circuital model and geometries of the enclosure, aperture, and plane wave.

The last step is to derive the value of the electric field
from . This goal could be attained by using the following
relation [13]:

(9)

which is valid for an infinite rectangular waveguide whose
cross-sectional dimensions areand , respectively.

In the present case, however, a discontinuity exists between
the aperture and enclosure (that is our rectangular waveguide).
To account for such a discontinuity let us introduce the fol-
lowing transformation ratio [11]:

(10)

where and are the dimensions of the aperture.
By using , the relation between and becomes

(11)

The value of the electric field found by (8) and (11) is the
component of the electric field; thus, the model obtained gives a
good approximation only if the horizontal dimensionis much
larger than the vertical dimension. Anyway, an extension for
square apertures may be simply achieved by applying the same
method in order to find the component of the electric field

. This task can be accomplished by considering the ver-
tical slab as a coplanar-strip transmission line and the horizontal
slab as a short, analogously to the computation of thecompo-
nent of the electric field .

The circuital model of an enclosure without any aperture is
now necessary in order to complete the model. The enclosure
is taken as a rectangular waveguide in which only the funda-
mental mode is excited. Within this approximation, the
enclosure is modeled as a length of transmission line ended by
a short and having the same characteristic impedanceand

the same propagation constantas the mode of a rect-
angular waveguide, i.e.,

(12)

(13)

The enclosure may be seen as an impedancegiven by the
following relation:

(14)

Fig. 2 shows the equivalent circuit that models the enclosure,
aperture, and plane wave.

The value of the electric field on the aperture is obtained by
defining the voltage divider between and as

(15)

The value of takes into account the effects due to the
presence of the aperture and enclosure.

The value obtained by (15) is used to evaluate the electro-
magnetic field inside the enclosure through a modal expansion
expressed by the following relation [10]:

(16)

where is the field distribution along the rectangular
aperture, which represents the exciting source, is the
normal vector of the cross section of the aperture, is the
wavenumber corresponding to theth mode, is the volume
of the enclosure, is the surface of the aperture, and are
the divergenceless electric eigenvectors of a rectangular cavity
[10]. From (16), it can be deduced that each mode is weighted
considering the exciting source , working frequency, and
dimensions of the enclosure. We noticed that, in most cases of
practical interest, only a few modes are needed to achieve a
satisfactory evaluation of the field inside the metallic cabinet.
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Fig. 3. Simulated electric field along the length of a rectangular aperture of 200 mm� 30 mm. Enclosure dimensions: 300 mm� 120 mm� 300 mm. Frequency:
450 MHz.

Fig. 4. Plot of the shielding effectiveness at the center of an enclosure for a frequency range from 0.1 to 1 GHz. Continuous line: model yielded in [11].Dashed
line: present model. Dotted line: measured data. Enclosure dimensions: 300 mm� 120 mm� 300 mm. Aperture dimensions: 100 mm� 5 mm.

III. N UMERICAL RESULTS

In this section, in order to evaluate the efficiency of the de-
veloped method, the shielding effectiveness of some enclosures
and apertures are calculated by using (14) and compared with
experimental data and with other numerical data obtained by
another method [6]. The electric shielding effectiveness is de-
fined as

(17)

where is the amplitude of the electric field inside the box at
a specified point and is the amplitude of the electric field
at the same point with the enclosure removed.

Furthermore, in order to give an example of a field distribu-
tion on the aperture, Fig. 3 shows the module of the electric field
evaluated along the length (-axis) of a rectangular aperture of
200 mm 30 mm, when the aperture is backed by a rectangular
cabinet of 300 mm 120 mm 300 mm. The electromagnetic
source is a plane wave characterized by a frequency of 450 MHz
and a polarization along the-axis.

Fig. 4 shows the electric shielding effectiveness versus fre-
quency for an enclosure of 300 mm120 mm 300 mm with
an aperture of 100 mm 5 mm. The frequency was changed
from 0.1 to 1 GHz. The measurement point was at the center of
the enclosure. The numerical data were compared with the ex-
perimental ones, and with the data obtained by using the model
proposed in [11]. The comparison between the data obtained
by the present model and measured data are in a good agree-
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Fig. 5. Plot of the shielding effectiveness at the center of the same, enclosure as in Fig. 4, but for a frequency range from 0.4 to 1 GHz. Continuous line:present
model. Dashed line: measured data. Enclosure dimensions: 300 mm� 120 mm� 300 mm. Aperture dimensions: 200 mm� 30 mm.

Fig. 6. Plot of the shielding effectiveness at the center of an enclosure for a frequency range from 0.2 to 1 GHz. Continuous line: model yielded in [11].Dashed
line: present model. Dotted line: measured data. Enclosure dimensions: 222 mm� 55 mm� 146 mm. Aperture dimensions: 100 mm� 5 mm.

ment, particularly in the frequency range from 500 MHz up
to 1 GHz. The comparison between the data obtained with the
model presented in [11] and the measured data shows a satis-
factory agreement only for a frequency range from 100 up to
500 MHz instead of for frequencies above 500 MHz, where the
electric shielding effectiveness is underestimated.

As expected, the shielding effectiveness decreased in the
neighborhood of 700 MHz, as the dimensions of the aperture
were very small and the structure tended to behave like a
perfect rectangular resonator (which would have a resonance
frequency of 707 MHz). Fig. 5 shows the electric shielding
effectiveness versus frequency for the same enclosure as in the
previous example, but with an aperture of 200 mm30 mm.
The measurement point was at the center of the enclosure.
The frequency ranged from 400 MHz to 1 GHz. Again, the

numerical results were compared with the measured ones. In
this case also, the results obtained by the proposed model were
in good agreement with the measured data.

Fig. 6 shows the electric shielding effectiveness versus fre-
quency for an enclosure of 222 mm55 mm 146 mm with
an aperture of 100 mm 5 mm.

The frequency was varied from 0.2 to 1 GHz. Also in this ex-
ample, the numerical data were compared with the experimental
ones. The agreement between the numerical data and experi-
mental ones was very good for the whole frequency range con-
sidered. The data obtained with the present model are also com-
pared with the data obtained by means of the model proposed in
[11]. From Fig. 6, it can be noted that the model proposed in [11]
gives worse results with respect to the data obtained by means
of the present model for the whole frequency range considered.
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Fig. 7. Plot of the shielding effectiveness at the center of an enclosure for a frequency range from 0.1 to 1 GHz. Continuous line: present model. Dashedline:
measurement data [6]. Enclosure dimensions: 483 mm� 120 mm� 483 mm. Aperture dimensions: 100 mm� 5 mm.

Fig. 8. Plot of the shielding effectiveness at the center of an enclosure for different incidence angles�. Frequency: 700 MHz. Enclosure dimensions: 300 mm�
120 mm� 300 mm. Aperture dimensions: 100 mm� 5 mm.

In the following example, the electric shielding effectiveness
versus frequency for an enclosure of 483 mm120 mm
483 mm with an aperture of 100 mm5 mm was evaluated. The
frequencyrangedfrom0.1 to1GHz.Thenumericaldataobtained
by the proposed model were compared with the measurement
results provided in [6]. Fig. 7 shows the comparison between the
experimental data and the result provided by the present model.
It can be seen that the overall agreement is very good.

In all of the previous examples, the electromagnetic wave
considered in order to test the model was a-polarized ( )
uniform plane wave with a propagation vectorparallel to the
-axis ( ). The following two examples show the behavior

of the model when the incident and/or the polarization angle
change. Fig. 8 shows the electric shielding effectiveness for an
enclosure of 300 mm 120 mm 300 mm. The measurement
point was at the center of the enclosure.

The incident field was still a -polarized ( ) uniform
plane wave (with a frequency of 700 MHz), but the incidence
angle was varied in a range from 10up to 90. It can be noted
that, for , the propagation vector of the plane wave is
-directed, and the electric shielding effectiveness has a min-

imum. This is an expected result since, in this case, there is the
better coupling condition between the incident wave and rect-
angular aperture, while, for values of the incidence angle upper
or lower 90, coupling decreases and the electric shielding ef-
fectiveness increases.

Fig. 9 shows the electric shielding effectiveness (for the same
enclosure of the previous example; also in this example, the
measurement point was at the center of the enclosure) when
the incident field was a plane wave with the propagation vector
along the -axis ( ) and the polarization angle was
varied from 0 up to 80. For a polarization angle , the
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Fig. 9. Plot of the shielding effectiveness at the center of an enclosure for different polarization angles�. Frequency: 700 MHz. Enclosure dimensions: 300 mm
� 120 mm� 300 mm. Aperture dimensions: 100 mm� 5 mm.

plane wave is -polarized and, since this is the better-coupling
condition, the lowest electric shielding effectiveness value is
reached. Instead, when the polarization angleis increased, the
coupling between the incident field and the aperture gets worse
and the electric shielding effectiveness increases.

IV. CONCLUSIONS

In this paper, the distribution of the electric field on various
rectangular apertures backed by cavities has been theoretically
investigated and used to calculate the electric shielding effec-
tiveness. The results of the numerical simulations agree with
the experimental data, as well as with the data obtained by other
theoretical models. The proposed model is useful to estimate
the electromagnetic field on rectangular apertures backed by
rectangular enclosures to a high degree of accuracy, with a low
computational burden, despite the approximations introduced.
Furthermore, although in some cases the present model provide
result that are no better than those given by other models [6],
[11], it has some other useful features. In particular, it allows one
to evaluate the field at every point inside the enclosure; more-
over, with the present model, it is possible to account for the po-
larization angle and propagation vector of the incident field. We
expect these advantages can be further exploited when consid-
ering apertures that are off-centered with respect to the middle
of the front panel of the enclosure. This would be the topic for
future work.
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