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ABSTRACT
A new hybrid modal-moment method is proposed to calculate fields penetrated through small apertures on
rectangular metallic enclosures. First, the method of moments is used to numerically solve the governing
electric field integral equation for the equivalent two-dimensional surface-current distributions on the surface
of metallic enclosure including any number of rectangular apertures of arbitrary lay-out. The resultant
exterior scattered fields are then used as the input to a testing procedure to obtain aperture field distributions
in the modal expansion technique. These fields can be directly transferred to interior penetrated fields, using
appropriate Green’s function of the cavity inside region. To validate the method proposed in this paper, the
results of the proposed method are compared with the measurement results available in the literature and
those obtained using the conventional modal-moment method for both single and double aperture enclosures.
It is shown that the proposed method offers a remarkable improvement in computation burden over the
conventional method, especially for calculation of field penetration through much number of apertures
typical to realistic measures in the discipline of electromagnetic compatibility.
KEYWORDS
Shielding effectiveness, Hybrid methods, Electric field integral equation, Rectangular enclosures,
Rectangular apertures.
1. INTRODUCTION
Shielding refers to the initiatives in the field of
electromagnetic compatibility (EMC) to protect sensitive
equipments or biological bodies against external
electromagnetic interferences or to prevent radiation of
electromagnetic fields to the surrounding medium [1].
Suitability of the shield is usually measured through a
quantity named as shielding effectiveness (SE) which is
the ratio of the magnitude of the electric (magnetic) field
at the absence of the shield to the magnitude of the
electric (magnetic) field at the presence of the shield. A
general solution of the shielding problem can be sought
through the use of various numerical and analytical
techniques. Analytical, semi-analytical, and approximate
techniques provide straightforward solutions only for very
simple lay-outs or limited frequency range and are
applicable to specialized problems of shielding [2]-[5].

Numerical methods, on the other hand, can be used for
any complex structure but at the expense of computational
speed and memory usage. Most work in this field has
been carried out using the finite element method (FEM)
[6], the finite difference time-domain (FDTD) method [7],
[8], the modal method of moments (MoM) [9]-[11], the
moment method solution of integral equation [12], [13],
the transmission line matrix (TLM) method [14], [15],
and the circuit theory or analogous transmission line
methods [16].
A comprehensive review and comparison among
various analytical and numerical simulation techniques
and their validity assessment against experimental
measurements has not been reported at the time of this
publication to the authors’ knowledge. FEM and FDTD
methods can be used for many complex problems, but
they require significant computational memory and speed
since Maxwell’s equations are solved for all components
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of electromagnetic fields at any point within the solution
domain. Thus, as the size of metallic enclosure increases,
these methods become prohibitively slow. Computational
ineffectiveness is also the case for the TLM method.
Equivalent circuit theory models exhibit considerable
improvement in computation speed by using some
simplifying assumptions tolerable for the general problem
of shielding effectiveness. A brief and primary
comparison among some of the aforementioned
simulation techniques is addressed in [16], [17].
Method-of-moments-based approaches such as the
conventional modal-moment method enhance the
computation time by solving integral equations for the
unknown currents only on a small fraction of the physical
space. This gives considerable advantage over
differential-equation-based approaches. However, the
conventional modal-moment technique which involves
solution of integral equations of the modal expansion of
aperture electric fields requires many numbers of modes
to be incorporated in the evaluation of weakly damping
infinite integrals. Computation of these integrals is a timeconsuming procedure and becomes severely inefficient as
the number of apertures increases since couplings among
the apertures need to be incorporated as well. Calculated
aperture fields are then used in a separate post-processing
stage in order to obtain the shielding effectiveness
behavior of the enclosure. As a result, one can conclude
that this method is optimized for a few numbers of
apertures on the enclosure walls.
Recently, significant attention has been paid to hybrid
methods since they provide a compromise between
advantages and disadvantages of the originally combined
methods [18]-[20]. In fact, they solve each division of the
solution domain by means of the most appropriate
numerical method and thus combine the advantages of the
original methods and prohibit the introduction of their
shortcomings. For example, the hybrid FD-MoM method
proposed in [20] solves the exterior open-boundary
radiation problem using MoM, best suited for this kind of
problems, and the interior closed-boundary problem using
the finite difference frequency domain (FDFD) method.
This enables one to place some practical dielectric slabs
within the shielding enclosure which is better modeled by
using FDFD.
In this paper, a new hybrid MoM-modal method is
proposed which makes use of both current distributions
on the metallic body and field distributions on the
apertures. First, the governing electric field integral
equation (EFIE) is solved for the metallic surface current
distributions using the Galerkin method of moments. The
so-called sub-domain Rao-Wilton-Glisson (RWG) basis
and testing functions are used in the moment method to
simplify and speed up the solution process [21]. These
currents are then used in a separate algorithm to obtain
electromagnetic field distributions at the exterior region
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which are, in turn, utilized as the input to a testing
procedure for obtaining field distributions on the
apertures. In this regard, aperture fields are expanded in
the modal expansion technique by using entire-domain
sinusoidal basis functions. Finally, fields on the apertures
are utilized to obtain the penetrated fields within the
cavity interior region.
The paper is organized as follows. Section II gives the
electromagnetic formulation of the proposed analysis
technique including the electric field integral equation, the
conventional modal-moment method, and the proposed
hybrid MoM-modal technique. In Section III, the validity
and of the proposed method and its superiority over the
conventional modal method will be discussed by
presenting several case studies.
2. FORMULATION
PROCEDURE

OF

THE

NUMERICAL ANALYSIS

A perfectly-conducting rectangular enclosure of zero
thickness with dimensions a×b×c and N rectangular
apertures on one side (i.e., the wall located at plane z = 0)
is depicted schematically in Figure 1. The periphery
surface of the enclosure is denoted as S and the outwarddirected unit vector normal to S is denoted as n. The
dimensions of the nth (n = 1, 2, …, N) aperture are given
by Ln×Wn and the coordinates of its center point are given
by (xcn, ycn, 0). The cavity is illuminated by a z-directed
plane wave of frequency ω (= 2πf) given as
E i = ue − jkz
(1)
2
π
⎛
⎞
is
where j is the unit complex number, k ⎜ = ω εµ =
λ ⎟⎠
⎝
the surrounding medium wave number in which ε and µ
are, respectively, the medium permittivity and
permeability and λ is the wavelength, and u is the
polarization vector which may be either x-directed x or ydirected y as shown in Figure 1.
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Figure 1: Geometry of the problem.
Electric field shielding effectiveness of such an enclosure can be
defined as
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⎛ E int ⎞
(2)
[ SE ] = −20 log ⎜⎜ ext ⎟⎟
E
⎝
⎠
where Eint is the electric field at a given point inside the
enclosure and Eext is again the electric field at the same
point but at the absence of the enclosure.

A. Electric Field Integral Equation and Moment Method
Formulation
The incident electric field Ei induces the surface
current Js on the enclosure surface S which, in turn, gives
rise to the scattered electric field Es. Applying the
boundary condition of vanishing tangential electric field
on the perfectly conducting cavity surface S, one can find
the governing electric field integral equation as follows

n×( Ei + Es ) = 0

(3)

In order to numerically solve the EFIE given in (3) for
the surface current distributions, the Galerkin method
with the so-called RWG expansion (basis) and test
(weighting) functions is utilized as detailed in [21]. In this
regard, the enclosure surface is first modeled as a network
of adjacent triangular patches, Figure 2. The current
distribution is then expanded in a finite series of M
expansion functions, fm(r'), as follows
M

J s ≈ ∑ I m f m ( r ′)

(4)

m =1

where Im are the unknown expansion coefficients to be
determined and r' is the position vector of a point within
the basis triangle. In order to obtain the M unknown
coefficients, a testing procedure using the same RWG
functions is employed at M separate non-boundary edges
[21]. This results in an M×M linear system of algebraic
equations which can be solved for the unknown
coefficients using appropriate solution techniques. Once
the current distributions on the enclosure surface are
known, the scattered electromagnetic field distributions
exterior to the enclosure can be readily determined [21].

vanishing fields interior to the enclosure is implicitly
taken into account by replacing the enclosure conducting
body with the equivalent surface currents (i.e., the surface
equivalent theorem). A separate algorithm is therefore
needed to determine the field distributions inside the
enclosure for the calculation of shielding effectiveness.
The algorithm uses the cavity Green’s function to obtain
the enclosure interior field distributions from its exterior
field distributions.
B. Conventional Modal-Moment Method
In the modal-MoM, fields interior to the enclosure are
assumed to be resulted from field distributions on the
apertures. These fields, on the other hand, are resulted
from the electromagnetic fields incident to the enclosure.
In order to expand aperture field distributions using the
modal expansion technique it is assumed that: 1) the
thickness of the enclosure walls is negligible, 2) the
apertures are relatively small compared to the area of the
wall in which they are located, and 3) fields diffracted due
to the wall edges are negligible. With reference to Figure
1, the electric field on the apertures, Eapt, induced due to
the incident plane wave given by (1) can be expanded as
N

In the approach described above, the effect of

Q

n =1 p = 0 q =1
N

P

(4)

Q

+ y ∑∑∑ U npqψ npq ( x′, y ′ )
n =1 p =1 q = 0

where x' and y' are coordinates along the apertures, p = 0,
1, …, P and q = 0, 1, …, Q are aperture mode indices, n =
1, 2, …, N is the aperture number, Unpq and Vnpq are the
unknown expansion coefficients to be determined, and
ψ npq and φnpq are the entire-domain sinusoidal basis
functions given in [9]. Using the equivalence principle,
the apertures are replaced by the corresponding magnetic
currents, Mapt, as follows
M apt ( x′, y ′ ) = n × E apt ( x′, y ′ )
(5)
where n is outward directed vector normal to the aperture
surface.
An appropriate boundary condition is then required to
obtain the unknown aperture current distributions. From
the continuity of the tangential component of magnetic
field on the apertures, one can write
n×(Hi + H s )

Figure 2: Enclosure surface modeled by means of triangular
patches.

P

E apt ( x′, y ′ ) = x ∑∑∑ Vnpqφnpq ( x′, y ′ )

z =0

= n× H c

z =0

(6)

where Hi is the incident magnetic field, Hs is the scattered
magnetic field, and Hc is the magnetic field inside the
enclosure. Again the Galerkin method can be used to
solve (7) for the unknown coefficients Unpq and Vnpq as
detailed in [9].
Having obtained the aperture current distributions, one
can use the free space Green’s function to compute the
aperture scattered fields at the enclosure outside region.
Also, the field distributions inside the enclosure can be
computed, using an appropriate Green’s function that
satisfies the Helmholtz equation within the enclosure [10].
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C. Proposed Modal- Moment Method
Solving (7) by using the Galerkin method is
computationally inefficient since a large number of modes
are to be incorporated in the aperture current distributions
and cavity inside fields for an accurate result. This
becomes more pronounced as multiple apertures appear
on the enclosure surface. In fact, one must take account of
coupling among apertures besides the inherit coupling
among several modes defined on each aperture, requiring
excessive time-consuming numerical integrations. To
resolve the aforementioned drawback, we propose a new
testing procedure.
As stated earlier, fields outside the enclosure (i.e., z <
0) can be calculated using either the surface electric
current distributions on enclosure metallic surface or the
surface magnetic current distributions on enclosure
apertures surface. From the uniqueness theorem, the two
approaches must give the same solutions. As a result, one
can use the solutions from one of the two approaches for
testing the results obtained from the other approach. The
proposed testing procedure is believed to be faster than
the conventional procedure where the boundary
conditions relating inner and outer magnetic field
distributions are used for obtaining the unknown
coefficients in (5). This is due to the fact that in the
proposed method, there is no need to consider the
coupling among apertures which, in turn, reduces the
number of time-consuming numerical integrations.
In order to obtain N×P×Q unknown expansion
coefficients in the aperture field distributions of (5)
denoted by Unpq and Vnpq, fields scattered due to electric
currents on the enclosure metallic surface are calculated at
N×P×Q points using the free space Green’s function.
These fields are tested against electric fields scattered due
to the assumed electric field distributions along the
apertures given by (5) which gives the following
independent linear systems of equations for Unpq and Vnpq
(1×1×1)
⎡ A110
⎢
⎢ #
⎢ ( n× p × q )
⎢ A110
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where Exs ( n× p×q ) and E ys ( n× p×q ) are, respectively, x and y
components of the scattered electric fields due to the
electric current distributions on the enclosure metallic
surface at the (n×p×q)th observation (test) point in which
n = 1, 2, …, N is the aperture number, p = 0, 1, …, P is
54

the aperture mode index along x, q = 0, 1, …, Q is the
aperture mode index along y, and
Anpq = −
Bnpq = −

∞ ∞

1
4π

2

1
4π 2

∫ ∫e

− jk z z − z ′

Ψ npq e

jk x x + jk y y

dk x dk y

(10)

− jk z z − z ′

Φ npq e

jk x x + jk y y

dk x dk y

(11)

−∞ −∞
∞ ∞

∫ ∫e

−∞ −∞

where Ψnpq and Φnpq are respectively the spectral
representations of ψ npq and φnpq [9], and

k z = k02 − k x2 − k y2

(12)

where k0 is the free space wave number.
As it is clearly seen in (8) and (9), the y component of
the electric field is used for the testing procedure of
obtaining Unpq and the x component of the electric field is
used for the testing procedure of obtaining Vnpq. This is
due to the fact that the y component of the aperture
scattered field is dependent only on Unpq coefficients and
the x component of the aperture scattered field is
dependent only on Vnpq coefficients [9].
For observation points very close to the enclosure
surface, especially when their distance becomes
comparable to the maximum length of RWG edges, the
EFIE approach becomes inaccurate. Accordingly field
testing points must be far enough from the cavity surface
to obtain reasonable predictions for aperture current
distributions. Usually the length of each RWG edge must
be smaller than λ/8 − λ/10, where λ is the minimum
operating wavelength [22].
3. NUMERICAL ANALYSIS AND RESULTS

A. Validation against Measurements and Data Available
in the Literature
With Reference to Figure 1, a rectangular perfectly
conducting enclosure with dimensions a = 30 cm, b = 12
cm, and c = 30 cm is used to check the validity of the
proposed method against measurement given in [4] and
the conventional modal method of moments [9]. A +y
polarized plane-wave traveling along the +z direction
characterized by (1) illuminates the cavity and penetrates
inside the cavity through an aperture of length L1 = 10 cm
and width W1 = 0.5 cm located centrally in the rectangular
coordinate system at (15 cm, 6 cm, 0 cm) on the enclosure
wall.
The electric field shielding effectiveness at the
enclosure center point is calculated using the method
proposed in this paper in the frequency range from 0 Hz
up to 1000 MHz and is shown schematically in Figure 3.
The figure also includes the measurement curve given in
[4] and the regenerated curve of [9]. The electric field
integral equation is solved by using 3262 triangles used
for discretization of metallic surface while the modified
modal-moment method is solved by using 5 modes on the
aperture and 2550 modes inside the enclosure. The same
number of modes is assumed for the field distributions on
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the aperture and within the enclosure in the regenerated
curve of the conventional modal method of moments. A
comparison of the results shown in this figure
demonstrates the accuracy of the method proposed in this
paper.
In order to further validate the proposed method, a
comparison has been made with the results of [11] which
uses hybrid modal-MoM approach for a two-aperture
enclosure with dimensions a = 30 cm, b = 12 cm, and c =
30 cm. With reference to Figure 1 the apertures are
located at (7.5 cm, 6 cm, 0 cm) and (22.5 cm, 6 cm, 0 cm)
on the wall illuminated by a +y polarized incident planewave. The y-component electric field shielding
effectiveness at the cavity center point calculated using
the method proposed in this paper is shown in Figure 4
for three different aperture dimensions of L1 = L2 = 6 cm,
10 cm, 14 cm and W1 = W2 = 0.5 cm, 2 cm, 10 cm (see
Figure 1). The regenerated results of figure 6 of [11] are
also shown in this figure. This figure emphasizes the
accuracy of the proposed method for a two-aperture
enclosure.
Proposed method
Conventional modal-MoM
Measurement [4]

60
UU

40
20
0
-20
-40
0

200

400

600

800

1000

Frequency [MHz]
Figure 3: Shielding effectiveness versus frequency when
calculated at the center of a rectangular metallic enclosure with
dimensions 30 cm × 12 cm × 30 cm, containing a rectangular
aperture of dimensions 10 cm × 0.5 cm located at the center of
the perpendicularly illuminated wall (Figure 3).
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Figure 5: An array of identical apertures placed in a vertical
column parallel to the y-axis on the illuminated wall of the
enclosure.
Normalized computation time
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80

B. Multiple-Aperture Enclosures
In practice, shielding enclosures usually contain
several apertures. These apertures are incorporated on the
surface of the enclosure to serve for various applications,
including the ventilation of the enclosure interior.
To demonstrate the computational efficiency of the
proposed method in a multiple-aperture application, the
electric field shielding effectiveness at the enclosure
center point with several apertures is calculated, using the
method proposed in this paper and the conventional
modal-moment method [9]. With reference to Figure 1,
the dimensions of the enclosure are a = 13 cm, b = 12 cm,
and c = 30 cm. All apertures are identical and are placed
in a vertical column parallel to the y-axis, Figure 5. The
two neighboring apertures are separated by the same
distance d = 0.5 cm. Also, the dimensions of the nth
aperture are Ln = 10 cm and Wn = 0.5 cm while the
coordinates of its center point are given by (a/2, ycn, 0).
To obtain the results, it is assumed that the number of
modes for the enclosure and each of the apertures are,
respectively, 2550 and 5.

600

800

1000

Frequencyeffectiveness
[MHz]
Figure 4: Y-component shielding
calculated at the
center of a rectangular metallic enclosure with dimensions 30
cm × 12 cm × 30 cm, containing two rectangular apertures
located at (7.5 cm, 6 cm, 0 cm) and (22.5 cm, 6 cm, 0 cm) on the
perpendicularly illuminated wall (Figure 1) for three different
aperture dimensions.

Figure 6: Normalized computation time for calculation of the
shielding effectiveness at the center of a rectangular metallic
enclosure with dimensions 30 cm × 12 cm × 30 as a function of
the number of apertures when using the conventional modalmoment [4] and the method proposed in this paper.

Figure 6 shows the normalized computation time
against the number of apertures for the two methods.
Notice that all computations are done using the same
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C. Aperture Lay-outs in Multiple-Aperture Enclosures
Here, we examine various aperture lay-outs in a
multiple-aperture enclosure as encountered in a practical
situation. Three distinct lay-outs of 24 rectangular
apertures are considered as shown in Figure 7. These are
the simple rectangular lay-out, the diamond lay-out, and
the strip rectangular lay-out. With reference to Figure 1,
the multiple-aperture array is located centrally on the
perpendicularly illuminated wall of a metallic enclosure
with dimensions a = 30 cm, b = 12 cm, and c = 30 cm.
Each aperture has equal length and width Ln = Wn = 0.5
cm (n = 1, 2, …, 24) and the separation distance between
two neighboring apertures, d, is the same for all three
cases.
Figure 8 shows the shielding effectiveness of the
enclosure at its center for the three aperture lay-outs
described above for inter-aperture separation distance of d
= 0.25 cm when the operating frequency varies from 0 to
1000 MHz. As it is observed in this figure, the diamond
lay-out exhibits better shielding effectiveness behavior
compared to the two other lay-outs, demonstrating the
importance of the apertures lay-out for optimal shielding
effectiveness.
Finally, we study the effects of inter-aperture
separation distance for each of the three cases mentioned
above. Four different values of d = 0 cm, 0.25 cm, 0.5 cm,
and 0.75 cm are examined for the inter-aperture
separation distance. The enclosure shielding effectiveness
at its center for various values of d are plotted in Figure 9.
As clearly seen in this figure, for a simple rectangular layout, the shielding effectiveness is almost insensitive to the
separation distances studied here except a considerable
degradation for d = 0 cm separation. The diamond
configuration, on the other hand, exhibits an oscillatory
nature of shielding effectiveness around the separation
56

distance. On the contrary, the strip rectangular lay-out
demonstrates a linear behavior of shielding effectiveness
around the separation distance. Such observations
emphasize the importance of the effects of different
aperture lay-outs and effects of separation distance on the
shielding effectiveness behavior of metallic enclosures.
Unpredictable results given in Figures 8 and 9 confirm
that an appropriate design of a practical shielding
enclosure to meet desired level of shielding is still a
challenging task for an EMC engineer.
d
d
(a)

d

d

(b)

d
d

(c)
Figure 7: Three practical lay-outs for a multiple-aperture array;
(a) simple rectangular lay-out, (b) diamond lay-out, and (c) strip
rectangular lay-out.
100

Shielding effectiveness [dB]

computer. Also, the normalizing factor in all cases is the
time taken to compute the shielding effectiveness when
the enclosure contains eight apertures and the
conventional modal moment method is used. A
comparison of the results in Figure 6 shows that the
proposed method provides a remarkable faster
computation time over the conventional modal-moment
method. Also, it is observed that as the number of
apertures increases, the conventional modal-moment
method becomes prohibitively slow. Instead, the proposed
method is almost insensitive to the total number of
apertures. This feature reflects the computational burden
introduced in the calculation of the aperture current
distributions in the conventional modal-moment method.
Notice that in the proposed method, this process is
replaced with the moment-method solution of the EFIE
for metallic surface current distributions whose
computational resources exhibit a behavior almost
independent of the number of apertures as one can readily
infer from the EFIE formulation.

Simple rectangular
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Strip rectangular
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Figure 8: Shielding effectiveness versus frequency when
calculated at the center of a multiple-aperture rectangular
metallic enclosure with dimensions 30 cm × 12 cm × 30 cm,
containing 24 rectangular 0.5 cm × 0.5 cm apertures of various
lay-outs at the center of the perpendicularly illuminated wall and
separated by distance d = 0.5 cm.
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rectangular with dimensions 0.5 cm × 0.5 cm located at the
center of the perpendicularly illuminated wall with separation
distance d = 0 cm, 0.25 cm, 0.5 cm, and 0.75 cm; (a) the simple
rectangular lay-out, (b) the diamond lay-out, and (c) the strip
rectangular lay-out.

4. CONCLUSION
A new hybrid modal-moment method has been
proposed to evaluate the shielding effectiveness of a
rectangular metallic enclosure with arbitrary number of
apertures and arbitrary lay-outs illuminated by an incident
plane wave. The method, first, makes use of the frequency
domain method of moments (MoM) solution of the
governing electric field integral equation for the electric
current distributions on the surface of a perfectly
conducting enclosure. These current are then used in a
separate procedure to obtain magnetic current
distributions on apertures. The solution is based on the
modal expansion of the fields on the apertures. Since the
time-consuming evaluations of the infinite and weeklydamping integrals in the conventional modal technique is
replaced with a straightforward and rapid process of
evaluating electric currents on metallic surfaces, the
proposed method provides significant advantages over the
conventional modal-MoM. The validity of the proposed
method has been demonstrated by comparing the
theoretical and experimental values of electric shielding
effectiveness for a rectangular conducting enclosure with
single and double aperture illuminated by a plane-wave
traveling through a rectangular aperture on the enclosure
wall. The method has been used to study various realistic
aperture lay-outs in a multiple-aperture metallic enclosure
for which the conventional modal-moment method
becomes prohibitively slow. It has been shown that the
geometrical distributions of apertures in a multiple
aperture array can strongly affect the enclosure shielding
effectiveness.
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Figure 9: Effects of inter-aperture separation distance of various
aperture lay-outs on the shielding effectiveness of the multiaperture metallic enclosure specified in Figure 7 for the
frequency range from 0 Hz to 1000 MHz. All apertures are
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