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ABSTRACT: This paper investigates, by means of finite-element simulations, how the position of an aperture affects the electrostatic
shielding effectiveness of a rectangular metallic enclosure. First, we compute the electric-field distribution on the surface of a completely
closed enclosure placed in an external electric field. The results show that, for every wall, the field is the weakest at the center and
that the field on walls parallel to the external field is far lower than that on walls perpendicular to it. Next, we determine the electric
field that leaks into the enclosure after an aperture is introduced. We find that the field strength decreases with the distance from the
aperture, that the field near the aperture is proportional to the surface field at the aperture’s location when the aperture is covered. Also,
its magnitude can be predicted by the classical model of the small aperture coupling. Finally, we investigate the coexistence effect and
formulate guidelines for choosing the aperture position to achieve optimum shielding performance.

1. INTRODUCTION

Electromagnetic shielding is the principal technical means
of suppressing spatial and radiated electromagnetic
disturbances [1]. Depending on the field source, it can be
classified as electric-field shielding, magnetic-field shielding,
or electromagnetic-wave shielding. For electric-field and
electromagnetic-wave shielding, conductive enclosures are
normally used to surround either the sensitive equipment or
disturbance source. The electric field coupling is weakened
through mechanisms such as electrostatic induction and
eddy-current cancellation [2]. In contrast, shielding against
low-frequency magnetic fields generally employs highly
magnetically permeable materials, redirecting the magnetic
flux to achieve the desired attenuation. In general, common
metallic materials like copper and aluminum provide high
shielding effectiveness (SE) against electric fields, electro-
magnetic waves, and magnetic fields at higher frequencies [3].
However, only metals with very high permeability — such
as permalloy and iron-nickel alloys — can deliver substantial
shielding against extremely low frequency or static magnetic
fields. In practical applications, special requirements such
as flexibility, light weight, transparency, and frequency
selectivity have driven the design and development of a wide
variety of shielding solutions, including frequency-selective
surfaces [4], conformal shields [5], metamaterials, composite
materials, and multilayer structures.

In addition to the choice of material, the presence of apertures
is a key determinant of shielding effectiveness [6-9]. Practical
considerations — ventilation, heat dissipation, cable routing —
make openings unavoidable. Electromagnetic leakage through
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such apertures has long been a central topic in shielding re-
search, and numerous publications address the theory, calcu-
lation methods, and characteristics of shielding effectiveness
for enclosures with holes. Rather than reviewing this exten-
sive literature, the present work focuses on the specific ques-
tion of where to place an aperture in a rectangular enclosure for
electrostatic shielding. This issue is of immediate practical im-
portance, especially for enclosure designers: as power-system
voltages rise and grids become more intelligent, high-voltage
primary equipment and low-voltage secondary devices are in-
creasingly co-located in compact arrangements. Such scenario
exposes the latter to ever harsher electric-field disturbance.
Surprisingly, this fundamental question has received little
attention in the literature; quantitative results are especially
scarce. Refs. [10, 11] present an analytical theory — derived via
separation of variables — for the shielding of a uniform external
electrostatic field by a spherical shell containing a circular aper-
ture. It shows that the shielding is strongest when the aperture is
parallel to the applied field and weakest when it is perpendic-
ular. In [12], two-dimensional axisymmetric problem — the
penetration of an electric field through a nonuniform conduct-
ing cylindrical cavity with a slot is solved analytically. How-
ever, these studies do not address the rectangular enclosures
that are far more common in practice. It should be noted that
magnetic-field shielding is more intricate: the optimal aperture
location depends on the prevailing mechanism. In eddy-current
cancellation, for example, the aperture should be perpendicular
to the external magnetic field [11], whereas in flux-shunting it
should be parallel [13, 14]. For electromagnetic-wave shield-
ing, a larger body of work exists; one representative example is
[3], which develops an equivalent-circuit theory for computing
the shielding effectiveness of a rectangular box against a plane
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electromagnetic wave. The results again demonstrate that the
best aperture location is dictated by the field distribution of the
electromagnetic modes excited inside the cavity [15].

The rest of this article is organized as follows. In Section 2,
the geometry configuration and finite element method (FEM)
model are introduced. Section 3 investigates unperturbed sur-
face E field, penetrated E field, the effect of aperture position,
the choice of the aperture position, and the proximity effect be-
tween two adjacent apertures. Finally, Section 4 concludes this
article. The main contributions are threefold. First, a compre-
hensive set of factors is examined, including over ten aperture
positions, three enclosure shapes, more than one hundred ob-
servation points, and the coexistence effect. Second, concrete
data and curves are provided, allowing a quantitative descrip-
tion of how aperture position affects the fields. Finaly, it is
demonstrated that a simple analytical formula can satisfactorily
predict the electric-field strength in the vicinity of an aperture.

2. MODEL

As illustrated in Figure 1, the rectangular enclosure is centered
at the origin of the Cartesian coordinate system (X, Y, Z) and
occupies the region —I,/2 < x < /2, —1,/2 <y < 1,,/2,
—1,/2 < z < 1,/2. To generate a uniform external electric
field of 1 V/m in the x direction, we apply a potential of +25V
onthe plane x = —25m (—25m <y < 25m, —2om < z <
25m) and —25V on the plane x = 25m (—25m < y < 25m,
—25m < z < 25m). In addition, the potential is assumed to
decrease linearly with the increase of x on the four side planes:
y=—-25m,y=25m, 2z =—25m, and z = 25 m.

<--lz—-»

=25V p=-25V

FIGURE 1. The configuration of the electrostatic Shielding problem: a
shielding box with length, width, and height [, [,,, and .., respectively,
is placed in an applied electrostatic field of 1 V/m.

In the following simulations, the enclosure dimensions do
not exceed 0.4 m, which is much smaller than the dimensions
of the excitation boundaries. Owing to the geometric and ex-
citation symmetry of the entire model, assigning zero potential
to the enclosure renders it electrically neutral. The aperture is
assumed to be circular because, for a given area, a circular open-
ing provides the best shielding effectiveness. The radius of the
circular hole is always equal to 1 cm, which is far smaller than
any side length of the enclosure. In practice, the material of the
shielding boxes should be highly conductive, such as common
metals like aluminum, steel, and copper.

The finite element model is built with the commercial COM-
SOL software [16]. Adaptive mesh refinement was used to

115

ensure the convergence of the computational results. The 3-
D model for this electrostatic shielding problem is built in the
“electrostatics” solver of the AC/DC Module in the COMSOL
software. We use a user-defined mesh for the region inside the
shielding box and use a physics-defined mesh for the region
outside the box. For the former, the maximum mesh size is
4 mm, and the minimum mesh size is 1 mm. For the latter, the
mesh preset “fine” is applied. The selected element shape is
free triangular. The maximum number of meshes is about 20
million. The total computation time is about 40 s to 80 s, with a
person computer (Intel Core 19-14900HX (24-core), 5.2 GHz,
and 64 GB RAM).

3. RESULTS AND DISCUSSIONS

3.1. The Unperturbed Surface E Field

Assume that the shielding box is a cube with edge length 0.4 m.
Figures 2(a) and 2(b) show the magnitude distributions of the
electric field on the surfaces perpendicular (zx = —0.2m,
—0.19m < y, z < 0.19m) and parallel (y = —0.2m, —0.16 m
< z, z < 0.16 m) to the applied field, respectively. Note that
the distribution on the wall at z = 0.2m is similar to that at
x = —0.2m and thus is omitted. Likewise, the distributions on
the remaining three faces are analogous to that on y = —0.2
and are also omitted.

As displayed in Figure 2(a), the electric-field strength ex-
hibits both vertical and horizontal symmetry, reaching its mini-
mum at the center of the wall. Near the center, the field contours
are nearly circular; as the observation point moves away, the
contours gradually become square. Figure 2(b) reveals a simi-
lar symmetry pattern, with the minimum field strength located
along the central line (z = 0). By comparing the two figures,
we find that the field on the wall perpendicular to the applied
field (Figure 2(a)) is significantly stronger than that on the par-
allel wall (Figure 2(b)). This occurs because the perpendicular
surface can accumulate more induced charges, whose density is
especially high at the edges where the curvature is the greatest.

3.2. The Penetrated E Field

Ten aperture positions are selected on the wall at x = —0.2m,
as illustrated in Figure 3. The (y, z) coordinates of the centers
of the apertures are: A (0m, 0m), B (0m, 0.05m), C (0.05m,
0.05m), D (Om, 0.1m), E (0.05m, 0.1 m), F (0.1 m, 0.1 m),
G (0m, 0.15m), H (0.05m, 0.15m), I (0.1 m, 0.15m), and J
(0.15m, 0.15m). Next, a circular aperture with radius 1 cm is
opened individually at each of these ten points. For every aper-
ture, 21 observation points are set along the normal line perpen-
dicular to the aperture and passing through its center, as shown
in Figure 4. Take the 21 observation points corresponding to the
aperture A as an example, their y- and z-coordinates are iden-
tical to those of the center of aperture A, respectively. Their
z-coordinates are evenly distributed between z = —0.2m and
z=0m.

Figure 5 presents the electric-field strengths at the 21 ob-
servation points for each of the aperture locations described
above. To clearly display these field strengths, the 21 obser-
vation points are divided into three groups, shown in Figures
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FIGURE 2. The electric-field distribution on the shielding-box surface: (a) surface at = —0.2m; (b) surface at y = —0.2m.
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FIGURE 3. Ten aperture positions are selected on the wall at x =
—0.2m. Their (y, z) coordinates are A (0 m, 0m), B (0 m, 0.05m), C
(0.05m, 0.05m), D (Om, 0.1 m), E (0.05m, 0.1 m), F (0.1 m, 0.1 m),
G (0m, 0.15m), H (0.05m, 0.15m), I (0.1 m, 0.15m), and J (0.15m,
0.15m).

5(a), 5(b), and 5(c), respectively. Specifically, Figure 5(a) in-
cludes observation points 1 to 3; Figure 5(b) includes points 3
to 11; and Figure 5(c) includes points 11 to 21. In addition, the
vertical axes in Figures 5(a) and 5(b) use linear scales, while
that in Figure 5(c) uses a logarithmic (ratio) scale. It is evident
that the field strength drops rapidly as the observation point re-
cedes from the aperture center: the field at observation point 4
is less than 1% of that at point 1 (the aperture center). This indi-
cates that when the distance from the field point to the aperture
exceeds three times of the aperture radius, the field is attenu-
ated by more than 40 dB. Moreover, the field strengths near the
aperture obviously vary with aperture location. In general, the
farther the aperture is from the wall center, the stronger the local
field becomes; for instance, the field at location J is 1.35 times
that at location A. It can also be observed that these curves in-
tersect. Taking apertures A and J as an example: when the field
points are close to the apertures, the field strength under aper-
ture J is stronger than that under aperture A; when the field point
is far away (observation points 15 to 21), the field strength un-
der aperture J becomes weaker than that under aperture A.

In addition, we also computed the axial field distribution
when a circular aperture is opened at the center of the side wall
(y = —0.2m), although not plotted here. The resulting field
strengths range from 5.4 x 107> V/m to 6.6 x 107 V/m, which
are orders of magnitude smaller than those obtained when the
aperture is on the front wall (z = —0.2m).
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FIGURE 4. For each aperture position in Figure 3, 21 observation
points are evenly distributed along the line perpendicular to the aper-
ture plane. The observation point 1 is located at the center of the aper-
ture. The distance between the observation points 21 and 1 equals half
of the corresponding side length of the shielding box.

3.3. Effect of Aperture Position

First, for the ten aperture positions mentioned earlier, the un-
perturbed fields (i.e., the unperturbed fields before the aper-
tures are introduced) are listed below: 1.66 V/m (A), 1.67 V/m
(B), 1.69V/m (C), 1.74 V/m (D), 1.76 V/m (E), 1.82 V/m (F),
1.94V/m (G), 1.96 V/m (H), 2.02 V/m (I), 2.22 V/m (J). By
comparing the field strengths at the center of the aperture be-
fore and after the opening, we find that the post-aperture electric
field equals exactly one-half of the unperturbed value. It should
be noted that this conclusion is rigorously valid for an aperture
in an infinite plane, as pointed out by Jackson [17]. Here, al-
though the shielding-box surface is not an infinite plane, the re-
sult still applies provided that the aperture dimensions are much
smaller than the box edge length, and the aperture is not located
near the edges of the box.

Electromagnetic leakage through electrically small apertures
is a classic problem in electromagnetic theory and applica-
tions. It was first investigated systematically by Bethe [18],
who showed that the electric and magnetic leakage fields can be
represented, respectively, by an electric dipole and a magnetic
dipole located at the center of the aperture. The electric dipole
is oriented normal to the aperture plane, with its moment being
proportional to the normal component of the external electric
field. And the magnetic dipole lies in the tangent plane, with its
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FIGURE 5. Electric-field distribution along the normal axis for each aperture positions: (a) observation points 1 to 3, (b) observation points 3 to 11,

(c) observation points 11 to 21.

moment being proportional to the tangential component of the
external magnetic field. The two proportionality constants —
known as electric and magnetic polarizabilities of the aperture
— depend only on its shape and size. Bethe’s theory assumes
the external field to be uniform over the whole aperture region.
Recently, [19-21] further investigated the cases of nonuniform
excitations, deriving aperture polarizabilities for nonuniform
incident fields.

The equivalent-dipole model, however, breaks down when
the observation point is very close to the aperture — within
roughly one aperture radius. For such near-field regions, an
analytical theory that accurately reproduces the local field dis-
tribution is required. Fortunately, Jackson has treated this prob-
lem in detail [17]. As noted earlier, his analysis addresses the
specific geometry of a circular hole in an infinite, perfectly con-
ducting plane. Next, we further demonstrate that the electric-
field distribution along the aperture axis can also be approx-
imated by the result for an apertured infinite plane. Accord-
ing to Jackson’s theoretical analysis for a circular aperture in
an infinite conducting sheet, the magnitude of the penetrating
field along the normal axis of the aperture can be easily derived,

which is expressed as:
[‘can1 ( ) ] )

wherein, E, denotes the unperturbed field in the absence of the
aperture, a the aperture radius, and d the distance from the field
point to the center of the aperture. On the basis of Eq. (1), we
have plotted normalized field-strength curves for the ten aper-
ture locations and compared them with the prediction of Eq. (1),
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FIGURE 6. Comparison of the normalized E field distributions with
Eq. (1) for the ten aperture locations.

as shown in Figure 6. It can be seen that, when the observa-
tion point is close to the aperture, all curves agree well with
the analytical result given by Eq. (1). As the observation point
moves farther away, the curves gradually deviate from Eq. (1),
and the deviation sets in earlier for apertures located closer to
the edge of the wall. Nevertheless, at these larger distances
the field strength is already very weak, so its significance as an
electromagnetic disturbance is negligible.

Owing to the cutoff-waveguide effect, increasing the wall
thickness improves the shielding effectiveness, but this im-
provement is synchronous for apertures at all positions and can
be approximated by e~ ™*/¢, where ¢ is the thickness, and d is
the aperture diameter [22]. Consequently, taking thickness into
account does not alter the rule for selecting aperture positions.
Moreover, since the thickness is generally less than 2 mm, its
contribution to field attenuation is small and can be neglected
from the viewpoint of improving electrostatic shielding.
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FIGURE 7. The geometries of the two additional boxes: the left (box 1) has the dimensions of 0.4m x 0.4m x 0.1 m and the right (box 2%) has the

dimensions 0of 0.4m x 0.2m x 0.1 m.
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FIGURE 8. For box 1* (0.4m x 0.4m x 0.1 m), electric-field distribution along the line from the aperture center to the shielding-box center: (a)
aperture at the center of the 0.4 m x 0.4 m wall; (b) aperture at the center of the 0.4 m x 0.1 m wall. In both cases, the external electric field is always

perpendicular to the perforated wall.

3.4. The Choice of the Aperture Position

To minimize electric-field penetration, the aperture should be
always placed at or very close to the center of the chosen wall.
Moreover, if the direction of the external field is known, the
aperture should be opened at the center of a side wall (i.e., a
surface parallel to the electric field). Although in practice the
various side walls may be not identical, the electric fields cou-
pled into the enclosure under these conditions are all very weak,
so further distinction among the side walls is unnecessary.

However, if the external field direction is unknown or may
vary with time in practice, we must design for the worst-case
scenario that yields the best shielding effectiveness. The worst
case occurs when the apertured wall is perpendicular to the ex-
ternal field. For the cubic enclosure considered earlier, all faces
have the same dimensions, so any face can be chosen indiscrim-
inately. Yet for a rectangular shield of unequal edges, the ques-
tion of which face to perforate — so that the penetrating field
is minimized when the external field is perpendicular to that
face — requires further study. Moreover, in practice rectan-
gular shields with varying length-to-width-to-height ratios are
frequently employed. To this end, we examined two additional
shield geometries: box 1* and 2* have the dimensions 0.4 m
X 04m x 0.1mand 0.4m x 0.2m x 0.1 m, respectively, as
displayed in Figure 7.

For box 1%, Figures 8(a) and 8(b) show the axial electric-field
distributions when the aperture is centered on the larger wall
(0.4m x 0.4 m) and smaller wall (0.4 m x 0.1 m), respectively;
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the external field is always oriented perpendicular to the per-
forated wall. Comparing the two figures shows that, near the
aperture, the field is smaller for the larger wall; near the center
of the box, however, the field is smaller for the smaller wall.
This arises because the field decays rapidly with the field point
moving far away from the aperture. For the smaller wall, the
distance from box center to the wall is the greatest, leading to
the strongest attenuation.

For box 2%, Figures 9(a), 9(b), and 9(c) show the electric-
field distributions along the line from the aperture center to the
box center when the aperture is located at the center of the large
wall (0.4m x 0.2 m), medium wall (0.4 m x 0.1 m), and small
wall (0.2m x 0.1 m), respectively. Note that the external elec-
tric field is always oriented perpendicular to the perforated wall.
Once again, the field near the aperture is the smallest when the
aperture is in the large wall, whereas the field at the center of
the enclosure is the smallest when the aperture is in the small
wall.

In summary, to minimize the field near the aperture one
should choose the largest wall; to minimize the field at the cen-
ter of the shielding box one should choose the wall perpendic-
ular to the enclosure’s longest edge.

3.5. The Coexistence Effect

In practice, multiple apertures often coexist. Here we evaluate
the proximity effect between two apertures, i.e., how the pen-
etrated field changes as the separation between the two aper-
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FIGURE 9. For box 2% (0.4m x 0.2m x 0.1 m), Electric-field distribution along the line from the aperture center to the box center: (a) aperture at
the center of the 0.4 m x 0.4 m wall; (b) aperture at the center of the 0.4 m x 0.2 m wall; (c) aperture at the center of the 0.2m x 0.1 m wall. In all
cases, the external electric field is always perpendicular to the perforated wall.
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FIGURE 10. Electric field distributions on the axis of aperture 1, with
both aperture 1 and aperture 2 present, for various center-to-center sep-
arations. Aperture 1 is centered on the z = —0.2 m wall; aperture 2
lies on the same wall. D denotes the center-to-center distance between
the two apertures, a represents the aperture radius, and d/a signifies the
normalized distance from the observation point to the center of aper-
ture 1. For comparison, the result for aperture 1 alone is also shown
and labeled “one aperture.”

tures decreases. We assume that aperture 1 is centered on the
face x = —0.2m of the cube with 0.4 m sides, while aperture
2 differs from aperture 1 only in its y-coordinate, which is set
to D. Consequently, the center-to-center distance between the
two apertures equals D. Figure 10 plots, for several values of
D, the magnitude of the field on the axis of aperture 1 versus
the normalized coordinate D/a. The result for aperture 1 alone,
labeled “one aperture,” is also shown. When d/a < 2.5, all
curves virtually coincide; once d/a exceeds 2.5, they begin to
diverge. For field points far from the aperture, the field strength
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gradually decreases as D/a increases, approaching the result
corresponding to “one aperture”.

This behavior arises because, with both apertures present,
the penetrated field can be expressed as the superposition of
the fields produced by each aperture individually. Near either
aperture this superposition has little effect: the local field is
dominated by the aperture itself, while the contribution from
the distant aperture is small. Far from both apertures, however,
their distances to the observation point are comparable, so their
penetrated fields are of similar strength, and the superposed re-
sult becomes noticeably larger.

4. CONCLUSIONS

For electrostatic shielding, the guidelines for selecting an aper-
ture location on a rectangular shielding enclosure can be sum-
marized in two steps.

(1) Choose which wall to perforate. If the direction of the ex-
ternal electric field is known, place the aperture on the wall
that is parallel to that field. If the direction of the external
electric field cannot be determined, design for the worst
case: the field is perpendicular to the aperture. To mini-
mize the field near the aperture, one should place the aper-
ture in the wall with the largest area. If, instead, to min-
imize the field at the center of the enclosure, one should
place the aperture in the wall that is perpendicular to the
longest edge of the shielding box.
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(2) Locate the aperture on the chosen wall. Once the wall is
selected, position the aperture at or very near the center of
that wall.

Moreover, the field distribution along the axis normal to the
aperture can be well approximated by Eq. (1) provided that the
aperture is not placed too close to any edge of the wall. The
coexistence effect is negligible for observation points near each
aperture, but is evident for observation points far from the aper-
tures.

Actual shielding enclosures contain internal components and
objects, which significantly affect the field distribution. This
influence depends on factors such as material, size, geometry,
and position, and deserves consideration in future research.
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