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This paper presents the novel use of resistive sheets to reduce electromagnetic pene-
tration through apertures. The resistive material is applied in several configurations
that will be discussed in this paper. Significant reduction of electromagnetic leakage
is possible by using loading techniques inspired by a transmission line interpretation
of the field distribution within the aperture at or beyond its fundamental resonant
frequency. By using the configurations proposed in this work, it is possible to achieve
appreciable reduction in the near and far field aperture radiation without affecting
the total area needed for airflow and heat transfer. Numerical results are presented
using a commercial finite-difference time-domain (FDTD) algorithm to demonstrate
the effectiveness of our new approach.
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pling, finite-difference time-domain method

Introduction

The proliferation of high-speed electronic device and communication equipment is re-
sulting in an increasingly hostile electromagnetic environment. Furthermore, the increase
in electronic devices sensitivity due to diminishing tolerance levels is increasing the
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vulnerability of these devices to external electromagnetic threats. In fact, several govern-
mental and nongovernmental research initiatives have been initiated recently to address
these critical and important threats to the overall robust operation of electronic equip-
ment in military and civilian settings (see, for example, U.S. Dept. of Defense). The
work presented in this paper addresses a critical electronic enclosure design parameter
that predominates the effectiveness of electronic enclosures to function as shields of
electromagnetic energy.

Metallic enclosures are commonly used to reduce emission from electronic devices
and boards and to improve the immunity of the same electronic equipment to external
interference and threats. In cases where the frequency is high enough such that the skin
depth is less than the thickness of the shield, the overall shielding effectiveness will
not be determined by the shield material properties but by the apertures in the shield
or chassis. These apertures may be introduced intentionally, as would be the case when
airflow is needed for cooling, or unintentionally, as the inevitable joint seams of shields
or small openings in doors with imperfect gaskets.

To meet electromagnetic compatibility (EMC) and electromagnetic interference (EMI)
requirements, it is crucial to quantify the electromagnetic field penetration through aper-
tures and other chassis openings such as seams and gaskets. The leakage of electromag-
netic waves through apertures in enclosures is critical at frequencies where the wavelength
approaches the dimension of the aperture.

The problem of radiation through apertures is one of the most classic in the physical
sciences. In fact, the fascination with aperture radiation dates back to at least the Eu-
ropean Renaissance (Fresnel, 1819/1900; Crew, 1900; Huygens, 1690/1900). Numerous
papers have been published in the past fifty years that investigated the behavior of elec-
tromagnetic energy as it escapes through apertures. Some of these publications attempted
to develop approximate analytical formulations, such as, for instance, the work of Bethe
(1944), Hill et al. (1994), and Ott (1998), while other works were not constrained by
the electrical size of the aperture and were primarily focused on developing analytical
techniques that can be used for a class of aperture configurations (Harrington & Mautz,
1976; Butler, Rahmat-Samii, & Mittra, 1978; Gardner & Costache, 1995; Robinson et al.,
1998; Belokour, LoVetri, & Kashyap, 2001; Cerri, De Leo, & Primiani, 1992), or efficient
numerical techniques that can be used in general (Georgakopoulos, Birtcher, & Balanis,
2001; Olyslager et al., 1999; Li, Nuebel, Drewniak, DuBroff et al., 2000; Li, Nuebel,
Drewniak, Hubing et al., 2000a; Tanabe et al., 1996; Li, Nuebel, Drewniak, Hubing et al.,
2000b; Archambeault, 1997). It is perhaps fair to state that most of the works that were
published on the radiation of the aperture had to deal with either developing approximate
formulae or numerical techniques to predict radiation through apertures. In this work, our
objective is to gain additional insight into the underlying aperture radiation mechanism
and develop techniques to reduce the radiation without affecting the overall see-through
size of the aperture.

In this work, we focus on the problem of radiation through an aperture present in an
infinite large conducting plane, thus ignoring any effects induced by the enclosure such
as the resonance of the enclosure and complex field interaction with internal structures.
This initial focus is intended to develop an understanding for the electric current density
distribution in the immediate vicinity of the aperture. To improve shielding effectiveness
due to the presence of an aperture in an infinite metallic screen, we introduce a novel
technique that is based on the application of resistive sheets (coating) to the area imme-
diately surrounding the aperture. The primary objective in our technique is to lower the
radiation through the aperture while maintaining constant aperture size in order not to
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Figure 1. An aperture measuring 2 mm x 20 mm placed in an infinite perfectly conducting screen.

affect airflow and heat transfer, which is a major consideration for enclosures containing
high-speed electronics. The proposed technique is tested using a commercial numerical
analysis tool based on the finite-difference time-domain (FDTD) method.

The Aperture as a Transmission Line

The field mitigation method presented in this work is based on a novel interpretation
of the aperture as a transmission line where the power or energy transmission takes
place in the plane of the aperture. This interpretation is drastically different from the
works in Harrington and Mautz (1976), Butler, Rahmat-Samii, and Mittra (1978), and
Gardner and Costache (1995), where the aperture is considered as a load-discontinuity
in a transmission line system composed of the interior cavity and exterior open space.
However, the interpretation presented here shares similarity with the modeling of the
aperture as a short-circuited co-planar transmission line in Robinson et al. (1998).!

To motivate this interpretation, we consider an electromagnetic transient wave im-
pinging upon an aperture from one side. The initial part of the transient pulse contains
the high-frequency spectrum and is expected to appreciably leak through the aperture.
After the initial part of the transient passes through the aperture, one would expect a cer-
tain point in time after which some energy starts traveling within the aperture along the
directions of the dominant (longer) axis. Naturally, the currents traveling along the edges
of the aperture support the field within the aperture. When the field or current reaches the
edges of the aperture, it is reflected back. The oscillation of the field (or current) back
and forth along the edges terminating the longer axis of the aperture in essence gives
rise to what is typically referred to as aperture resonance.

To illustrate this phenomenon further, let us consider an aperture measuring 2 mm X
20 mm placed in an infinite perfectly conducting screen as shown in Figure 1. The
aperture resonance phenomenon is observed in Figure 2, which shows three snapshots
derived from time-domain simulation of a field incident on the same size aperture. These
snapshots show a standing-wave pattern of the field within the aperture at different time
instances, a behavior that strongly resembles transmission-line-type propagation. Now,
with this physical perspective, we interpret the long edges of the aperture as forming a
transmission line system (along which the propagation takes place) and the short edges as

IThe authors acknowledge one of the reviewers who highlighted the co-planar line analogy
of the aperture in Robinson et al. (1998).
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Figure 2. Three different snapshots of the field within the aperture. The excitation is a Gaussian
pulse impinging on the aperture from one side.
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Figure 3. Depiction of the transmission line model of the aperture.
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Figure 4. Matching material placed at the short edges of the aperture with the intention of ab-
sorbing the outgoing waves.

the termination of the transmission line, as shown in Figure 3. One can assume without
any loss of generalization that at resonance, the field excitation is positioned at the middle
of the aperture. The field excitation is depicted as a voltage source positioned between the
two long edges of the aperture, as shown in Figure 3. As a consequence of this aperture
model, if a suitable matching load were positioned at the two ends of the aperture, one
would expect that the outgoing fields, and supporting currents on the conducting surface
surrounding the aperture, would be absorbed or reduced considerably. In a conceptual
perspective, a matching load in this case would be distributed as depicted in Figure 4.
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If a suitable termination were used under this interpretation, the source that is positioned
at the center of the aperture would be expected to give rise to outgoing waves (outgoing
with respect to the source and in the plane of the aperture).

In light of the above interpretation, the techniques proposed in this work are based
wholly on the concept of adding a resistive sheet to the immediate surrounding of the
aperture in order to provide a matching medium for the fields that oscillate within the
aperture. This resistive material is intended to act as a matching load that absorbs the
outgoing waves, thus considerably reducing resonance. In the following section, we test
this concept with the help of the FDTD method.

Loaded Apertures

The term “loaded aperture” will be used in this work to refer to an aperture coated
or surrounded by resistive sheets. The resistive sheet concept depicted in Figure 4 can
be applied in an infinite number of configurations. In this work, we will confine our
investigation to three configurations only. As a starting point, a resistive sheet was applied
close to the shorter edges of the aperture as shown in Figure 5. This configuration will be
referred to as Configuration A. Notice that to maintain the same see-through aperture area
as before the application of any sheets, the actual metallic screen cutout is enlarged and
the resistive sheet is effectively covering part of the aperture. As a second configuration,
we placed a resistive sheet in the region surrounding the aperture such that the perimeter
of the aperture will be composed of the resistive sheet, as shown in Figures 6 and 7.
(Again, the actual see-through aperture area is maintained at 2 mm x 20 mm.) This
second configuration will be referred to as Configuration B. In the third configuration, a
resistive sheet is placed on top of the conducting screen from both sides of the aperture.
This placement resembles a frame-like figure as shown in Figures 8 and 9. This third
configuration will be referred to as Configuration C. Notice that the area of the aperture
(physical opening) remains unchanged in these configurations such that the heat transfer
requirements of the shielding plane (screen) remain unaffected. Figure 10 shows a view
of the aperture seen from either the interior or exterior side for Configurations A and B.
The parameter w in the figures designates the width of the resistive sheet.

There are infinite possibilities for the type of material used in the resistive sheets.
Our choice for the material is chosen such the material either is available in the market
or can be fabricated using existing technology. The material parameters for the resistive
sheet will be chosen such that u, = 1,4 < ¢, <20,and 5 < o < 30 Ohm~!m~1,

Perfectly conducting Resistive sheet
screen

_

z

Figure 5. Configuration A. Resistive sheets are placed close to the shorter edges of the aperture.
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Figure 6. Configuration B. The resistive sheets constitute an inner frame that is completely con-
tained within the aperture.
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Figure 7. Cross section (x-y plane) showing the application of resistive sheets in Configuration B.
Notice that the see-through aperture size and area remained unchanged.

We emphasize here that systematic optimization of the resistive sheets material property
is outside the scope of this paper and is intended for future work. Furthermore, the effect
of magnetic sheets is deffered to future work.

FDTD Aperture Model

The aperture considered in this study is rectangular, measuring 2 mm x 20 mm. The
aperture is positioned in an infinite, 2 mm thick, perfectly conducting screen. The com-
mercial FDTD-based code, EZ-FDTD™ is used for all the FDTD-based simulations
presented in this paper. The FDTD computational model for this aperture is shown in
Figure 11. The field source is an impressed current source with a differentiated Gaussian
temporal profile sufficient to generate appreciable energy up to 20 GHz. The current
source is polarized in the x-direction for maximum aperture radiation (see Figure 11).
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Figure 8. Configuration C. The resistive sheets are placed on top of the conductor from both sides.
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Figure 9. Cross section (x-y plane) showing the application of resistive sheets in Configuration C.
Notice that the resistive sheets are applied on both sides of the screen.

The electric field is captured at the other side of the aperture and transformed to the
frequency domain by Fourier transformation. The source and the monitor point are each
40 mm away from the plane of the aperture in opposite directions with respect to the
aperture such that the source and monitor points lie along an axis that is normal to the
aperture and that intersects the aperture at its center, as shown in Figure 12. The FDTD
method cell size is Ax = Ay = 1 mm and Ay ranges from 0.2 to 1 mm according
to the resolution requirements of the simulation. A modified version of the perfectly
matched layer (PML) is used which is capable of simulating infinite conducting screens
that are positioned normally to the computational domain. (Within this implementation
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Figure 10. Front view of the aperture with resistive sheets of width w.
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Figure 11. FDTD computational domain used for the problem of field radiation through a 2 mm x
20 mm aperture placed in infinite perfectly conducting screen.

of the PML, in effect, any perfectly conducting sheet that is positioned normally to the
computational boundary is effectively stretched to infinity.) The computational domain is
positioned 50-60 mm away from the nearest edge of the aperture in order to minimize
unwanted spurious reflections from the boundary of the computational domain.

Numerical Simulation of Aperture Radiation

When the aperture is not loaded, maximum radiation, within the frequency range of
1-12 GHz, occurs at approximately the frequency at which the aperture becomes resonant,
which, for the aperture size considered here, is approximately 7.2 GHz. The resistive
sheet material considered initially is given by 1, = 1, &, =4, and 0 =5 Ohm~'m~'. In
Figure 13, we present the electric field strength at the near-field monitor point (40 mm
away from the aperture, as depicted in Figure 12) for the x-polarized electric field. The
same field at a distance of 160 mm (which we can consider as a far-field point at the
aperture resonant frequency) is shown in Figure 14. The width of the resistive sheet is
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Figure 12. Cross section (x-y plane) of the FDTD computational domain showing source and field
observation point placements.
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Figure 13. Electric field strength (x-polarization) at a distance of 40 mm from the aperture.

w = 2 mm. From Figures 13 and 14, we immediately conclude that Configuration C
provides the highest field reduction in comparison to the Configurations A and B. In
fact, one can observe an appreciable field reduction at the resonant frequency when
Configuration C is used, with an approximate reduction of 12 dB from the case of the
unloaded aperture.

Based on the transmission line model of the aperture, one would intuitively expect
that Configuration A would yield the highest field reduction. It is important to keep in
mind that the transmission line model (or interpretation) is only intended to provide a
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Figure 14. Electric field strength (x-polarization) at a distance of 160 mm from the aperture.
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Figure 15. Aperture impedance, defined as |Ey/H,|, at different locations within the aperture.
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z =0 and z = 2 mm correspond to the beginning and end of the aperture, respectively.

conceptual frame of reference to the field behavior within the aperture. Further insight
can be gained by calculating the wave impedance within the aperture, which is defined
as |E,/H,|. A simulation was conducted to test this definition of the aperture impedance,
and the results, shown in Figure 15, reveal that the impedance peaks at the center of the
aperture and gradually decreases as the shorter edges of the aperture are approached. The
monotonically decreasing wave impedance within the aperture indicates that a tapered

transmission line is a more accurate model of the aperture than a uniform line.
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Figure 16. Effect of varying the width of the resistive sheets on the electric field strength (x-polar-
ization) for Configuration C with u, =1, ¢, =4,and o =5 Ohm~!m~1

The fact that Configuration C is more advantageous than the other configurations
from the shielding effectiveness perspective is a very welcome finding. Note that it was
stressed earlier that the objective of this work is to maintain a mechanically robust aperture
design, which also satisfies heat transfer requirements. Notice that Configurations A and B
require the presence of resistive sheets within the aperture. This requirement presents a
challenge, as such configurations would require mechanical support due to the fragility
of resistive sheets. Configuration C is mechanically stable, as the resistive sheet would
be applied (coated) directly on the surface of the enclosure. For the remaining part of
this paper, results will be presented only for Configuration C.

The results presented in Figures 13 and 14 were for a resistive sheet of w = 2 mm.
The effect of increasing the width from w = 1 mm to 12 mm, while keeping other
parameters at i, = 1, & = 4, and 0 = 5 Ohm~'m™!, is shown in Figure 16 for the
same field polarization and near-field observation point as before. Notice that the case
of w = 6 mm offers the highest field suppression. For w higher than 6 mm, the radiated
field starts to increase at and beyond the resonant frequency.

The effect of varying the conductivity, while keeping the permittivity, permeability
and sheet width, w, constants, is shown in Figure 17. The results shown in Figure 17
for higher conductivity were obtained while insuring that the field penetration through
the resistive sheet is resolved. Throughout the FDTD simulations, the cell size in the
y-direction (normal to the resistive sheets) was maintained at or smaller than 1/10 of the
shortest wavelength considered in the simulation. It is noted with interest that increasing
the conductivity of the resistive coating has a diminishing effect on the radiating field at
or close to the resonant frequency of the aperture, while having a pronounced effect at
other frequencies.

The effect of varying the permittivity while keeping the conductivity, permeability,
and sheet width constant is shown in Figure 18. It is observed that varying the permittivity
within the range considered has minimal effect on the radiated field.

From the above empirical analysis, we conclude that a reduction of the radiated
field of up to 13 dB can be achieved if Configuration C is used with ¢, and o both
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Figure 17. Effect of varying the conductivity on the electric field strength (x-polarization) for
Configuration C with u, = 1, & =4, and w = 6 mm. The conductivity, o, is in Ohm—!m~1.
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Figure 18. Effect of varying the permittivity on the electric field strength (x-polarization) for
Configuration C with u, = 1,0 =5 Ohmflmfl, and w = 6 mm.

lying within the ranges considered, and with a sheet width, w, of 6 mm. Among the
material design parameters considered in this study, the width of the sheet was found to
be the most sensitive factor in affecting the shielding effectiveness of the coated aperture.
Based on the results presented in Figure 16, the relationship between the loaded aperture
radiation and sheet width is a complex one and is clearly highly frequency dependent.
It is important to keep in mind that the radiation through the aperture is due to the
direct field penetration through the aperture and is also due to the electric current that
is induced on the external side of the screen, especially in the immediate vicinity of the
aperture. In Figures 19a and 19b, we show a calculation of the electric current density
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Figure 19. Total surface current density at the external surface of the screen at 7.2 GHz.
(a) Unloaded aperture; (b) loaded aperture: Configuration C with u, = 1, & = 4, 0 = 5,
and w = 6 mm.
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for two cases of unloaded and loaded apertures. In Figure 19b, we show the current
density for Configuration C, where the resistive sheet properties are u, = 1, & = 4,
o =5 O0Ohm~!'m~!, and w = 6 mm. Notice that the dipole-like behavior of the unloaded
aperture is clearly visible in Figure 19a. The effect of loading the aperture is shown to
dramatically reduce the electric current density on the external side of the screen, thus
leading to reduced external radiated field.

Summary and Discussion

This paper presents the novel use of resistive sheets to reduce electromagnetic penetration
through apertures while maintaining robust mechanical design. The use of resistive sheets
or coating was motivated by the interpretation of the aperture and the oscillating field
within the aperture as a transmission line system. Based on this interpretation, a resistive
material was applied in different configurations to minimize aperture resonance. Several
resistive sheet configurations were tested numerically using the FDTD method. One of
the configurations tested was found to yield an aperture field strength reduction of up to
13 dB in comparison to the case of the unloaded aperture. Such appreciable reduction
in the field was made possible using only a 6 mm wide strip of a resistive sheet on
both sides of the aperture. Finally, it is emphasized that this study is empirical. A more
exhaustive optimization is the subject of a future study in which the material properties
and topology of the resistive sheets are considered.

As a final note, we make a comparison between the loaded aperture discussed in
this work and the work performed previously on loaded monopole and dipole antennas.
In earlier works, resistive loading, consisting of coating an antenna with lossy material,
was used with great effectiveness in increasing the broadband potential of the antenna
and thus its potential for effective matching to a purely resistive transmission line system
(there are numerous publications on the use of resistive coating of antennas; the interested
reader is advised to read the original paper on this subject by Wu and King, 1965). Based
on Babinet’s principle, the aperture is the dual of the monopole, and one would expect
that a resistively loaded aperture, in the context of the definition used in this work,
would have an analogous effect to that of the resistively loaded dipole. In fact, loading
the dipole typically achieves a broadband behavior, however, at the cost of decreased
efficiency. It is interesting that one notices a highly similar scenario in the case of the
loaded aperture. Careful observation of Figure 13, for instance, shows an increase in the
broadband potential for the loaded aperture, i.e., an increased radiation at frequencies
below resonance while an appreciable decrease in radiation at resonance. It is obvious
that our objective in this work was to reduce radiation at resonance, but one can also
think of this objective as widening the impedance bandwidth of the aperture.
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