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Abstract—in this paper, the problem of evaluating the electro- may be obtained to a high degree of accuracy by using various
magnetic field on rectangular apertures backed by rectangular computational methods such as the method of moments (MoM),
cavities is investigated. The electromagnetic-field distribution is finite-difference time domain (FDTD) [2], [3], finite-element
derived by using a circuital model of an aperture and suitable . e .
forcing terms introduced into the equations related to the aperture method (FEM) [4], Four_ler transform, anc_i mode matching [5].
model. The effects of a rectangular cavity on the aperture-field However, the computational efforts required by such methods
distribution are assessed by considering the rectangular cavity as does not always justify their use, especially when the designer
a load impedance. The impedance value is obtained by modeling is searching for a quick (even though approximate) solution.
the rectangular cavity as a length of rectangular waveguide |, some works, the electromagnetic wave is modeled by using

back-ended by a short. The distribution of the electromagnetic . . f
field on the aperture is used as an exciting source to evaluate, a voltage source with an internal impedance equal to the vacuum

through a modal expansion, the electromagnetic field inside the impedance [6]. This approach is very simple and gives good re-
cavity. Numerical simulations are in a good agreement with both  sults, but the electromagnetic wave cannot be well determined;

other theoretical models and experimental data. in particular, this model does not permit one to specify the inci-
Index Terms—Electromagnetic modeling, EMC, radiated dence angle and polarization of the electromagnetic wave.
immunity, shielding effectiveness. 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
I N THE LAST few years, there has been a growing interegkample, in [7], an elegant theoretical formulation is presented
within the electronic industry regarding problems related @4t considers the effects of diffraction of the electromagnetic
the applications of shielding devices. wave by holes that are small as compared with the wavelength.
Some works have faced the problem of emission from anThe main purpose of this paper is to present a method based
aperture caused by an internal field source. In this problem, thg  circuital approach that is able to predict the field distribu-
aperture is treated as an aperture antenna that radiates in thejgis on rectangular apertures backed by rectangular cavities.
ternal region. First, the field due to the internal source is cony this end, an aperture is modeled as a length of rectangular
puted on the aperture. Such a field is then used as the sourcgifpline ended by a short, and the metallic box backing the aper-
the aperture antenna problem [1], and the radiated field is qfire js modeled as a load impedance that is calculated by re-
tained by imposing suitable boundary conditions between taﬁrding the box as a length of rectangular waveguide ended on
internal and external regions. one side by a short, and by considering only the fundamental
Another typical problem is the evaluation of the pe”etrati%‘ropagation mMod&Ey. In particular, the voltage distribution
of an electromagnetic field through apertures on the surfacef the aperture (without cavity) is determined by using a well-
a metallic cabinet. When one considers an external electrom@geown approach [8], [9] that was originally developed to eval-
netic field that impinges on the metallic cabinet, the probleqte the effects of an electromagnetic field on a transmission
becomes a scattering one. In these kind of problems, the diffyje. The Thevenin equivalent of this structure is evaluated and
culty is in finding the correct distributions of the electromageonnected to the load given by the backing cavity. In order to
netic field on the apertures and to match the electromagnefiga|uate the electromagnetic field on the aperture, the final value
field with that inside the metallic cabinet. The numerical evalsf the field is calculated by considering the divider between the
uation of the electromagnetic field inside the metallic Cabi”ﬁhpedance of the aperture and the impedance of the metallic
cabinet. After these steps, we find an approximate, but accurate
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Y whereky = 27 /X andZ, 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

b the electromagnetic field and the transmission line involves in-
troducing suitable forcing terms into the transmission-line equa-
] tions [8], [9].

! d X According to this method, the usual equations for a transmis-
v sion line are modified by introducing two forcing functions as
a | follows:
\ v
’ Vg ) juLi) + Vi) @)
_ : E x
K df
5 ) _juCV (@) + L) ®
H dx
Fig. 1. Geometry of the problem. where L and C' are the inductance and capacitance (per unit

length) of the line, respectively, arld;(x) and I;(z) are the
two forcing functions.

that, whereas the field distribution along the rectangular aper-according to the notation used in Fig. 2, the forcing functions
ture is computed considering only the fundamental propaggan be written as follows [8]:

tion modeTE;q (and this approximation gives good accuracy ,

in most cases of practical interest), the matching between the Vi = jw /y2 B -a.dy

field distribution on the rectangular aperture and the field inside I " o

the enclosure is evaluated by using a modal expansion and also . vz

considering higher modes. Iy :ij/ E'.a,dy (5)
The proposed model provides a high degree of accuracy with .

a low computational burden, as compared with more compleshereB! is the magnetic induction vector incident on the aper-

numerical methods; moreover, the model is more variable thame, a. is the z-axis versorj, is they-axis versor, and! is

other circuital models [6], as the incident field can be well dehe electric-field vector incident on the aperture. The above re-

fined in terms of the propagation vector and polarization anglations are found by using quasi-TEM approximations.

With respect to a previous model by the authors [11], the presenBy combining the relations (2) and (3) and introducing the

approach provides a better accuracy in the computation of fleecing functions (4) and (5), the following differential equation

field inside the enclosure. Furthermore, the field source on tieeobtained:

aperture is better matched with the modes of the rectangular A2V () av;

cavity.
4 d2z dz

The vertical slabs are assumed to be the two conductors
that act as load for the transmission line and give the correct
The first goal is to derive the circuital model of a rectangulgtoundary conditions (7) necessary to solve the linear differen-
aperture illuminated by an external uniform plane wave. THE! €quation (6) as follows:
plane wave is characterized by an arbitrary propagation vector { Viz1) =0

(4)

+W?LCV (x) = —jwLIf(z) + (6)

Il. MATHEMATICAL FORMULATION

k and an arbitrary polarization anghe(see Fig. 1). In order to

obtain the model, the Thevenin theorem is used and the aperture

is considered separate from a metallic cabinet. wherez;andz. are the positions of the shorts at the end of the
The rectangular aperture is characterized by the dimensigipg.

I, w, andt, which are, respectively, the width, height, and thick- The following relation gives the solution to (6) that represents

ness of the metallic sheet (see Fig. 2). the voltageV'(z) along the line:
In order to apply the Thevenin theorem, the impedance of

the rectangular aperture must be calculated. This task is accom- V(z) = Ae=iwVICz | potiwVICe | [ro=ik.w  (g)

plished by following the method presented in [6], where the

characteristic impedance of a rectangular aperture is deriveddiereK, A, andB are complex constants. We refer the reader

the impedance of two lines ended with shorts and having the[11] for a detailed solution.

characteristic impedance of a coplanar-strip transmission line Now the circuital model of the aperture is complete, (1) gives

the equivalentimpedance of the aperture and (8) gives the equiv-
. o alent voltage source representing the plane wave; therefore, the
Zap = 5 JZes tan —- (1) Thevenin theorem can be correctly applied.

V(z2) =0 @)
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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 fiEldx) the same propagation constédntas theTE;, mode of a rect-
from V'(z). This goal could be attained by using the followingangular waveguide, i.e.,
relation [13]: 7

Zy = (12)
_ 2 1-(3)°
Ey(z)=V(z)\/— )

1
which is valid for an infinite rectangular waveguide whose kg = ho \ L= <%) (13)

cross-sectional dimensions arendb, respectively. ) .

In the present case, however, a discontinuity exists betweEhg enclosure may be seen as an impedaficgiven by the
the aperture and enclosure (that is our rectangular waveguid@yowing relation:
To gccount for sugh a d_|scont|nU|ty let us introduce the fol- 2, = 2, tan(k,d). (14)
lowing transformation ratio [11]:

Fig. 2 shows the equivalent circuit that models the enclosure,

ab aperture, and plane wave.
R= wl (10) The value of the electric field on the aperture is obtained by
defining the voltage divider betweéf, andZ,;, as

wherew and! are the dimensions of the aperture. - Z.
By usingR, the relation betwee#, () andV (z) becomes EP(x) = Ey(z) 7t 7y (15)
5 5 The value of E5P takes into account the effects due to the
E,z)=V(z)4/— -R=V(x) — (11) presence of the aperture and enclosure.
a w

The value obtained by (15) is used to evaluate the electro-
magnetic field inside the enclosure through a modal expansion

The value of the electric field found by (8) and (11) is the expressed by the following relation [10]:
component of the electric field; thus, the model obtained gives a

good approximation only if the horizontal dimensibis much fg (&Z X Eal‘) -V X epds
larger than the vertical dimensian Anyway, an extension for E= Z - (kQ _ k.?)  le |2 dv €m
square apertures may be simply achieved by applying the same m e o) Ju
method in order to find the component of the electric field where E* is the field distribution along the rectangular
E.(y). This task can be accomplished by considering the veaperture, which represents the exciting sourée, is the
tical slab as a coplanar-strip transmission line and the horizont@rmal vector of the cross section of the aperturg,is the
slab as a short, analogously to the computation ofjtbempo- wavenumber corresponding to theh mode,v is the volume
nent of the electric fieldz, (). of the enclosures is the surface of the aperture, aag, are

The circuital model of an enclosure without any aperture the divergenceless electric eigenvectors of a rectangular cavity
now necessary in order to complete the model. The enclos{t8]. From (16), it can be deduced that each mode is weighted
is taken as a rectangular waveguide in which only the fundeensidering the exciting sourd@®?, working frequency, and
mental modeTE is excited. Within this approximation, thedimensions of the enclosure. We noticed that, in most cases of
enclosure is modeled as a length of transmission line endedrgctical interest, only a few modes are needed to achieve a
a short and having the same characteristic impedafycand satisfactory evaluation of the field inside the metallic cabinet.

(16)
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Fig. 3. Simulated electric field along the length of a rectangular aperture of 208 1IB@mm. Enclosure dimensions: 300 mriLl20 mmx 300 mm. Frequency:
450 MHz.
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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 yield2atsingd 1].
line: present model. Dotted line: measured data. Enclosure dimensions: 360 i@ mmx 300 mm. Aperture dimensions: 100 mwn5 mm.

[Il. NUMERICAL RESULTS Furthermore, in order to give an example of a field distribu-
tion on the aperture, Fig. 3 shows the module of the electric field
In this section, in order to evaluate the efficiency of the deevaluated along the length-axis) of a rectangular aperture of
veloped method, the shielding effectiveness of some enclosu28® mmx 30 mm, when the aperture is backed by a rectangular
and apertures are calculated by using (14) and compared wittbinet of 300 mnx 120 mmx 300 mm. The electromagnetic
experimental data and with other numerical data obtained bgurce is a plane wave characterized by a frequency of 450 MHz
another method [6]. The electric shielding effectiveness is dend a polarization along theaxis.
fined as Fig. 4 shows the electric shielding effectiveness versus fre-
guency for an enclosure of 300 120 mmx 300 mm with
an aperture of 100 mmx 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-
whereE, is the amplitude of the electric field inside the box aperimental ones, and with the data obtained by using the model
a specified poinp and £, is the amplitude of the electric field proposed in [11]. The comparison between the data obtained
at the same point with the enclosure removed. by the present model and measured data are in a good agree-

Ly

SE = ~20log | 7
p

(17)
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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. Contprasastline:
model. Dashed line: measured data. Enclosure dimensions: 308 120 mmx 300 mm. Aperture dimensions: 200 mxn30 mm.
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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 yield2akingd 1].
line: present model. Dotted line: measured data. Enclosure dimensions: 222 55rmm x 146 mm. Aperture dimensions: 100 mx5 mm.

ment, particularly in the frequency range from 500 MHz upumerical results were compared with the measured ones. In
to 1 GHz. The comparison between the data obtained with tties case also, the results obtained by the proposed model were
model presented in [11] and the measured data shows a satigood agreement with the measured data.

factory agreement only for a frequency range from 100 up toFig. 6 shows the electric shielding effectiveness versus fre-
500 MHz instead of for frequencies above 500 MHz, where tligiency for an enclosure of 222 mm55 mmx 146 mm with
electric shielding effectiveness is underestimated. an aperture of 100 mmx 5 mm.

As expected, the shielding effectiveness decreased in th&he frequency was varied from 0.2 to 1 GHz. Also in this ex-
neighborhood of 700 MHz, as the dimensions of the aperturenple, the numerical data were compared with the experimental
were very small and the structure tended to behave likeoaes. The agreement between the numerical data and experi-
perfect rectangular resonator (which would have a resonamental ones was very good for the whole frequency range con-
frequency of 707 MHz). Fig. 5 shows the electric shieldingidered. The data obtained with the present model are also com-
effectiveness versus frequency for the same enclosure as ingheed with the data obtained by means of the model proposed in
previous example, but with an aperture of 200 80 mm. [11]. From Fig. 6, it can be noted that the model proposed in [11]
The measurement point was at the center of the enclosuges worse results with respect to the data obtained by means
The frequency ranged from 400 MHz to 1 GHz. Again, thef 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 motiek:Dashed
measurement data [6]. Enclosure dimensions: 48320 mmx 483 mm. Aperture dimensions: 100 mxn5 mm.
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Fig. 8. Plot of the shielding effectiveness at the center of an enclosure for different incidencearkgieguency: 700 MHz. Enclosure dimensions: 300 mam
120 mmx 300 mm. Aperture dimensions: 100 nxn5 mm.

In the following example, the electric shielding effectiveness The incident field was still a-polarized § = 0) uniform
versus frequency for an enclosure of 483 m120 mm x  plane wave (with a frequency of 700 MHz), but the incidence
483 mm with an aperture of 100 mm5 mm was evaluated. The angle¢ was varied in a range from 10p to 90. It can be noted
frequencyrangedfrom0.1to 1 GHz. The numerical data obtaintgwt, for ¢ = 90, the propagation vector of the plane wave is
by the proposed model were compared with the measuremestdirected, and the electric shielding effectiveness has a min-
results provided in [6]. Fig. 7 shows the comparison between timum. This is an expected result since, in this case, there is the
experimental data and the result provided by the present modbdtter coupling condition between the incident wave and rect-
It can be seenthat the overall agreement is very good. angular aperture, while, for values of the incidence angle upper

In all of the previous examples, the electromagnetic waws lower 90, coupling decreases and the electric shielding ef-
considered in order to test the model wagpolarized § = 0) fectiveness increases.
uniform plane wave with a propagation vecloparallel to the  Fig. 9 shows the electric shielding effectiveness (for the same
z-axis (¢ = 90). The following two examples show the behavioenclosure of the previous example; also in this example, the
of the model when the incident and/or the polarization angheeasurement point was at the center of the enclosure) when
change. Fig. 8 shows the electric shielding effectiveness for #re incident field was a plane wave with the propagation vector
enclosure of 300 mnx 120 mmx 300 mm. The measurementalong thez-axis (¢ = 90) and the polarization anglé was
point was at the center of the enclosure. varied from O up to 80. For a polarization anglé = 0, the
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Fig. 9. Plot of the shielding effectiveness at the center of an enclosure for different polarizationéagksuency: 700 MHz. Enclosure dimensions: 300 mm
x 120 mmx 300 mm. Aperture dimensions: 100 nxn5 mm.

plane wave ig/-polarized and, since this is the better-coupling [3] M. Li, J. Nuebel, J. L. Drewniak, R. E. DuBroff, T. H. Hubing, and

condition, the lowest electric shielding effectiveness value is ~ T- Van Doren, "EMI from cavity modes of shielding enclosures FDTD
modeling and measurementEEE Trans. Electromagn. Compatol.

reached. Instead, when the polarization afigteincreased, the 42, pp. 29-38, Feb. 2000.
coupling between the incident field and the aperture gets worse4] J.-M. Jin and J. L. Volakis, “A finite element-boundary integral formula-
and the electric shielding effectiveness increases. tion for scattering by three-dimensional cavity-backed apertulegE

Trans. Antennas Propagatiol. 39, pp. 97-104, Jan. 1991.

[5] H. H. Park and H. J. Eom, “Electromagnetic penetration into a rectan-
gular cavity with multiple rectangular apertures in a conducting plane,”
IEEE Trans. Electromagn. Compatol. 42, pp. 303-312, Aug. 2000.

IV.- CONCLUSIONS [6] M. P. Robinson, J. D. Turner, D. W. P. Thomas, J. F. Dawson, M. D.
. . L . Ganley, A. C. Marvin, S. J. Porter, T. M. Benson, and C. Christopoulos,
In this paper, the distribution of the electric field on various “Analytical formulation for the shielding effectiveness of enclosure with

rectangular apertures backed by cavities has been theoretically apertures,IEEE Trans. Electromagn. Compatol. 40, pp. 240-248,

. . . s Aug. 1998.
investigated and used to calculate the electric shielding effec—m H. A. Bethe, “Theory of difiraction by small holesPhys. Rev. B, Con-

tiveness. The results of the numerical simulations agree with' ~ dens. Mattervol. 66, pp. 163-182, 1944.
the experimental data, as well as with the data obtained by othel8] C.R.PaulAnalysis of Multiconductor Transmission LinesNew York:

. . . Wiley, 1993.
theoretical models. The proposed model is useful to eStlmatqg] S. Celozzi and M. Feliziani, “Time-domain solution of field-excited

the electromagnetic field on rectangular apertures backed by = multiconductor transmission line equationEEE Trans. Electromagn.

rectangular enclosures to a high degree of accuracy, with a low  Compat, vol. 37, pp. 421432, Aug. 1995.

. . . . p 0] J.Van BladelElectromagnetic Fields New York: McGraw-Hill, 1964.
computational burden, despite the approximations mtroduce(%‘}l R. Azaro, S. Caorsi, M. Donelli, and G. L. Gragnani, “Evaluation of the

Furthermore, although in some cases the present model provide effects of an external incident electromagnetic wave on metallic enclo-
result that are no better than those given by other models [6],  sures with rectangular aperturesficrowave Opt. Technol. Leftvol.
[11], it has some other useful features. In particular, it allows one, ,, 22 N°: 5 PP. 289-293, Mar. 2001.

! . e p ! ‘{3’12] K. C. Gupta, R. Gar, and |. J. BahMicrostrip Lines and Slot-
to evaluate the field at every point inside the enclosure; more- ~ lines Norwood, MA: Artech House, 1979.
over, with the present model, it is possible to account for the poH3] G. FranceschettElectromagnetic Fieldgn Italian). - Turin, Italy: Bor-
larization angle and propagation vector of the incident field. we ~ "ghieri. 1988.
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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