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Abstract ─  The coupling characteristics of the 
electromagnetic wave penetrating the metallic 
enclosure with a rectangular aperture are studied 
using the hybrid approach which applies the 
mode-matching technique and the mixed potential 
integral equation based on the method of 
moments. The aperture thickness, the polarization 
direction of incident wave, and high-order modes 
are all considered in the simulation. The calculated 
electric field at the centre of the enclosure is 
compared with data obtained by measurement and 
other numerical techniques to validate the 
accuracy and the efficiency of the proposed 
approach. The electric field distributions inside the 
metallic enclosure are also presented. 
Furthermore, this approach is extended to account 
for the effects of narrow aperture thicknesses and 
polarization directions. The results demonstrate 
that the electric field is enhanced around the 
aperture at the resonant frequency and the 
coupling electric field amplitude at the center 
point of the enclosure is also higher than that in 
the ambient area. It is also noted that the variation 
of the narrow aperture thicknesses and the 
different polarization directions act on the 
coupling characteristics significantly. 
  
Index Terms ─ Electric field distribution, 
electromagnetic coupling, mixed potential integral 
equation, mode matching, resonance.  
 

I. INTRODUCTION 
Electromagnetic shielding by the aid of metallic 

enclosures is frequently used to reduce emissions 
from electromagnetic interferences (EMI). At the 

same time, apertures perforated in the enclosure 
will compromise its shielding effectiveness. In 
order to take some measures to limit the influence 
of the interference energy, it is extremely 
important to analyze the coupling characteristics 
of the electromagnetic wave penetrating the 
metallic enclosures with apertures.  

The electromagnetic coupling characteristics 
can be analyzed using numerical or analytical 
methods. Numerical methods, such as the finite 
difference time domain (FDTD) method [1-7], the 
method of moments (MoM) [8-11], the finite 
element method (FEM) [12], and the hybrid 
methods [13-14], can model enclosures with 
sufficient detail but often requires large computing 
time and memory, and the analytical approaches 
based on various simplifying assumptions [15-16] 
are also subject to many severe limitations even 
though providing a much faster means.  

This paper presents a rigorous full-wave 
solution which combines the mode-matching 
technique and the mixed potential integral 
equation based on MOM to study the coupling 
characteristics of electromagnetic wave 
penetrating a metallic enclosure with a rectangular 
aperture. Some influencing factors, such as the 
aperture thickness, the polarization direction of the 
incident wave and high-order modes, are 
considered in the numerical simulation. Finally, 
the simulation results are compared with data 
obtained by measurement and other numerical 
techniques thus showing the accuracy and the 
efficiency of the proposed approach. 
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II. MATHEMATICAL FORMULATION 
A metallic enclosure with dimensions a×b×h 

(inner face) illuminated by the electromagnetic 
wave is shown in Figure 1, having a rectangular 
aperture with dimensions w×l in the front wall. 
The walls whose thicknesses are t are assumed to 
be perfectly conducting.  

 

 
Fig. 1. Geometry of the rectangular enclosure with 
aperture. 

As shown in Figure 2, the entire equivalent 
model of EMI coupling into a rectangular 
enclosure through a non-zero thickness aperture 
can be separated into two sub-problems by 
employing Schelkunoff’s field equivalent 
principle: the interior problem and the exterior 
problem. The interior problem is composed of 
region I and region II which can be regarded as the 
rectangular waveguides, while the exterior 
problem is considered as a half free space (region 
III) with an equivalent magnetic current and an 
incident electromagnetic wave. It should be noted 
that the plane z=t where the aperture is perforated 
is regarded as an infinite conductive plane [17]. 

 

 
Fig. 2. Equivalent model for aperture replaced by 
magnetic current. 

A. Interior problem 
From Maxwell’s equations, the tangential 

electric field and the tangential magnetic field in 
the waveguides can be represented by 
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In order to solve Maxwell’s equations 
conveniently, the electric and the magnetic vector 
potentials are introduced whose z-direction 
components are Aez and Ahz, respectively. Then z-
direction components of the electric field and the 
magnetic field are given by 
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Region I and Region II can be regarded as the 
rectangular waveguides, the aperture waveguide-
to-rectangular enclosure junction can be modeled 
by the mode-matching technique. And then 
substituting (3) and (4) into (1) and (2), the 
tangential electromagnetic fields in Region i 
(i=I,II) can be expressed as follows [18]: 
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where ε is permittivity of free space and μ is 
magnetic permeability of free space, Te and Th is 
the eigenfunction of the TM (e) and TE (h) modes, 
respectively. In the same way, Ae and Ah �are the 
modal amplitude coefficients, �e and �h are the 
propagation constants, Qe and Qh are the 
normalized factors such that the power carried by 
each mode is 1 Watt. q is the mode index. 

On the assumption that there are N TM modes 
and N TE modes propagating in the waveguides, 
the 2N×1 modal amplitude coefficients matrix of 
the positive and negative z-direction modes in the 
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waveguide Region i, Ai+ and Ai− can be described 
as: 
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In terms of the tangential electric field and the 
tangential magnetic field components matching at 
the boundary between Region I and Region II, 
respectively, the coupling matrix M whose size is 
2N×2N is obtained [19]. Therefore, the 
relationship between the modal amplitude 
coefficients in Region I and II can be expressed as: 

 I I II IIA A M A A       ,          (10) 

 T I I II IIM A A A A       .         (11) 

On account of the region I is considered as an 
end-shorted waveguide, what can be obtained is 
written as: 
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Substituting (12) into (10) and (11) gives a 
matrix equation describing the relationship of the 
modal amplitude coefficients in Region II: 
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U is the 2N×2N unit matrix. 
Substituting (12) and (13) into (10) and (11) 

gives a matrix equation: 

   1I I IIA U L M U A
     .     (14) 

B. Exterior problem 
According to the equivalence principle, the 

aperture on the plane z=t can be replaced by the 
equivalent surface magnetic current Ms as shown 
in Figure 2, given by 

( )II

s t t M En  ,                 (15) 
with n being the normal unit vector pointing 
outwards. 

By means of image theory, the equivalent 
magnetic current 2Ms substitutes as the equivalent 
source for the half-space. Mathematically, the 
magnetic field HMs due to 2Ms in Region III can 
be written as follows [20]: 
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To simplify the notation, the inner product can 
be defined: 
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where the integration extends over the aperture on 
the plane z=t for the 2D case. Then, the electric 
vector potential F and the magnetic scalar 
potential m at a field point r are obtained [21]: 
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freeG  are the dyadic and the scalar 

Green’s function for the half free space 
respectively. 

C. Final matrix equation 
According to the continuity of the tangential 

magnetic field through the aperture on the plane 
z=t, the magnetic formulation can be 
accomplished by enforcing: 
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The equation (20) can be solved by MoM, and 
then the equivalent magnetic current Ms is 
expanded by a set of vector basis functions Wn 
with unknown coefficients Kn as: 

2

1

N

s n n
n

K


 M W  .                 (21) 

Moreover, the Galerkin procedure is applied. 
Setting the weighting function W (2N×1) equal to 
the basis function as: 
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In terms of the orthogonality of expansion 
functions, the mixed potential integral equation 
(20) can be shown as the following matrix 
equation: 
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It is worth noting that the matrix Iinc relates to 
the polarization direction of the incident wave. 
Furthermore, putting (20) together with (13), the 
unknown modal coefficients AII− are readily 
obtained if the incident plane wave has been 
given: 

    1
1 1( ) ( )II II II II II incA L L T L L I 
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(24) 
Finally, introducing (24) into the matrix 

equations (12) and (14), all the modes propagating 
in the enclosure can be calculated. The 
electromagnetic fields at any point in the enclosure 
with non-zero thickness aperture can be calculated 
consequently. 

 

III. MEASUREMENT SETUPS 
In the measurement setup of Figure 3, a semi 

anechoic chamber of 11.37m× 4.6m× 3.0m is 
used, where the walls are covered with absorbing 
cones except for the conducting floor. The log 
periodic antenna—TX in Figure 3— is connected 
via a RF amplifier to an Agilent E8157D signal 
generator as the source of the field. The enclosure 
indicated by EUT is constructed of five pieces of 
aluminum and one plate of aluminum for the face 
containing the aperture. Measurements are made 
by placing the R&S HZ-15 probe in the centre of 
the enclosure and the output is shown on an 
Agilent E4440A spectrum analyzer. The effect of 
the ground plane and the attenuation of cables are 
accounted for by a suitable calibration procedure. 

 

 
Fig. 3. Measurement setups in a semi-anechoic 
chamber. 

 

IV. NUMERICAL EXAMPLES 
For the analysis of electromagnetic coupling 

characteristics, a typical rectangular enclosure 
with inner dimensions 30cm×12cm×30cm is 
considered, having a narrow aperture of size 
10cm×0.5cm with thickness t=1.5mm located at 
the center of the front wall. In addition, the 
incident wave is propagating along negative z-
direction with an intensity of 377 V/m; and its 
polarization direction is parallel to the short edge 
of the aperture (y-axis), which goes by the name of 
vertical polarization. 

 

A. Validation of proposed method 
In this paper, the observation point is located at 

the center of the enclosure. For the whole model, 
there are 50 TM modes and 50 TE modes 
introduced to obtain high accuracy results. 

 

 
Fig. 4. Simulated and measured electric field 
amplitude varies with frequency at center of the 
enclosure. 

From Figure 4, it can be seen that the results 
obtained by the proposed approach are in good 
agreement with the measurement data. The first 
resonant frequency 700MHz is predicted 
accurately at which TE101 mode is excited in this 
metallic enclosure and the coupling energy reaches 
its maximum over the frequency from 100MHz up 
to 1.0GHz. This can be very useful in optimizing 
the shielding devices to get some resonant 
frequencies filtered and minimize the EMI. In 
addition, the results are compared with the data 
obtained by FDTD. It should be mentioned that it 
only takes about 12 minutes and 200MByte 
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memory for the proposed approach to calculate the 
coupling electric field for 20 frequencies, while it 
takes 55 minutes and 350MByte memory for 
FDTD on the same business PC. Furthermore, 
taking this structure all the same, it requires more 
than 1 hour and 1.2GByte memory for FEM to 
obtain the results at 20 frequencies in [22]. This 
illustrates the efficiency of the proposed approach. 

 

B. Electric field distributions inside enclosure 
The metallic enclosure itself possesses a set of 

characteristic resonance behavior excited by 
external interference signals. What is more, the 
presence of apertures cut in the enclosure 
complicates resonant characteristics of the 
enclosure. So the electric field distributions inside 
the enclosure with an aperture at the resonant 
frequency are expected. It is useful for designers 
laying out the electronic components to avoid the 
damage caused by the external interference 
signals. In the following simulation figures, the 
incident-wave frequency is chosen to be the first 
resonant frequency 700 MHz, and the coupling 
electric field distributions inside the 
aforementioned enclosure are presented. 

 

 
Fig. 5. Electric field distributions on the XOY 
plane of the enclosure at z=0cm (700MHz). 

 

Figures 5 and 6 depict the coupling electric field 
distributions on the XOY plane of the enclosure at 
z=0cm and z=–15cm respectively. In Figure 5, it 
can be seen that the coupled electric field 
amplitude adjacent to the aperture is much higher 
than the incident, namely, the electric field 

amplitude is enhanced around the aperture. This is 
owing to additional enclosure-aperture interactions 
and the influence of high-order modes.  

 

 
Fig. 6. Electric field distributions on the XOY 
plane of the enclosure at z=-15cm (700MHz). 

 

 
Fig. 7. Electric field distributions on the YOZ 
planes in the middle of the enclosure (700MHz). 

 

The distributions of the coupled electric field on 
the YOZ and XOZ planes in the middle of the 
enclosure are shown in Figs. 7 and 8, respectively. 
The fact that the coupling electric field amplitude 
is the highest in the small area adjacent to the 
aperture validates the electric field amplitude 
being enhanced around the aperture. Furthermore, 
from Fig. 6 to Fig. 8, it is obvious that the 
coupling electric field amplitude at the center 
point of the enclosure is also higher than that in 
the ambient area. 
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Fig. 8. Electric field distributions on the XOZ 
planes in the middle of the enclosure (700MHz). 

 

C. Effect of narrow aperture thicknesses  
In order to study the effect of various aperture 

thicknesses on coupling characteristics of 
electromagnetic wave penetrating a metallic 
enclosure through a narrow aperture, the coupling 
electric field at the center of the enclosure varying 
with the thicknesses of the aperture is considered. 
The narrow aperture thicknesses considered cover 
commonly used values: 0.5, 1.5, 3, 5, 8, and 
10mm. Simulation results are displayed as a 
function of aperture thickness in Fig. 9. It is found 
that with the narrow aperture thickness increasing, 
the amplitude of the coupling electric field is 
decreasing, i.e., electromagnetic shielding of the 
enclosure is improved.  

 

 
Fig. 9. Comparison of Electric fields at center of 
the rectangular enclosure with various narrow 
aperture thicknesses.  

D. Effect of different polarizations 
In this part, the effect of the polarization 

directions of the incident wave to the coupling 
characteristics is investigated. Compared with the 
vertical polarization, the horizontally polarized 
incident wave whose electric field polarization 
direction is parallel to the long edge of the 
aperture (x-axis) is introduced. The coupling 
electric field at the center of the enclosure with 
regard to different polarizations is shown in Fig. 
10. It should be noted that the coupling electric 
field amplitude of the vertically polarized incident 
wave is higher than that of the horizontally 
polarized one at the center of the rectangular 
enclosure. 

 

 
Fig. 10. Electric field at center of the rectangular 
enclosure with different polarizations. 

 

V. CONCLUSIONS 
The coupling characteristics of the 

electromagnetic wave penetrating the metallic 
enclosures with non-zero thickness apertures are 
hot issues. By matching the continuity condition of 
tangential electromagnetic field components 
across the aperture surface and the boundary 
between the aperture waveguide and the 
rectangular enclosure, the unknown modal 
amplitude coefficients are calculated and the 
electromagnetic fields inside the rectangular 
enclosure are determined in this paper. Usage of 
the proposed approach to evaluate the field 
distributions inside the enclosure should be helpful 
for laying out the vulnerable semiconductor 
components to limit the influence of external 
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electromagnetic radiation. Furthermore, the 
numerical simulations are directly related to the 
design of efficient shielding enclosures that are 
commonly used to protect inside components. 
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