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Abstract. In this paper, circuital and numerical models of 
metal enclosure with apertures are considered for the 
purpose of accurate shielding effectiveness calculation. 
An improved circuital model is presented to account for the 
presence of receiving dipole antenna which is often used in 
practice to measure the level of electromagnetic field at 
selected points inside the enclosure. Receiving antenna of 
finite dimensions could significantly change the EM field 
distribution inside the enclosure and thus affect the results 
for SE. TLM method incorporating wire node is used to 
create a numerical model. Both models are compared in 
terms of their ability to account for receiving antenna im-
pact on shielding effectiveness of rectangular enclosure 
with aperture. In addition, comparison of both models is 
carried out for the case when an array of apertures with 
different aperture separation is present on one of the en-
closure walls whereby the numerical TLM model is addi-
tionally enhanced with compact air-vent model. 
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1. Introduction 
From the viewpoint of electromagnetic compatibility 

(EMC), performances of electronic systems enclosed in 
enclosures, dominantly depend on the nature and existence 
of interconnecting paths. Shielded enclosures have a major 
role in eliminating or reducing these interconnecting paths 
which cause coupling between electromagnetic (EM) 
energy sources and sensitive electronic systems. Wired and 
dielectric structures within the electronic system have also 
EM radiation excitation characteristics. The material and 
construction of the enclosure determine its properties as 
a shield which acts as a barrier to the level of EM radiation 
from the environment that reaches the electronic equip-
ment, but also determines how much energy is radiated by 
the electronic equipment into the environment. Enclosure 

protects system components against externally or internally 
generated interference, but often they have a number of 
apertures with different size and patterns, used for airing, 
heat dissipation, control panels, outgoing or incoming 
cable penetration or other purposes, that can compromise 
its shield role. Therefore, it is very important to estimate 
shielding properties of enclosure in the presence of aper-
tures. 

One way of expressing shielding properties of enclo-
sure is to calculate its shielding effectiveness (SE) which is 
defined as a ratio of EM field strength at some point in the 
presence and absence of enclosure. A wide range of tech-
niques are currently available for the calculation of the SE, 
from analytical methods to numerical simulations. Some 
analytical methods were proposed in [1], [2], while in ad-
dition the solution in [2] was enhanced in [3] to allow for 
considering oblique incidence and polarization of incident 
plane wave and arbitrary location of apertures in relation to 
plane wave propagation. The numerical methods were also 
used for the SE calculation such as the finite-difference 
time domain (FDTD) method in [4], the methods of mo-
ments (MoM) in [5] and the transmission line matrix 
(TLM) method in [6]. Regarding the application of differ-
ential numerical methods in the time-domain, FDTD and 
TLM, conventional approach based on fine mesh descrip-
tion of fine features such as slots and apertures, was used 
in [4] and [6]. Authors of this paper have conducted, in 
parallel with research presented in [5], their own analysis 
how various factors, such as aperture patterns, their dimen-
sions, number and orientation with the respect of enclosure 
walls or plane wave propagation direction, influence on the 
SE of enclosure. The results of this analysis have been 
presented in [7], [8]. In addition, an impact of plane wave 
excitation parameters on shielding properties of enclosure 
with multiple apertures has been considered by the authors 
in [9], [10]. In [7-10], a conventional TLM method was 
also used as in [5] to numerically study these various ef-
fects at high frequencies.  

Aim of this paper is to investigate an impact of 
a small dipole antenna, often used in an experimental setup 
to measure the level of EM field at some characteristic 
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points in the enclosure, on the SE of enclosure. Other an-
tennas are also used for measurement of shielding effi-
ciency such as a spiral antenna presented in [11]. Antenna 
of finite dimensions could significantly affect the EM field 
distribution in closed environment as already experimen-
tally shown in [12] for resonant cavity based microwave 
applicators. In a metal enclosure, this effect on the results 
of SE is numerically illustrated in [13]. In order to consider 
this impact on detected EM field level during the experi-
mental SE characterization and determine the real SE of 
shielding enclosure, the existing analytical/circuital model 
presented in [3] is improved in this paper to include dipole 
antenna presence. Circuital model in [3] was developed to 
efficiently calculate the SE of enclosure for oblique inci-
dent plane wave of arbitrary polarization and for arbitrary 
location of apertures with respect of plane wave propaga-
tion but did not take into account the presence of receiving 
antenna. This model limitation was mentioned in [3] as one 
of possible causes for some differences between model and 
experimental SE results. The TLM method, incorporating 
compact wire model presented in [14], is also used here as 
in [13] to create a numerical model capable to take into 
account the antenna presence and position and their impact 
on the SE of enclosure. In addition, both models are com-
pared for the case when an array of apertures with different 
aperture separation is present on one of the enclosure walls 
whereby the numerical model is additionally enhanced 
with compact air-vent model presented in [15], [16]. 

2. Incorporation of Monitoring 
Antenna into Circuital Model 
In analytical/circuital model [3], it was proposed that 

the SE of enclosure with apertures on one or multiple sides 
can be simply calculated by superposition of one-dimen-
sional results and that the problem of SE can be solved 
considering the field with arbitrary incidence and polariza-
tion angle, by virtue of vector decomposition. 

The electric field E can be decomposed into x-, y- and 
z-components by simple vector analysis [3]: 
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where E0 is the magnitude of E. In this equation, the con-
stants of E are defined as factors of polarization Fpx, Fpy 
and Fpz, which used for calculating SE. In this paper we 
will only consider the case of plane wave excitation with 

vertical polarization (along the z-axis) so that E 0ˆEz . 

The propagation vector β is also given as [3]: 
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where β0 is the magnitude of the propagation vector, and 
the constants of β are defined as factors of incidence Fix, 
Fiy and Fiz for each direction. For the case of normal inci-
dence (propagation along the x-axis), as shown in Fig. 1a, 

0x̂  . 

Field intensity for appropriate mode at an arbitrary 
position in an enclosure can be calculated by using the 
mode factor Fm defined in [3]. In the circuital model shown 
in Fig. 1b, the enclosure is presented as a shorted rectan-
gular waveguide in which the propagation is along the x-
axis whose characteristic impedance and propagation con-
stant are Zgx and kgx, respectively. The radiating source is 
represented by voltage v0 and impedance Z0 = 377 Ω. One 
aperture on enclosure wall is represented as a coplanar strip 
transmission line of length lap and with characteristic im-
pedance Z0s and phase constant k0. Transforming the short 
circuits at both ends to the center of aperture, as shown in 
[2], the impedance of one aperture Zap can be obtained. The 
total impedance representing the n apertures on yz-plane 
enclosure wall normal to the plane wave propagation, Zapx, 
is calculated by simply multiplying impedance Zap with n. 
Expressions for all variables used in the circuital model can 
be found in [2], [3]. 

 
Fig. 1. a) Rectangular enclosure with apertures on the front 

wall, excited by normal incident plane wave with 
vertical polarization and b) circuital model of 
enclosure [3]. 

Calculation of the electric field inside the enclosure at 
distance px from the wall with aperture is transformed to 
the calculation of voltage vpx in the equivalent circuit [2] 
(see Fig. 2): 
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In order to include the presence of receiving antenna, 
we introduce the impedance of antenna, Zant, at observing 
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point P in the equivalent circuital model. The input imped-
ance of dipole antenna is obtained numerically by using the 
software package WIPL-D [17] for the case of 100 mm 
long wire oriented along z-axis (to detect vertically polar-
ized E field) and placed inside the rectangular enclosure of 
the dimensions 300 mm x 400 mm x 200 mm. The set of 
numerical calculation were performed to account for dif-
ferent wire radius impact on its input impedance. As 
an illustration, the input impedance of dipole antenna, con-
sisting of radiation resistance (real part) and reactance 
(imaginary part), represented as 100 mm long wire having 
radius of 0.08 mm is shown in Fig. 3. 

 
Fig. 2. Voltage calculation at the observing point P that 

includes the presence of receiving antenna. 

 
Fig. 3. Impedance of vertical antenna obtained by WIPL-D. 

In circuital model, the impedance Z4x is then: 
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From this equation, the voltage at observing point P 
in the presence of enclosure can be calculated is: 
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and in the absence of enclosure as: 

 20 /vv p  .   (10) 

SE for plane wave propagating in x-direction and 

with z-polarization, sezx, at point P inside enclosure is 
defined as follows: 
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We can get the total sezx by summing of sezx for (n, l) 
modes, which are function of n and l, and by multiplying 
factor of polarization Fpz and factor of incidence Fix. The 
total sezx is given by: 
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3. Numerical Model  

3.1 Compact TLM Wire Model 

The TLM method [18] is a numerical modeling tech-
nique based on temporal and spatial sampling of EM fields. 
In TLM method, a three-dimensional (3D) EM field distri-
bution is modeled by filling the space with a network of 
transmission link lines and exciting a particular field com-
ponent in the mesh. EM properties of a medium are mod-
eled by using a network of interconnected nodes. A typical 
node structure is the symmetrical condensed node (SCN), 
which is shown in Fig. 4. Additional stubs can be attached 
to SCN to model inhomogeneous and lossy materials. 

 
Fig. 4. Symmetrical condensed node. 

Compact TLM wire model, which allows for accurate 
modeling of wires with a considerably smaller diameter 
than the node size, has been introduced in [14]. It uses 
a special wire network formed by using additional link and 
stub lines (Fig. 5) whose characteristic impedance para-
meters, Zw and Zws, are chosen to model the capacitance 
and inductance increased by the wire presence, while at the 
same time maintaining synchronism with the rest of the 
transmission line network. This wire network is embedded 
within the TLM nodes to model signal propagation along 
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the wires, while allowing for interaction with the EM field 
(Fig. 6). Coupling between the additional link and stub 
lines with the rest of TLM node is achieved through points 
A and B. 

 
Fig. 5. Wire network for a wire running in i-direction. 

 
Fig. 6. Wire network embedded within the TLM nodes. 

The single column of TLM nodes, through which 
wire conductor passes, can be used to approximately form 
the fictitious cylinder which represents capacitance and 
inductance of wire per unit length. Its effective diameter, 
different for capacitance and inductance, can be expressed 
as a product of factors empirically obtained by using 
known characteristics of TLM network and the mean di-
mensions of the node cross-section in the wire running 
direction [14].  

3.2 Compact TLM Air Vent Model 

To accurately capture the strong variation of EM 
fields inside and around the array of apertures (so-called air 
vents present on enclosure walls due to ventilation pur-
poses) by conventional TLM approach, several computa-
tional nodes are normally needed across each aperture 
dimension and across the depth of the supporting panel. 
Including these small details in an otherwise large model-
ing space can be computationally very expensive. There-
fore, in [15] a compact TLM air-vent model, in the form of 
equivalent LC circuit (Fig. 7), embedded into an otherwise 
coarse TLM mesh, has been proposed to accurately and 
efficiently account for EM presence of apertures. Empiri-
cally found capacitance and inductance of equivalent cir-
cuit for each polarization are implemented in conventional 
TLM mesh using additional short- and open-circuit stabs at 
the interface between two TLM nodes (Fig. 8). In [16], the 
model has been extended to account for rectangular and 
hexagonal apertures besides square and circular apertures 

considered in [15]. Air-vent model is limited to frequencies 
at which apertures are closer than a half wavelength apart 
and where there are no structures within the evanescent 
field beyond apertures. 

   
Fig. 7. Compact air-vent model based on LC network. 

 
Fig. 8. Implemented LC model at the interface between two 

TLM nodes. 

4. Results  
A rectangular metal enclosure, with dimensions 

300 mm x 400 mm x 200 mm (Fig. 9a) is considered in this 
paper for circuital and numerical models calculation of the 
SE. One rectangular aperture of dimensions l x 2s = 50 mm 
x 30 mm exists on the front enclosure wall of thickness 
0.2 mm in zy-plane (Fig. 9b). The aperture is symmetri-
cally placed around the center of the front wall. A plane 
wave of normal incidence to the frontal panel and with 
vertical electric polarization is used as an excitation. The 
dipole antenna of length 100 mm, oriented along z-axis, is 
used to measure the level of EM field inside the enclosure. 
Choice of geometry and dimensions of the enclosure and 
aperture, type of excitation, location of the antenna (5 mm 
off the enclosure center in x-direction) and its length were 
governed by experimental arrangements presented in [3]. It 
should be noted that in [3] the radius of the receiving an-
tenna used in the measurements is not specified as well as 
characteristics of balun placed between antenna and cable 
to enhance the antenna efficiency. 

First, the influence of dipole antenna on EM field in-
side the enclosure is analyzed by using the proposed modi-
fied circuital model. It is assumed that the radius of the 
wire used to represent dipole antenna is 0.08 mm. As pre-
viously said, WIPL-D software is used to calculate the 
input impedance of the considered radius of the wire. Cir-
cuital model result for SE, obtained for rectangular aper-
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ture 50 mm x 30 mm on the front wall and for the cases 
when dipole antenna is excluded from and included in 
equivalent circuit model, are compared with measurements 
results [3] and shown in Fig. 10.  

 
a) 

 
b) 

Fig. 9. a) Rectangular metal enclosure with rectangular 
aperture on the front wall excited by normal incidence 
plane wave with vertical polarization, b) frontal panel 
with one rectangular aperture.  

 
Fig. 10. SEz of metal enclosure with rectangular aperture 

50 mm x 30 mm on the front wall - circuital model and 
measurements [3]. 

It can be seen that in both cases (without and with the 
antenna) the circuital model results follow fairly well the 
experimental results curve. There is a relatively small 
difference between the levels of SE for these two cases 
which can be explained that the considered antenna is very 
thin. Also, resonant frequencies, when antenna is included 
in the circuital model, are shifted towards lower frequen-
cies. The similar conclusions can be derived for other two 
aperture patterns (one rectangular aperture of dimensions 
lx2s = 50 mm x 10 mm and three rectangular apertures of 
dimensions lx2s = 50 mm x 10 mm on the frontal wall) 
considered in [3].  

The difference between the measured level of SE 
(SEmeas) and the level of SE obtained by the circuital 
model without antenna (SE1) and with antenna (SE2) is 
shown in Tab. 1. The average value of difference between 
measured and circuital model results given in Tab. 1 is 
around 5.5 dB in the considered frequency range.   
 

f 
(MHz) 

SEmeas. 
(dB) 

SE1  
(dB) 

SE2 
(dB) 

|SEmeas-
SE1| (dB) 

|SEmeas-
SE2| (dB) 

400 43.51 44.58 42.98 1.07 0.53 

500 35.92 37.8 34.41 1.88 1.51 

600 12.02 21.62 22.5 9.60 10.48 

700 28.47 30.51 33.72 2.04 5.25 

800 36.06 35.1 36.29 0.96 0.23 

900 38.51 36.48 36.7 2.03 1.81 

1000 45.79 37.72 36.69 8.07 9.10 

1100 28.19 28.19 26.51 0.00 1.68 

1200 19.33 21.05 15.2 1.72 4.13 

1300 22.43 23.36 24.5 0.93 2.07 

1400 18.21 23.18 20.88 4.97 2.67 

1500 17.65 2.12 -9.25 15.53 26.90 

1600 1.76 15.65 18.68 13.89 16.92 

1700 22 19.65 19.3 2.35 2.70 

1800 6.84 15.83 9.67 8.99 2.83 

1900 5.34 9.05 8.41 3.71 3.07 

2000 2.19 14.9 16.85 12.71 14.66 

Tab. 1. Comparison between measured level of SE (SEmeas.) 
and the level of SE obtained from the circuital model 
when antenna is excluded (SE1) and included (SE2). 

Impact of antenna radius on the SE of enclosure, in-
vestigated by using the improved circuital model, is shown 
in Fig. 11 for one rectangular aperture 50 mm x 30 mm on 
the frontal wall. As it can be seen from Fig. 11, when wire 
radius is decreasing resonant frequencies are approaching 
to the case when antenna is excluded from the circuital 
model. Around these resonant frequencies the level of SE 
is very small so one should take into account this resonant 
frequency shift due to antenna presence during the experi-
mental SE measurement. For example at the first resonant 
frequency there is a difference of approximately 15 dB 
between the SE results obtained by circuital model with 
antenna of radius 0.08 mm and antenna with 20 times 
greater radius (1.6 mm). The difference between the loca-
tions of the first resonant frequency for these two radii is 
around 48 MHz.  

Coaxial cable is often used to carry out the induced 
signal on the dipole antenna to the network analyzer in 
order to measure the EM field level. The influence of co-
axial cable impedance Zp, added to the input impedance of 
monitoring dipole antenna of radius 1.6 mm, is illustrated 
in Fig. 12 for the case of rectangular aperture 50 mm x 
30 mm on the front enclosure wall. It can be seen that at 
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the resonant frequencies the SE has a higher value when 
greater cable impedance is used and that in the rest of fre-
quency range the SE curves are overlapping. 

 
Fig. 11. Circuital model results for SEz of metal enclosure with 

rectangular aperture 50 mm x 30 mm on the front wall: 
different values of wire radius. 

 
Fig. 12. Circuital model results for SEz of metal enclosure with 

rectangular aperture 50 mm x 30 mm on the front wall: 
different values of coaxial cable impedance. 

 
Fig. 13. SEz of metal enclosure with rectangular aperture 

50 mm x 30 mm on the front wall - numerical TLM 
model and measurements [3]. 

Numerical model, incorporating the compact TLM 
wire description of dipole antenna, is also used to calculate 
the SE of considered enclosure. The receiving antenna is 
represented as z-directed 100 mm long wire having the 
radius of 0.08 mm. Its position within the enclosure is the 
same as in previous cases. SE results, obtained by numeri-
cal TLM models without and with antenna, for one aper-
ture 50 mm x 30 mm on the front wall, are shown in 
Fig. 13 together with measurement results [3].  

It can be seen that numerical TLM model without and 
with antenna provides the results that follow the experi-
mental results curve better than the circuital model. Impact 
of antenna presence on the SE in comparison with the case 
when the antenna is excluded from the numerical model 
can be also observed. The difference between the measured 
level of SE (SEmeas) and the level of SE obtained by TLM 
model without (SE1) and with (SE2) antenna in considered 
frequency range is given in Tab. 2. 
 

f 
(MHz) 

SEmeas. 
(dB) 

SE1  
(dB) 

SE2 
(dB) 

|SEmeas-
SE1| (dB) 

|SEmeas-
SE2| (dB) 

400 43.51 46.53 42.38 3.02 1.13 

500 35.92 38.4 34.14 2.48 1.78 

600 12.02 22.55 18.24 10.53 6.22 

700 28.47 30.7 26.1 2.23 2.37 

800 36.06 38.26 33.05 2.20 3.01 

900 38.51 42.52 36.45 4.01 2.06 

1000 45.79 56.13 67.1 10.34 21.31 

1100 28.19 31.9 25.92 3.71 2.27 

1200 19.33 26.21 19.3 6.88 0.03 

1300 22.43 22.28 16.95 0.15 5.48 

1400 18.21 23.58 17.35 5.37 0.86 

1500 17.65 18.46 11.06 0.81 6.59 

1600 1.76 5.84 0.6 4.08 1.16 

1700 22 24.66 19.53 2.66 2.47 

1800 6.84 21.33 12.23 14.49 5.39 

1900 5.34 3.65 -2.66 1.69 8.00 

2000 2.19 10.85 5.9 8.66 3.71 

Tab. 2. Comparison between the measured level of SE 
(SEmeas.) and the level of SE obtained from TLM 
model when the antenna is excluded (SE1) and in-
cluded (SE2). 

Due to some uncertainties of measurements con-
ducted in [3] (such as radius of the dipole-receiving an-
tenna) and having in mind that the compact wire model is 
already numerically [14] and experimentally verified [12], 
authors focus their attention on the effect of wire presence 
inside the enclosure. Fig. 14 shows that the SE with the 
receiving antenna placed in enclosure has a constant lower 
value across the considered frequency range than the 
curve for the SE obtained without receiving antenna. This 
drop in the SE level is bigger than one obtained by cir-
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cuital model and it can be explained due to nature of 
numerical model to account for two-ways interactions 
between antenna and EM field, i.e. induced wire current 
causes that wire behaves as a second emitter and it has 
a return influence on EM field inside the enclosure. Reso-
nant frequencies shift towards lower frequencies when 
radius of the antenna is increasing can be also observed 
but this shift is significantly smaller than one obtained by 
the circuital model. Numerical model is capable to explic-
itly account for dependence of wire capacitance and 
inductance per unit length on radius [14], [18], while the 
circuital model contains only simplified impedance repre-
sentation of the dipole antenna, obtained numerically by 
WIPL-D, in the equivalent circuit. For example, at the first 
resonant frequency there is a difference of approximately 
4.6 dB between the SE results obtained by numerical 
model with antenna of radius 0.08 mm and antenna with 
20 times greater radius (1.6 mm). The difference between 
the locations of the first resonant frequency for these two 
radii is around 1.8 MHz. 

 
Fig. 14. Numerical model results for SEz of metal enclosure 

with rectangular aperture 50 mm x 30 mm on the front 
wall  - different values of wire radius. 

Finally, circuital and numerical models are compared 
in terms of their ability to account for different number of 
so-called air-vent apertures with different aperture separa-
tion on enclosure wall. Numerical model is additionally 
enhanced with compact air-vent model presented in sub-
section 3.2. The results for the SE obtained by both models 
for (4x2) array of square apertures with length of 7.9 mm 
(Fig. 15) and different aperture separation expressed 
through wavelength corresponding to the maximum fre-
quency of interest are shown in Figs. 16-18. The dipole 
antenna is not included in both models. SE results obtained 
by conventional TLM approach, where fine mesh is used to 
describe cross-section of apertures and their mutual dis-
tance instead of compact air-vent model, are shown in the 
same figure.  

It can be seen that, except for the case when aperture 
separation is equal to half wavelength, fine TLM mesh 
results are in good agreement with the results obtained by 
numerical model enhanced with compact air-vent model. 

The case shown in Fig. 16 is at the limit of applicability of 
air-vent model. Also, circuital model highly underestimates 
the SE of enclosure due to its incapability to take into ac-
count the mutual separation between apertures. 

 
Fig. 15. (4x2) array of square apertures with length of 7.9 mm 

on the front enclosure wall. 

  
Fig. 16. SEz of metal enclosure without antenna and with (4x2) 

array of square apertures with length of 7.9 mm and 
/2 separation between apertures. 

 
Fig. 17. SEz of metal enclosure without antenna and with (4x2) 

array of square apertures with length of 7.9 mm and 
/4 separation between apertures. 

Results for the SE of enclosure for (4x2) array of 
square apertures with length of 7.9 mm and 2.1 mm aper-
ture separation obtained by circuital and numerical models 
that take into account the presence of antenna with radius 
of 1.6 mm are shown in Fig. 19. Again the same effects of 
antenna presence on the SE curves can be observed. As it 
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can be seen, the antenna presence has a considerable im-
pact on EM field level inside the enclosure. Results ob-
tained using circuital model are lower than numerical re-
sults. The difference between SE of enclosure, obtained by 
both models, also becomes more evident as frequency 
decreases, especially around the first resonant frequency. 

 
Fig. 18. SEz of metal enclosure without antenna and with (4x2) 

array of square apertures with length of 7.9 mm and 
/16 separation between apertures. 

 
Fig. 19. SEz of metal enclosure with and without antenna and 

with (4x2) array of square apertures with length of 
7.9 mm and 2.1 mm separation between apertures. 

5. Conclusions 
An impact of a small dipole antenna, used to measure 

the level of EM field at some characteristic points in the 
enclosure, on the SE of the enclosure is investigated in this 
paper. Two models, one based on the equivalent circuit and 
enhanced here to include the presence of EM field moni-
toring antenna and other based on TLM method with com-
pact wire and air-vent models, have been used to accurately 
estimate the SE of the enclosure with apertures. Results 
from both models have demonstrated that the coupling due 
to the receiving antenna presence, inevitable in the meas-

urement process, can be very significant especially re-
garding the resonant frequencies locations and level of SE 
in considered frequency range. Therefore, this impact has 
to be taken into account during the experimental charac-
terization in order to correctly estimate the SE of the metal 
enclosure. Circuital model is able to provide fast infor-
mation about the level of SE, but its main limitations are 
due to considering only one-way interaction between EM 
field and the antenna and its incapability to take into ac-
count the mutual separation between apertures in the case 
of air-vents. Numerical TLM model is capable to accu-
rately account for not just passive but also active presence 
of the dipole antenna inside the enclosure and for EM pres-
ence of air-vents including the distance between apertures, 
but it is slower to run even with implemented compact 
models for wires and air-vents. Future research will be 
focused to more strict comparisons of these two models in 
terms of their accuracy to account for not just antenna 
presence, but also physical and electrical presence of the 
cable connecting the dipole antenna to a measuring equip-
ment and to derivation of a factor that should be added to 
the measured level of SE in order to compensate antenna 
and cable presence inside the enclosure. 
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