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Abstract — This paper deals with an impact of
receiving antenna placed in a metal enclosure on
an electromagnetic field distribution within the
enclosure, and thus on its shielding effectiveness.
In an experimental setup, a frequently used tool
for measuring the electromagnetic field level at
certain points within the enclosure is a dipole
antenna connected to a measuring instrument via a
coaxial cable. For modeling a coupling between
the electromagnetic field and antenna in the
protective enclosure we use the Transmission-Line
Matrix (TLM) method, enhanced with the compact
wire model. The numerical model is verified
through  comparison  with  the available
experimental results and then used to investigate
the influence of physical dimensions of dipole
antenna and its cable connection on the detected
level of shielding effectiveness.

Index Terms —Dipole antenna, enclosure,
shielding effectiveness, TLM wire model.

I. INTRODUCTION

For correct operation of electronic equipment,
its proper protection is of key significance. Metal
enclosures represent the most frequent form of
protection. The performances of any electronic
system placed in a protective enclosure, in terms
of Electromagnetic Compatibility (EMC) [1],
depend on the character of the source of
external/internal Electromagnetic (EM) radiation,
the configuration of wire and dielectric structures
within the system, as well as the existence and
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nature of coupling paths, through which the
coupling of EM source energy and sensitive parts
of the electronic system is realized. The
performance of metal enclosures is usually
assessed by the Shielding Effectiveness (SE),
defined as a ratio between the field strength with
and without an enclosure, at the same observed
point. The value of this parameter, and thus the
entire resistance of the system, depends on the
structure and form of the enclosure and
characteristics of the materials the enclosure is
made of.

In practical use, there are apertures on the
enclosure walls whose purpose is the access to the
system and its control, laying of power supply and
by-pass cables, ventilation, cooling, etc. EM
radiation penetrating through the apertures has an
adverse effect on the enclosure’s protective
function. It is therefore necessary to perform an
analysis and determine the nature and level of the
EM emission originating from different parts of
the system, as well as the impact of externally
generated EM disturbances on the functionality of
the overall system; i.e., to determine the enclosure
SE and undertake steps for elimination/reduction
of coupling paths.

Numerous techniques are currently available
for the calculation of the SE, from analytical
methods to numerical simulations. Analytical
methods represent fast tools, but their application
is usually limited to simplified problems. One of
analytical approaches used the Mendez method
based on solving the problem of scattering [2].
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Analytical solution based on an equivalent
waveguide circuit was proposed in [3] and
enhanced in [4] to allow for considering oblique
incidence and polarization of incident plane wave
and arbitrary location of apertures on enclosure
walls. The numerical methods were also used for
the SE calculation; e.g., the Finite Difference Time
Domain (FDTD) method in [5], the Methods of
Moments (MoM) in [6] and the Transmission Line
Matrix (TLM) method in [7,8,9]. Various factors,
such as aperture patterns (dimensions, number and
orientation of apertures) and plane wave excitation
parameters, and their impact on shielding
properties of enclosure have been numerically
considered at high frequencies.

The shielding performances of enclosure may
also be characterized by  experimental
measurements. In that case, a small receiving
dipole antenna is placed within the enclosure in
order to measure the level of EM field at some
characteristic points. Antenna is connected via a
coaxial cable to an instrument that records
measurement results (most frequently it is a
network analyzer). Antenna of finite dimensions
could significantly affect the EM field distribution
in closed environment as already shown in [10] for
resonant cavity-based microwave applicators. It is
also mentioned in [4] as an explanation for some
differences between the results obtained by
presented equivalent circuital model, which does
not include antenna presence, and the
experimental SE results.

Therefore, the aim of this paper is to
numerically investigate the influence of dipole
antenna during experimental procedure for SE
characterization. The TLM method is used here as
a numerical tool due to the integrated solution
introduced in this method in the form of compact
wire model [11] and later extended in [12] for
cylindrical mesh. Such enhanced TLM method
allows to create a numerical model capable to
efficiently take into account the dipole presence
without resorting to an extremely fine mesh and to
describe its two-way coupling with the EM field
inside the enclosure. The model is first verified
through  comparison  with  the available
experimental SE results for a rectangular enclosure
with various rectangular apertures on its front wall
[4]. Then it is used to calculate the SE of enclosure
considering different physical dimensions of
dipole antenna and its cable connection in order to
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analyze their impact on detected EM field level.

I1. TLM MODELING OF ENCLOSURE
WITH DIPOLE ANTENNA INSIDE
The TLM method [13] is a numerical

modeling technique based on temporal and spatial
sampling of EM fields. In the TLM method, a
Three-Dimensional (3D) EM field distribution in
enclosure is modeled by filling the space with a
network of transmission link lines. EM properties
of a medium inside the enclosure are described by
using a network of interconnected nodes. A typical
node structure is the Symmetrical Condensed
Node (SCN), which is shown in Fig. 1. Additional
stubs are attached to SCN to model
inhomogeneous and lossy materials and/or a
modified SCN, so-called hybrid SCN [13] is
usually used to operate simulations at a higher
time-step. External boundaries of arbitrary
reflection coefficient of enclosures are modeled in
the TLM by terminating the link lines at the edge
of the problem space with an appropriate load.
Individual apertures on enclosure walls are usually
described by a finer mesh; i.e., using several TLM
nodes across each aperture dimension, while in the
case of higher number of apertures, so-called air-
vent model [8] can be used.
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Fig. 1. Symmetrical condensed node.

Wire structures inside the enclosure can be
efficiently represented by a compact TLM wire
model [11], which considers wires as new
elements that increase the capacitance and
inductance of the medium in which they are
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placed. This model allows for accurate modeling
of wires with a considerably smaller diameter than
the node size. It uses a special wire network
formed by additional link and stub lines (Fig. 2)
whose characteristic impedance parameters, Z
and Zus, 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 (Fig.
3) to model signal propagation along the wires,
while allowing for interaction with the EM field.
Coupling between the additional link and stub
lines with the rest of the TLM node is achieved
through points A and B.
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Fig. 2. Wire network for a straight wire running in
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Fig. 3. 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
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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 dimensions of the node cross-section in the
wire running direction [11].

For an example, for the node containing i-
directed straight wire segment, as depicted in Fig.
2, the effective diameters of fictitious cylinder for
wire capacitance and inductance can be defined as:

dCi = 2kCiAic' (1)

dLi = 2kLiAic , 2)
respectively, where Aic represents mean Ccross-
section dimensions of the TLM node in i direction,
Ai=(Aj+AK)/2. Empirically found factors kci and
k. for the wire located in free space are:

ke =0.0511k? +0.0194k; +0.617 , (3)
k,=0.34, 4)

and for the wire above the ground:
ke =0.0223k? +0.024k, +0.606, (5)
k,; =0.347 . (6)

Parameter k; depends on time- and space-step
discretization and EM properties of medium
represented by the TLM node and it can be
calculated as:

Kk, =2At/ ( fg,uAic) . (7

Once the effective diameters are known, the

per-unit length wire capacitance and inductance
can be calculated as:

C., =27z /1In(dg /d,), (8)

L =ulIn(d, /d,)/2, 9)
where dy is a real wire diameter. Wire per-unit
length capacitance is then modeled by the link line
of characteristic impedance Zy:

At
= —, 10
" AIC, (10)
while the wire per-unit length inductance is
modeled by short-circuit stub of characteristic

impedance Zsi:
. Al
Z.=L.,——Z.. 11
wslI IAt wi ( )

Resistive load termination at the end of wire
can be treated in two ways. In the first case, lossy
termination is shifted to the centre of the last wire
segment, causing changes in scattering procedure
of the wire node. Also, resistive load can be




defined exactly at the wire end, and in that case, a
Thevenin equivalent circuit (Fig. 4) is used to
determine the required reflection coefficient. A
resistor R is used to connect one end of wire to a
nearby ground or metal. The required reflection
coefficient p for this wire termination is given by:

R-2Z..
LU 12
R+Z, (12)

p:

Fig. 4. Resistive load termination at one wire end.

All the mentioned models are incorporated
into 3D SCN TLM mesh and implemented in 3D
TLMscn solver, developed at the Microwave Lab
at the Faculty of Electronic Engineering in Nis,
Serbia.

I1l. NUMERICAL ANALYSIS

Impact of receiving dipole antenna on the SE
is considered here, on the example of rectangular
enclosure with dimensions: ,=300 mm, 1,=400
mm and 1,=200 mm (Fig. 5). The frontal wall of
the enclosure is made of 2 mm thick Al
conducting material with different patterns and
numbers of rectangular apertures as shown in Fig.
6. A plane wave of normal incidence to the frontal
panel and with vertical electric polarization is used
as an excitation. Choice of enclosure geometry,
aperture dimensions and patterns, excitation and
output was governed by  experimental
arrangements in [4].

A

Normal
Incidence

Fig. 5. Enclosure with a rectangular cross-section.
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Fig. 6. Frontal panel with one or three apertures of
different size.

First, it is assumed that the space inside the
enclosure is empty. TLM method is used to
calculate the level of EM field with and without
enclosure. The frequency dependence of the SE
for all aperture patterns is presented in Fig. 7.
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Fig. 7. SE of enclosure with various aperture
patterns on the front wall-TLM model of enclosure
without antenna.

As it can be seen from Fig. 7, the shape of the
SE curve is similar for all considered patterns of
apertures, including the values of resonant
frequencies. This indicates that the patterns and
the number of apertures mostly affect the level of
attenuation to which EM field propagating through
apertures is exposed. As expected, the level of the
SE decreases with the increase of area covered by
apertures. It should be also pointed out that the
numerical results are in good agreement with the
results obtained by equivalent circuital model
presented in [4], as it can be seen from Fig. 8 for
an aperture (50x10 mm). Similar agreement is
obtained for the other two aperture patterns.
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Fig. 8. SE of enclosure with one aperture (50x10
mm) on the front wall-TLM model of enclosure
without antenna and equivalent circuital model
presented in [4].

Further, the physical presence of the dipole
antenna in the enclosure is considered, as well as
the impact of the different radii of the dipole
antenna on the SE of the enclosure. For this SE
calculation, the compact wire model described in
Section Il is used to model the dipole antenna.
Dipole antenna is represented as two z-directed 50
mm long wires, both having the radius of 0.1 mm,
and mutually separated by 2 mm. Their position
within the enclosure is defined at the point slightly
off the enclosure center in x-direction as specified
in [4]. The electric field is directly taken at the
point in space between two wires instead of
picking up signal directly from the antenna. The
SE results obtained by TLM simulations are
compared to the experimental results [4] and
shown in Figs. 9-11. Good agreement between
numerical and experimental results can be
observed.

ACES JOURNAL, Val. 29, No. 11, NOVEMBER 2014

90

S50 NS S S 0 SN SO S

N I
: L j

45 : : R

30

SE [dB]

——TLM model of enclosure with antenna
— — Measurement : : :
230 i i I i I i i

400 600 800 1000 1200 1400 1600 1800 2000

15+

frequency [MHz]

Fig. 9. SE of enclosure with one aperture (50x10
mm) on the front wall-TLM model of enclosure
with antenna and measurements [4].
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Fig. 10. SE of enclosure with one aperture (50x30
mm) on the front wall-TLM model of enclosure
with antenna and measurements [4].
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Fig. 11. SE of enclosure with three apertures
(50x10 mm) on the front wall-TLM model of
enclosure with antenna and measurements [4].

The SE results obtained by TLM simulations
for different radii of dipole antenna within the
enclosure with one aperture (50x10 mm) on the
front wall are shown in Fig. 12. It can be noticed
that the level of the SE decreases with the increase
of wire radius while the resonant frequencies shift
towards lower frequencies. When wire radius is
decreasing, the resonant frequencies are
approaching to the case when antenna is excluded
from the numerical model. Values of the first
resonant frequency for different radii of the
antenna are given in Table 1.

90

=== Radius of antenna 0.01mm
: : : I Radius of antenna 0.1mm
[CN SEEEEEEE pesaneseend ieeeeeeeeeofi - l-eo- — — Radius of antenna 0.4mm -
: : E : —— Radius of antenna 0.8mm
- - - Radius of antenna 1.6mm

95 N R N NN NN N
400 600 800 1000 1200 1400 1600 1800 2000

frequency [MHz]

Fig. 12. Impact of the increase of wire radius on
the SE of enclosure with one aperture (50x10 mm)
on the front wall.
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Table 1: Value of the first resonant frequency for
different radii of the dipole antenna

Radius of Antenna | First Resonant Frequencies
(mm) (MH2)

0.001 626.095

0.1 625.600

0.4 624.981

0.8 624.485

1.6 623.619

The SE results obtained by TLM simulations
for different length of dipole antenna of radius 0.1
mm within enclosure with one aperture (50x10
mm) on frontal wall are shown in Fig. 13. The
same effects can be observed as in the case of
different wire radii. Level of the SE decreases and
the resonant frequencies shift toward lower
frequencies with the increase of antenna length,
due to stronger influence of antenna as a second
emitter on total EM field inside the enclosure.
Change of antenna length also influences the
location of the first dipole antenna resonance. The
same conclusions regarding the impact of physical
dimensions of the antenna on the SE can be
reached if the TLM method enhanced with wire
model is applied to the enclosure with other
considered aperture patterns on the front wall.
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Fig. 13. Impact of the increase of wire length on
the SE of enclosure with one aperture (50x10 mm)
on the front wall.

The same effects can be observed as in the
case of different wire radii. Level of the SE
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decreases and the resonant frequencies shift
toward lower frequencies with the increase of
antenna length due to stronger influence of
antenna as a second emitter on total EM field
inside the enclosure. Change of antenna length
also influences the location of the first dipole
antenna resonance. The same conclusions
regarding the impact of physical dimensions of the
antenna on the SE can be reached if the TLM
method enhanced with wire model is applied to the
enclosure with other considered aperture patterns
on the front wall.

In previous cases, the SE is calculated based
on the EM field level directly taken in space
between two wires. However, during the
experimental measurement of the SE, signal is
picked up directly from the antenna and via a
coaxial cable transferred to the network analyzer.
In order to create a numerical model that will
correspond to the experimental case, both 50 mm
long wires of 0.1 mm radius are connected in their
mutually nearest points by resistor R equal to the
impedance of the coaxial cable. Physical presence
of coaxial cable is not taken into account as cable
can be placed in such position (closed to enclosure
wall and with minimal running length) not to
disturb the EM field distribution inside the
enclosure. Impact of balun usually placed between
antenna and cable is also neglected.

Current induced in the dipole antenna is
shown in Fig. 14 for the case of the enclosure with
three apertures (50x10 mm) on the front wall. It
can be used to find the voltage induced between
wires ends; i.e., in the centre of the dipole antenna,
with and without the enclosure in order to
calculate the SE.

Numerical results for the SE together with the
results of the case when only dipole antenna is
considered (without the cable connection) and
experimental results are shown in Figs. 15-17. The
position of the dipole antenna is the same as in the
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previously considered case.
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Fig. 14. Induced dipole antenna current as a
function of frequency.
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Fig. 15. SE of enclosure with one aperture (50x10
mm) on the front wall-TLM models of enclosure
with antenna/cable and with antenna and
measurements [4].
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Fig. 16. SE of enclosure with one aperture (50x30
mm) on the front wall-TLM models of enclosure
with antenna/cable and with antenna and
measurements [4].
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Fig. 17. SE of enclosure with three apertures
(50x10 mm) on the front wall-TLM models of
enclosure with antenna/cable and with antenna and
measurements [4].

From Figs. 15-17 it can be noticed that in the
case when antenna and cable influences are taken
into account, the results for the SE are similar to
the case when only physical presence of the dipole
antenna in the enclosure is taken into account.
However, in some parts of considered frequency
range, TLM model of enclosure with
antenna/cable provides slightly better agreement
with the experimental results [4].
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IV. CONCLUSION

In this paper, a numerical model based on
TLM method with compact wire description is
used to calculate the SE of metal enclosure with
dipole antenna inside. The modeling case is in line
with practical measurement conditions for SE
characterization. Physical dimensions of dipole
antenna and its cable connection are considered
with respect of their influence on the level of EM
field detected by the antenna. The obtained results
confirm that the antenna presence affects the
distribution of the EM field within the enclosure,
and thus also the SE parameter value. Therefore,
this impact has to be taken into account during the
experimental SE characterization in order to
correctly estimate the shielding properties of metal
enclosure. Future research will comprise of more
detailed analysis of this impact in order to
empirically derive a factor that should correct the
measured level of SE due to antenna and other
equipment presence inside the enclosure.
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