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Abstract. In this paper, the impact of an electromagnetic absorber inside a protective metal
enclosure is analyzed. The absorber is put inside the enclosure in order to improve its
shielding effectiveness, especially at the first resonant frequency. Different absorber's sheet
positions inside the enclosure are analyzed. The absorber sheet dimensions are fitted to
correspond the enclosure's walls. The experimental procedure is conducted in a semi-
anechoic room. The numerical TLM simulations of the EM filed distribution inside enclosure
are conducted in order to consider position of the absorber sheet on different walls.
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1. INTRODUCTION

An increasing number of modern electronic devices resulted in the rise of electromagnetic
(EM) radiation. Hence, it is of considerable importance to conduct electromagnetic
compatibility (EMC) analysis. Quantifying the shielding properties of an enclosure can be
considered from the viewpoint of shielding effectiveness (SE).

Commonly, a shielding characteristic of an enclosure can be given as a ratio of EM
fields with and without an enclosure at some probe point, over a wide frequency range. The
SE of enclosure may be very low or even has negative value at the resonant frequencies in
the observed frequency range. The negative values of the enclosure SE at the resonant
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frequencies can affect or even can compromise the useful frequency range, in which EM
shielding of a device is provided.

A number of different methods such as the analytical, the numerical and the experimental
ones can be used, in order to study the shielding characteristic of an enclosure. The analytical
methods [2]-[4] are usually based on problem simplification, thus they can be very fast but with
some inherent limitations. For an efficient computational modelling of protective enclosures,
there are numerous numerical techniques. One among many is the Transmission-Line Matrix
(TLM) method [5], which will be employed in this paper. Finally, in the experimental methods,
an antenna is set inside the enclosure in order to measure its SE. Furthermore, the physical
dimensions of an in-house monopole receiving-antenna, which is often used in experimental
set-up for measuring EM field level, could also affect the SE of enclosure. This was humerically
demonstrated in [6] and experimentally confirmed in [7].

Several techniques can be applied in order to improve the shielding properties of
enclosure over a frequency range. The SE of enclosure was increased by using absorbers [8]
or conductive foam in [9] and [10]. As damping techniques, the composite materials based
on nanotechnology [11] and metamaterial absorber structure [12] can be used. Furthermore,
a frequency-selective surface [14] and polymer composites filled with carbonaceous particles
which are suitable for microwave absorption [13] can be employed. The enclosure can be
coated with composite foam material or can be made of that material [15]. In [16], it was
shown that placing small antenna elements, dipole or loop antenna structure with loaded
resistance on the enclosure wall opposite to the enclosure aperture can improve the enclosure
SE. The effective length of this small structure was chosen to match the first resonant
frequency of enclosure. In papers [17] and [18], the authors proposed to suppress the first
resonant frequency in a metal enclosure by putting small antenna elements with loaded
resistance. It was shown that the EM shielding could be improved by placing a small dipole
printed antenna structure on the enclosure wall inside. The improvement was efficiently,
especially at the first resonant frequency over observed frequency range.

In [8], an influence of an electromagnetic interference (EMI) absorber inside the
enclosure and its improvement on the enclosure SE was experimentally studied. The
absorbers were placed on the back wall of enclosure, on two side walls and on the back
and two side walls at the same time. In [1] the study from [8] was expanded placing and
combining absorbers on other enclosure walls in order to see how these absorbers positions
affect the SE of enclosure, especially at resonant frequencies.

In this paper, the experimental study of absorber sheet position impact on shielding
effectiveness of enclosure is systematized and supported by the numerical analysis of the
EM field distribution inside inner enclosure walls. For numerical simulations, the TLM
method is used aiming to estimate the greatest impact of absorber position inside the
enclosure. In such a way, an absorber amount and precisely position can be determined in
advance. In experimental and numerical studies, position of thin EMI absorber sheet on one
or more inner enclosure walls is considered focusing on SE behavior at the first resonance of
enclosure but it is clear that its placement might affect SE at higher resonances as well.

The paper is organized as follows. Section 11 refers to analytical calculation of enclosure
modes. In Section I11, the numerical TLM model of enclosure is described. In Section IV, the
experimental set-up and measurement procedure are described. Section V presents a physical
enclosure’s model with the EMI absorber material and with a receiving-antenna inside.
Section VI provides discussion of the experimental results. Finally, Section VIl summarizes
the work.
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2. ANALYTICAL CALCULATION OF ENCLOSURE MODES

In this section, a rectangular metal enclosure with one aperture on a frontal enclosure
wall is described. The enclosure has dimensions of (300 x 300 x 120) mm3. Symmetrically
around the centre on the frontal enclosure wall, a rectangular slot aperture with dimensions
of (100 x 5) mm? is positioned. The thickness of all enclosure walls is t = 1.5 mm. It is
made of copper material.

To start with, the metal enclosure can be analysed as a resonator cavity. A waveguide
is a type of a transmission line; a resonator can be constructed from closed sections of
waveguide [19]. Since a waveguide is short-circuited at both ends, a closed metal box or
cavity is obtained. Inside the cavity, electric and magnetic energy can be stored and power
can be dissipated in the metallic walls of the cavity [19]. Usually, coupling to the resonator
can be obtained by a small aperture(s) and a small probe or a small loop.

In this paper, an aperture on the frontal enclosure wall is used for coupling to the
enclosure while a small probe such as a monopole antenna is employed for measuring the
distribution of the EM field inside enclosure.

According to the analytical equation [19], the TE and TM modes which are occurred in
considered enclosure are calculated and are given in Table 1.

Table 1 All the resonant modes for TE and TM modes occurred in considered enclosure,
in observed frequency range

Resonant

frequency mode, GHz
fmnl

fi10 0.707
fr01=fo11 1.346
fi11 1.436
f201 = foz21 1.601
f120=f210 1.118
f211=f121 1.677
f220 1.414
for1 1.887

3. NUMERICAL MODEL OF ENCLOSURE

Before the experimental procedure is conducted, a numerical model of the considered
enclosure is designed by using the TLM method as a numerical modelling technique [5]. It
is created to resemble to the experimental procedure. The TLM compact wire model is very
suitable for modelling an antenna inside enclosure whose purpose is to measure the EM
field level and its distribution [6]. This wire model is based on wire segment incorporated
into the standard TLM symmetrical condensed node (SCN). The impedances of additional
wire network link and short-circuit stub lines depend on the space used and time-step
discretization, and also on per-unit length wire capacitance and inductance [20] and [21].

In the numerical model of the enclosure entitled by D, a monopole antenna is employed
inside. The TLM compact wire model is used to describe the monopole antenna as a wire
conductor with a length of | = 60 mm and with a radius of r = 0.1 mm, placed in the middle of
the enclosure [6], as shown in Fig. 1. The antenna is also connected to the ground via resistor
R. A slot aperture on the front wall of enclosure is described by several nodes across each cross-
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section dimension. External EM field, represented as a vertically polarized incident plane wave,
penetrates into enclosure through aperture and a current induces on the wire. Further, on a
resistor R, which is loaded at wire base, a voltage generates. This allows measuring numerically
the level of EM field inside the enclosure [6] and [18].

Table 2 presents the first three resonant frequencies (the excited TM modes) obtained
by using analytical calculation for rectangular resonator (enclosure without aperture/slot)
and by using numerical simulations. The first three modes for the enclosure with slot
aperture for empty and for enclosure with monopole antenna are obtained by the TLM
numerical calculations. The numerical SE results obtained for the empty enclosure and the
one with a monopole-receiving antenna are presented in Fig. 2. It can be observed that the
first resonant frequency is shifted toward lower frequencies in presence of the monopole
antenna inside. The analysis with different antenna radii and different antenna length is
given in [6]. The frequency shift can be explained by the perturbation theory, according to
that, when a volume AV is put inside the resonator, the total interior volume decreases by
AV, which affects the position of the resonant frequency in that enclosure [19] and [6].

Monopole antenna

x

Fig.1 Enclosure D with one rectangular aperture on the front wall, excited by normal
incident plane wave vertically polarized [6]
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Fig. 2 The first resonant frequency comparative peaks of enclosure D with and without
monopole antenna (TLM simulations) [6]
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Table 2 The first three resonant frequencies in enclosure D

TEM mode  Analytical calculation Empty enclosure [6] Enclosure with monopole

r=0.1mm [6]
TMi10 f110 = 707.107 [MHz] fr1=703.059 [MHz] fr1= 688.496 [MHz]
TMiz20 fi20=1118.03 [MHz] fr2= 1101 [MHz] fr2=1099 [MHz]
TMis0 f130=1581.138 [MHz] frs= 1608 [MHz] frs = 1444 [MHz]

4. EXPERIMENTAL PROCEDURE AND SETUP

The experimental procedure of the equipment under test (EUT) is described in this
section. The measurements are conducted in a semi-anechoic room - measuring place
occupied with RF absorbers in an ordinary laboratory space, in Laboratory for HF
measurements at FERIT Faculty in Osijek, Croatia. In order to determine the SE of
enclosure, a measuring procedure has to be performed twice, without and with enclosure.
The SE of considered enclosure is measured by the network analyzer and with the s
parameters. The transmission parameters of the measurement without and with an
enclosure are marked as S1n and szie, respectively [8]. The SE can determine by following:

SE [dB] = s31n — Sz1e- 2

Figure 3 illustrates the measuring configuration used in a semi-anechoic room. The
dipole broadband-antenna, type Vivaldi, was used as a transmitting antenna, in the
experimental set-up. The Vector Network Analyzer (VNA), the Keysight Field Fox RF
Analyzer N9914A 6.5 GHz, with a maximum power of 3 dBm and with a resolution of 100
Hz was employed as a measuring device. The Vivaldi antenna was connected via coax
cable to the VNA. Further, the VNA was connected to the receiving-antenna via coax cable.
An in-house monopole antenna was employed as a receiving-antenna and it is placed inside
tested D enclosure [17] and [18].

In the measurement process, as an excitation source, a vertically polarized Vivaldi
antenna is used [21], as depicted in Fig. 3. The Vivaldi antenna has a frequency range of
600 MHz to 6 GHz while a receiving one is a very thin in-house monopole. The monopole
antenna is placed in the middle of the enclosure in order to measure the level of EM field
inside. All measurements are performed in the frequency range from 600 MHz to 2 GHz,
in the far-field.

Enclosure used in experiments is made of copper material with the internal dimensions
(300 x 300 x 120) mm?®. An in-house monopole antenna is also made of copper with a
length of | = 60 mm and with a radius of r = 0.15 mm. Figure 4 presents a photography of
a measuring configuration used for obtaining the experimental results in a semi-anechoic
room [21].

The SE results of enclosure with the monopole antenna obtained by the measurements
and the numerical simulations are compared and presented in Fig. 5. It can be observed an
excellent match between the measurements and the simulation curves.
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Model Il (D box): 300 x 300 x 120 mm;
Slot apertures (100 x S mm)
|

UWSB Vivaldi antenna, RFSPACE,
Type: UWB2, 600-6000MHz

Coax cable RG402

Coax cable RG402 (SMAf-Nf) (NE-N)

KEYSIGHT
FieldFox

RF Analyzer
N9914A

(to 6.5GHz)

Fig. 3 The sketch of the measuring set-up: transmitting antenna, VNA and EUT (enclosure
under test D) [21]

Fig. 4 Photography of measuring configuration used in a semi-anechoic room: transmitting
antenna, VNA and EUT (enclosure D with a receiving antenna)
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Fig. 5 The comparison between measurements and numerical simulation results of the SE
of enclosure with monopole antenna

5. EMI ABSORBER

The 3M™ EMI Absorber AB7050 from AB7000 Series [1], [8] and [22] is used in the
measurements conducted in this paper. One side of the absorber sheet consists of a flexible
polymer resin loaded with soft metal flakes and on the other side is covered by an acrylic
pressure-sensitive adhesive allows for easy application [8] and [22]. This absorber is
typically used for applications in the wide frequency range, from 50 Hz up to 10 GHz. Itis
a broadband EMI absorber designed to work in near-field applications inside and around
electronic devices and assemblies [22]. This absorber is thin as a sheet of paper, with the
backing thickness of 0.5 mm and adhesive thickness of 0.05 mm, so it does not occupy
significant space inside the enclosure [22]. The EMI absorber used in the experimental
analysis is cut to fit the inner enclosure’s sides.

The experimental procedure is conducted for eight cases (configurations). Firstly, the
enclosure without EMI absorber is measured and its SE characteristics is obtained.
Secondly, the EMI absorber is employed on the lower wall of enclosure which is entitled
by LW. Its dimensions correspond to the inner dimensions of the lower enclosure’s wall.
The third case refers to the absorbers on two side enclosure’s walls (entitled by 2SW). The
dimensions of the absorber are cut to fit the enclosure’s side walls which is
(297 x 120) mm?. In the fourth case, the absorber on the wall opposite to the front wall
with an aperture, so-called back wall (entitled by BcW), is considered. In the fifth case, the
absorbers are employed at the same time on lower wall and on two side walls (entitled by
LW+2SW, as in Fig. 6). The sixth case, the absorbers are put on lower and back enclosure
walls (case LW+BcW). The seventh case, the absorbers are put on lower and upper
enclosure’s wall (case LW+UP). Finally, the eight case is all above-mentioned absorber
positions. This case will be called LW+2SW+BcW+UP.



462 N. NESIC, N. DONCOV, S. RUPCIC, V. MANDRIC-RADIVOJEVIC

Fig. 6 Photography of the physical model of D metal enclosure with the EMI absorbers on
lower wall and both side walls of enclosure (LW+2SW)

6. DISCUSSION OF RESULTS

The experimental results of the shielding characteristics of considered enclosure with
the EMI absorbers inside are presented in this section. To start with, the SE results are
obtained based on the measured transmission parameters without and with the enclosure.
In Fig. 7, and also in further figures, the SE results for configuration of the enclosure
without absorber (empty enclosure with only receiving antenna inside) are given. The
results are compared to the configuration with absorber on the lower enclosure wall and
are presented in Fig. 7. It can be observed that the presence of the absorber inside the
enclosure gave a significant improvement, especially at the resonant frequencies, over the
case without it. Apart from the resonance frequencies, the both SE curves are very similar
in terms of the shape and SE levels. Therefore, it can be seen that in the presence of the
absorber, all the peaks at resonant frequencies are damped.

Table 3 presents the SE values at the first enclosure resonance for different absorber
configurations. Also, it can be seen that the first resonant frequency of empty enclosure
occurs at 686 MHz and the SE value is equal to -14.95 dB. A negative SE value might
compromise shielding property of the enclosure. By putting the EMI absorber on the lower
wall of enclosure, the first resonant frequency occurs at 696 MHz and the positive value of
9.87 dB for the SE is obtained. In comparison between the enclosure with the LW absorber
with the one without it, the frequency shift (4fi1) of 10 MHz is obtained, as shown in Fig.
7. Moreover, at the first resonant frequency the difference between the SE levels (4SE) of
25.32 dB is indicated. Therefore, it can be observed the first resonance frequency shift
toward higher frequencies in a presence of the EMI absorber.
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Secondly, Fig. 8 presents the compared measurement results of enclosure with the EMI
absorbers placed on two side walls to the empty enclosure case. Although the SE curves
look similar in Fig. 8 and do not differ much in terms of shape in the whole frequency
range, the SE levels are still different at resonant frequencies around 700 MHz, 1100 MHz
and 1650 MHz, respectively. It can be seen a very good absorber efficiency at lower
frequencies, while it is weaker at higher frequencies in observed range. The additional TE
and/or TM modes are not established inside the enclosure, since a very thin EMI absorbers
were employed inside it. Also, Table 3 presents that the frequency shift of the first
resonance, Afi1, is 8 MHz, while the difference between SE levels is 23.65 dB.

For the third case, the absorber is placed on the back wall inside enclosure. The results
are depicted in Fig. 9. It can be seen that the difference between the SE levels (4SE) is 20.4
dB and the frequency shift (4fi) related to the first resonance position without and with
absorber is 8 MHz, as depicted in Fig. 9 and in Table 3.
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Fig. 7 The SE measurement enclosure results without absorber and with the absorber placed
on the lower wall (case LW)
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Fig. 8 The measurement results for the SE of the enclosure with the absorber placed on
two side walls (case 2SW)
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Fig. 9 The measurement results for the SE of the enclosure with the absorber placed on the
wall on opposite side from frontal enclosure wall (case BcW)

In order to consider the effects of absorbing material, put in different positions inside
the enclosure, on the shielding characteristic, the TLM simulations are conducted. The EM
field distribution is shown on different inner wall surface of enclosure without absorber.
Figure 10 presents the EM field distribution on the lower wall inside the enclosure. Further,
Figs. 11 and 12 present the EM field distribution on the left-side wall and on the back wall
inside the enclosure, respectively. It can be observed that the EM field distribution is not
uniform and that placing absorber on the lower wall might have the strongest influence on
the SE characteristic among these three considered positions. Therefore, position of
absorber on the lower enclosure wall is included in all further considered cases.

o
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Y Axis - lower wall
;

-150 -100 -50 0 50 100 150
X Axis - lower wall

Fig. 10 The EM field distribution on the lower wall inside the enclosure, obtained by the
numerical model



Experimental Shielding Effectiveness Study of Metal Enclosure with Electromagnetic Absorber inside 465

60

0
0.01000
0.02000
40 0.03000
0.04000
0.05000
20 0.06000
0.07000
0.08000
-20
40
-60
4150 -100  -50 0 50 100 150

Y Axis- left side wall

Z Axis- left side wall

Fig. 11 The EM field distribution on the left-side wall inside the enclosure, obtained by the
numerical model
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Fig. 12 The EM field distribution on the back wall inside the enclosure, obtained by the
numerical model

In Fig. 13, the compared SE measurement results are presented for the first, the fifth, the
sixth and the seventh configurations. For the fifth case (LW+2SW), it can be seen that the SE
curve do not differ much in terms of shape in the whole frequency range in order to the empty
enclosure (the first case), but the SE values differ at resonant frequencies, especially above 1400
MHz. One can notice that the absorber efficiency is very good at lower frequencies, while it is
a bit weaker at higher frequencies in observed range. For this configuration, the difference
between SE values is 30.54 dB, while the frequency shift Afi1 is 10 MHz. The fifth, the sixth
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and the seventh configurations have the same frequency shift, see Table 3. Further, for the sixth
configuration (LW+BcW) the difference between the SE levels (4SE) at the first resonance for
this case and the case without the absorbers is 29.2 dB. At higher frequencies, above 1700 MHz,
the presence of absorbers for this case led to the decrease of the SE, as depicted in Fig. 13. For
the seventh case (LW+UP), the difference between the SE levels (4SE) for this case and the
case without the absorbers is 28.96 dB, at the first resonance. At higher frequencies, above 1700
MHz, the presence of absorbers influenced to the increase of the SE, for this configuration
depicted in Fig. 13. It can be observed that all compared cases have a similar shape of
characteristics, but case LW+UP has the highest SE value at the first resonance, as well as
significantly higher SE levels at higher frequencies, above 1700 MHz.

60
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—— LW+28SW
—— LW+BcW|
LW+UP

y

GlIJO 800 10|00 12l00 14|00 16|00 18I00 2000
Frequency (MHz)
Fig. 13 The comparison of SE measurement results for enclosure without absorber, case
LW + 2SW, case LW + BcW and case LW + UP
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Fig. 14 The comparison of the measured SE of the enclosure around the first resonant
frequency — without absorber (empty), case LW+2SW, and case LW+UP+BcW+2SW
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Finally, Fig. 14 presents the compared SE characteristics for enclosure without
absorber, for the sixth case (LW+2SW) and the configuration where all inner wall surfaces
are coated with absorbers, the eight case (LW+UP+BcW+2SW). Obviously, the eight case
has a quite better SE level at the first resonant frequency, but bear in mind that it includes
a significant amount of absorber materials employed. In practical applications, the case
LW+2SW is the most economical one, due to the fact that the significant absorber effects
are achieved by using absorber materials only on two walls.

Table 3 The SE values at the first enclosure resonance

. fri_meas SE_meas Afr_meas ASE _meas

EMI Absorber position [MHz] [dB] [MHz] [dB]
Empty 686 -15.45 - -

LW 696 9.87 10 25.32
2SW 694 8.70 8 24.15
BcW 694 5.45 8 20.9
LW+2SW 696 15.09 10 30.54
LW+BcW 696 13.75 10 29.2
LW+UP 696 1351 10 28.96
LW+2SW+BcW+UP 696 19.30 10 34.75

7. CONCLUSION

The eight configurations of the enclosure without absorber and with different positions
of absorbers inside are considered in the experimental shielding effectiveness study,
supported by numerical analysis. The significant SE level improvement of 30.54 dB at the
first resonant frequency, compared to the empty enclosure case, is obtained for the case
LW+2SW. The case LW+2SW+BcW+UP gives further improvement of 4.21 dB with
respect to case LW+2SW, however, it requires a significantly higher amount of absorber
material. Overall, the technique of using thin absorber can improve the shielding properties
of enclosure, but to estimate its effects in different positions a humeric study will be
beneficial to be carried out. Therefore, a numerical model of EMI absorber will be in future
research focus. In addition to that, EMI absorber presence may also influence the SE peaks
at the higher frequencies and that will be also further explored.
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