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fore, in this paper, the authors present the results of a
numerical study of the enclosure of the EMI-filter for a
space-craft power bus. Previously, various studies of this
object have been conducted. For example, the paper [11]
presented the analysis of the cross-section of the power
bus which provides electric power supply to units of the
vehicle with a total power of 20 kW (Fig. 1a). The spacecraft power bus consists of input and output cables and
an EMI-filter. Due to the presence of wide printed conductors and contact pads, the EMI-filter is susceptible to
external fields and radiated EMI. During the operation
of the spacecraft power bus, the EMI-filter is installed
in a special aluminum enclosure (Fig. 1b). The authors
have studied the cables of the spacecraft power bus and
showed the relevance of using simulation in accordance
with EMC requirements [12]. The papers [13, 14] presented the results of EMI-filter simulation in frequency
and time domains. The authors also conducted an ex-

Abstract- In this paper, the shielding enclosure of an electromagnetic interference (EMI) filter for a spacecraft power bus was analysed for
shielding effectiveness (SE). By using an electrodynamic approach, the authors conducted simulation in the frequency domain taking into account losses in the shield. The investigation
covered the performance of the shielding enclosure with and without the connected cables and
the influence of apertures formed between the
enclosure-base and its cover. It was found that
the smallest value of the SE of the enclosure is
observed for the configuration with unshielded
cables. However, whilst maintaining shielding integrity, attenuation of at least 88 dB in the frequency range from 0 to 20 GHz was achieved.
In the study, the authors analysed the influence
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that they have a weak effect on the SE. In conclusion, there is some practical guidance on the
design of similar EMI-protection devices.
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I.

Introduction

(a)

uring the operation of aerospace equipment (ASE),
complex transient processes can occur that can
generate broadband conducted and radiated electromagnetic interference (EMI). Without ensuring the required
level of electromagnetic compatibility (EMC), the performance of ASE in complex electromagnetic environments
is impossible [1, 2].
Shielding is the most common technology used for
the protection against radiated interferences and external fields [3, 4]. Evaluating the efficiency of electromagnetic shielding is an important problem. The standards
[5–7] describe methods for measuring the effectiveness
of electromagnetic shielding enclosures. However, it is
often difficult to conduct a full-scale experiment, so developers often use numerical simulations [8–10]. There-
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Fig. 1: Spacecraft power bus (a) and the EMI-filter in
the shielding enclosure (b).
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perimental study of the EMI-filter characteristics [15].
However, previously we have not analysed shielding effectiveness (SE) of the EMI-filter enclosure. There are
series of approaches and methods used to analyse SE.
For simple structures, the quasi-static approach [16] and
analytical expressions [17, 18] are used successfully, and
to analyse complex structures in a wide frequency range,
the electrodynamic approach is used [19]. The paper [20]
presents the experience of calculating the SE of the nonoptimized simplified model of the EMI-filter enclosure
using analytical expressions. The gap formed between
the enclosure-base and its cover was studied as a continuous aperture of 50 µm in height. Meanwhile, the
electrodynamic analysis of how actual geometrical parameters of the structure, the gap formed between the
enclosure-base and its cover, as well as the connected cables influence SE have not been conducted. Thus, the
purpose of this paper is to conduct such research. It is
necessary to solve the following tasks: to build a 3Dmodel of the enclosure, to conduct electrodynamic simulation, and to analyse the obtained results.
II.

Volume 15, 2021

The parameters of the EMI-filter enclosure after optimization (minimum weight and overall sizes) of its geometrical parameters were: 92x45x35.5 mm3 . Aluminium
with electrical conductivity σ = 3.6x107 S/m and relative magnetic permeability µr = 1 was used as the
enclosure material. The minimum wall thickness was
1.25 mm. Fig. 2 shows the geometrical parameters of
the EMI-filter enclosure and its 3D model, as well as
the influence of a plane wave on it. The Pointing vector is oriented at a right angle to the enclosure wall.
The frequency of exposure varied from 0 to 20 GHz.
The enclosure apertures are two rectangular holes with
rounded edges, the distance between the centres of which
is 10 mm, the width and height of the apertures are 8
and 4 mm, respectively. To measure field strength, 9 field
monitors were located in the enclosure, with the worst
SE value being analysed (Fig. 3).
At the first stage, we examined the influence of the
gaps formed between the enclosure-base and its cover on
the SE. This was motivated by the fact that induced
high-frequency leakage currents are capable of penetrating the enclosure through these gaps under the influence
of the external electromagnetic field (Fig. 4). Since the
maximum tolerance (100 µm) for each part is defined
in the structure of the shielding enclosure, the maximum gap can be equal to 200 µm. Therefore, this paper estimated the SE of the structure with gaps between
the enclosure-base and its cover in the range from 0 to
200 µm at 50 µm intervals. Meanwhile, in the first stage,
the influence of the front-face apertures was not taken
into account; it was a solid metal shield, with a thickness of 2.5 mm.
At the second stage, the SE of the enclosure with
open front-face apertures was studied. In addition, the

Simulation Techniques and Structure

The EMI-filter is a series connection of a filter on
lumped elements and a modal filter. Both devices operate in common and differential modes. The first is used
to suppress low-frequency interference and the second for
high-frequency interference. The modal filter also allows
decomposing dangerous ultra-wideband pulses into a sequence of lower amplitude pulses. This is achieved by
modal effects in the transmission line [21]. The modal
filter and the filter on the lumped elements are installed
inside the shielding enclosure.

Fig. 2: Geometric parameters of the shielding enclosure
and its 3D model with front-face apertures.

Fig. 4: Electromagnetic field penetrates through the gap
formed between the enclosure-base and its cover.

Fig. 3: Field monitors installed to measure field strength
in the shielding enclosure.

Fig. 5: Shielding enclosure with mounted PCBs, mounting screws, and toroidal cores of the EMI-filter.
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Table 1: The Highest and Lowest Attenuation Values
in the First Configurations Under Study

Table 2: The Highest and Lowest Attenuation Values
in the Second Configurations Under Study

Attenuation
The highest The lowest
Without front-face apertures
143 dB
88 dB
83 dB
43 dB
50 µm
100 µm
68 dB
27 dB
67 dB
25 dB
150 µm
200 µm
66 dB
23 dB
Configurations

Attenuation
The highest The lowest

Configurations
Free apertures
Aperture with cable and without shield
Aperture with cable and shield
Aperture with the cable and shifted shield

65 dB
47 dB
152 dB
48 dB

24 dB
-5 dB
87 dB
1 dB

Table 3: The Highest and Lowest Attenuation Values
in the Third Configurations Under Study

influence of connected cables with and without a solid
shield was evaluated. In each aperture, there were two
copper cables of 3.2 mm in diameter and with 0.3 mm
thick isolation. During operation, the contact between
the enclosure-base and the solid shield can be broken
because of mechanical stress. Therefore, the authors additionally simulated the enclosure with cables and a solid
shield disconnected from the enclosure-base and placed
at 50 µm from it. Meanwhile, at the second stage, the influence of gaps between the enclosure-base and its cover
was not taken into account.
At the final stage, the SE of the shielding enclosure with the installed EMI-filter printed circuit boards
(PCB) was analysed (Fig. 5). The influence of the frontface apertures was not taken into account, and the gap
between the enclosure-base and its cover was 50 µm. The
EMI-filter configuration consists of 5 PCBs (1). On the
top layer of the first PCB, there are 3 toroidal cores (2)
with µr = 300. Six mounting screws (3) connected to
the shielding enclosure pass through all PCBs. The field
monitors for measuring field strength are placed both between PCBs and between PCBs and the enclosure. The
worst-case attenuation was also analysed to obtain the
SE in the given configuration.
III.
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Attenuation
The highest The lowest
50 µm
83 dB
43 dB
50 µm with PCBs
89 dB
40 dB

Configurations

worst attenuation was observed in the 200 µm configuration (Fig. 6b), which was 23 dB. It should be noted
that this result is similar to the results obtained for open
front-face aperture configurations at frequencies above
8 GHz.
Fig. 7a shows the results of the electrodynamic simulation of SE of the enclosures with the open front-face
apertures; with apertures and connected cables; with
apertures, connected cables, and their shield. The fig-

Electrodynamic Simulation Results

Fig. 6a shows the results of the electrodynamic simulation of the shielding enclosure effectiveness which takes
into account the gaps formed between the enclosure-base
and its cover. The highest and lowest attenuation values in the presented configurations are summarised in
Table I. The data illustrate that the highest attenuation was observed in a gap-free configuration (0 µm),
whereas the lowest attenuation in the investigated frequency range was 88 dB. This result was achieved by
providing shielding integrity. The configuration with a
50 µm gap showed average results. The lowest attenuation of 43 dB was observed in the frequency range from 6
to 7 GHz. It could happen because the enclosure configuration can reduce SE due to standing waves caused by
resonance effects at high frequencies. As is well known, if
the size of the enclosure is a divisible of the half-waves,
resonances occur in it. Another cause of the reduced
SE is the concentration of the electromagnetic field in
the corners of the enclosure. Meanwhile, a significant
decrease in attenuation was observed in configurations
with a gap of 100, 150, and 200 µm. The characteristics
of these configurations are similar; there are multiple resonances and fluctuations over the frequency range. The
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(a)

(b)
Fig. 6: SE for configurations with gaps of 0, 50, 100,
150 µm (a) and 200 µm (b).
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tures show that the overall attenuation is insignificant.
At frequencies above 17.5 GHz, the SE value was reduced
to 25 dB. However, the configuration with apertures and
unshielded cables shows the worst results. In the frequency range from 16 to 18 GHz, there was no attenuation at all. This is explained by the fact that the radiated
interference penetrates into the enclosure through the
connected cables which enter the shielding volume. The
overall SE level in this configuration in the full frequency
range is not acceptable for most microwave applications.
Fig. 7b shows the results of SE simulation of the configuration with apertures, connected cables, and the disconnected shield. It can be seen that the envelope shape
in the configuration with unshielded cables and cables
with shifted shield is practically the same. The formed
gap significantly reduces the SE value of the shielding
enclosure. Therefore when designing and mounting such
devices it is critical to control the integrity of shielding
boundaries. The highest and lowest attenuation values
in the considered configurations are summarised in Table
II.
Fig. 8 shows the results of the electrodynamic simulation of the SE of the enclosure with the gap between the
enclosure-base with the installed PCBs of the EMI-filter
and its cover. It is observed that the SE characteristics
of the enclosures with and without PCBs are similar,
but they also have some differences. Due to the appearance of additional resonances caused by the interference
of incident and reflected waves, the overall level of attenuation is changes. In addition, the presence of PCBs in
the shielded volume shifts the resonances by frequency
and amplitude. Moreover, the presence of PCBs in the
shielded volume shifts the resonances by frequency and
amplitude. The highest and lowest attenuation values
are presented in Table III. The maximum attenuation
in the configuration with installed boards changed from
83 to 89 dB and the minimum from 43 to 40 dB. However, the absolute deviation did not exceed 6 dB, which
may indicate a weak influence of PCBs on the shielding
enclosure effectiveness.

(a)

(b)
Fig. 7: SE for configurations with shielded and unshielded cables (a), as well as SE for configurations with
unshielded cables and shielded cables with the shield
shifted by 50 µm (b).
ure shows that the highest SE was observed in the configuration with shielded cables. The minimum attenuation in the frequency range was 87 dB. This result was
achieved by eliminating open-air gaps and apertures in
the shielding enclosure. It can be concluded that shielding cable wires with a thin conductive layer (50 µm for
this research) can provide effective EMI protection. The
results of the SE simulation of the open front-face aper-

IV.

Conclusion

Because internal and external sources increase the
level of electromagnetic interference, shielding is the
most effective method of providing EMC for ASE. High
currents from the radiated emissions are induced on conductors and interconnections, reducing the performance
of ASE. In this paper, the authors presented the results
of the analysis of the SE of the spacecraft power bus EMIfilter shielding enclosure. It was found that the smallest
value of the shielding enclosure SE is observed for the
configuration with unshielded cables. Poor results were
obtained for the configuration with the gap formed between the enclosure-base and its cover of 100-200 µm.
This is due to the fact that high-frequency currents penetrate the shielded volume through the cables. However,
whilst maintaining shielding integrity, attenuation of at
least 88 dB in the frequency range from 0 to 20 GHz
was achieved. It can be concluded that shielding cable

Fig. 8: SE for configurations with 50 µm gap, with PCBs
and without them.
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wires having a thin conductive layer can provide effective
EMI protection. This is due to the fact that the heterogeneities that degrade the shielding integrity determine
the final performance of the shielding. And in the case
of thin conductive layers in the cable, the integrity of
the shielding is preserved. It should be noted that the
presence of PCBs in the shielded volume shifts the resonances by frequency and amplitude, but the overall effect on the SE is not significant. It should be mentioned
that even using 9 field monitors, the worst SE value may
still not be obtained in an enclosure in the frequency
range of 0-20 GHz. To get the most accurate results, the
number of monitors needs to be increased. However, a
significant increase in this number can lead to large calculation costs. Furthermore, to validate the results we
are planing to conduct an experimental study.
It is very important to control the impedance between
the enclosure and the shield of the cables because the
enclosure SE is significantly reduced. To minimize the
negative impact of gaps at the connection points of the
enclosure parts, it is possible to use conductive gaskets
and radio-absorbing material. Other modifications of the
enclosure design (internal grooves etc) makes it possible
to achieve significant attenuation of radiated emissions
by means of re-reflection loss. The most efficient method
to provide an acceptable level of SE is still to increase the
processability and accuracy of manufacturing the parts
of the shielding enclosure.
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