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Abstract: This paper presents the electromagnetic scattering characteristics of an open nuclear power plant (NPP) cabinet at application

frequencies of 2.4 and 5 GHz when the incident wave is parallelly polarized. The electromagnetic field strengths were investigated at

each frequency and the corresponding shielding effectivenesses (SEs) were obtained. The SEs at 2.4 GHz were higher than those at 5

GHz; however, the differences were not significant. SEs calculated with a dielectric or magnetic wall introduced on the cabinet door

were slightly improved compared to those without a dielectric or magnetic wall. The SE was also investigated with respect to the

spacing between adjacent digital modules. The electric SE improved when the spacing from the suggested structure was increased by

20 mm. The findings are expected to be beneficial for designing NPP cabinets.

Keywords: Electromagnetic compatibility, Electromagnetic interference, Electromagnetic field strength, Nuclear power plant, Shield-

ing effectiveness

1. Introduction

Wireless communication systems are widely used not only for
personal purposes but also for social and national usage and var-
ious application fields. Their application in power plants is no
exception. Electromagnetic fields of various frequencies are
widespread indoors; however, power plant managers do not al-
ways recognize this. Arbitrarily generated electromagnetic waves
are widespread in nuclear power plants (NPPs) and can affect
other electronic equipment. NPPs have instrumentation and con-
trol (I&C) equipment that control power generation, called digi-
tal modules (DMs), which are located in a large cabinet. Electro-
magnetic waves from wireless devices impact the 1&C equip-
ment inside the cabinet, causing possible damage or malfunction
of the equipment. Therefore, it is necessary to strictly examine
electromagnetic interference (EMI) and regulate electromagnetic
levels.

One of the best methods to check the effect of electromagnetic
waves entering the cabinet is to investigate the shielding effec-
tiveness (SE). SE is a measure of the attenuation or reduction of
the electric or magnetic field at a specific point in the space oc-

cupied by a shield between the measurement point and the

source. It is necessary to examine the influence of electromag-
netic waves by applying an SE at a point between the DMs inside
the cabinet of an NPP. Furthermore, it is important to develop a
method for reducing the influence of electromagnetic waves.
Abundant research has been conducted on the application of
wireless devices in NPPs. A previous study examined the elec-
tromagnetic scattering characteristics inside an NPP cabinet con-
taining DMs and confirmed their properties based on changes in
the radio frequency and permeability when ferrite sheets were in-
serted across the cabinet door [1]. In addition, the DMs inside the
cabinet were assumed to be lumps, and the scattering character-
istics in space were confirmed when the incident electric fields
were polarized perpendicularly and parallelly [2][3]. By extend-
ing these studies, another study investigated the scattered field
properties for cases where the DMs were divided into several sec-
tions and the back door was partially open [4]. In addition, elec-
tromagnetic scattering fields were generated when parasitic line
current was generated randomly inside the cabinet [5]. Moreover,
when wireless devices were located inside a room in an NPP, the
area where electromagnetic waves formed strongly was analyzed,

and an exclusion zone for the 1&C equipment was proposed
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[6][7]. Furthermore, the electromagnetic compatibility of elec-
tromagnetic waves generated by an open cable box was system-
atically analyzed [8]. In the present study, the electromagnetic
scattering characteristics and SEs were rigorously investigated
with several DMs inside the cabinet arranged at regular intervals
and the incident electric field polarized in parallel. In addition,
SEs have been investigated with dielectric or magnetic materials
placed on doors and with wider spacings between adjacent DMs.
These results can be compared with the scattering properties and
SEs for perpendicularly polarized incident fields and cases in

which a ferrite sheet is added to the opening space [1].

2. Interior Geometry of the Cabinet and its Anal-
ysis

Several studies have been conducted on the application of
wireless devices in NPPs. In a previous study, the electromag-
netic scattering characteristics inside an NPP cabinet containing
DMs were examined and confirmed based on the changes in the
radio frequency and permeability when ferrite sheets were in-
serted across the cabinet door [1]. These scattering properties and
SEs were investigated by applying a perpendicularly polarized
incident field and ferrite sheet to the opening space. However, in
this study, we analyzed the results obtained with a parallelly po-
larized incident field considered for the same structure. These re-
sults are comparable to those of the previous study [1].

The structure of the cabinet analyzed in this study is shown in
Figure 1 and is the same as that described previously [1]. A few
DMs with regular intervals have been described more elaborately
than other structures that assume several DMs as a group [2][3].
However, in the present study, the direction of polarization was
different from that in [1]. In Figure 1, the cabinet is depicted
from above, and it can be assumed that several cabinets are ar-
ranged at regular intervals along the x-axis. In addition, the height
of the cabinet (y-axis) must be considered, but the dimension in
the y-axis is neglected because it can be considered long enough
compared with the wavelengths at 2.4 and 5 GHz, which are the
operating frequencies for the IEEE 802.11 (Wi-Fi) and IEEE
802.15.4 (Wireless Hart) protocols. The width of the DM was as-
sumed to be x and the distance between the DMs was set to xu.
It can be assumed that electromagnetic waves were emitted un-
consciously by the power plant manager and applied inside the
cabinet. While the direction of the Poynting vector was toward
the z-axis, the electric field component was assumed to be along

the x-axis. This is different from that in a previous report [1],
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Figure 1: (a) Configuration of an open cabinet with inserted
DMs (front view). (b) Configuration of an NPP cabinet and ar-
rayed DMs (top view). Dimensions in the x- and z-axes are de-
scribed and specified in Table 1. Point P is the representative
point to capture SE values for various cases and compare them

with one another.

Table 1: Physical dimensions of the cabinet

Dimensions Physical length (mm)

2x1 600

2x2 700

Xd 62.5

Xth 14.583

z0 50

z1 150

b3 400

z3 150

where the electric field was polarized along the y-axis. The inner
dimensions of the cabinet along the x- and z-axes are shown in
Figure 1 and listed in Table 1. These values coincide with those
previously reported [1], and reflect the internal structure of the
cabinet in an NPP. To investigate the electromagnetic scattering

phenomenon of the structure depicted in Figure 1, several cases
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were analyzed using the commercial software CST Studio Suite
2023 [9]. In the simulation, the incident electric plane wave was
set by applying a time-shifted Gaussian waveform as follows

[10]:

{_(t—fo)z}
E,=el &

(D

Here, t can be determined arbitrary and was 0.354 ns in the
simulation. The parameter t was set as sqrt(2.3)/7/fma from the
commonly applied formula [10].

From zo to z3 along the z-axis, the region can be divided into
four sub-regions, and each can be represented in the same formu-
lation. This is because the y-axis is sufficiently long, and only the
x-component of the polarization is considered. In the case of z =
[50, 200], the region corresponding to z1 in Figure 1, the electro-

magnetic field component can be expressed as follows:

Ey = cos(yfx) ez 2
jk _kE

Hy, = nokoﬁ cos(yFx) ekn? )
_ Yk E —kEz

Ez - —k—ﬁsm(ynx)e 5 (4)

where y£ (= nn/(2x2)) and kE ((kE)? = (yE)? — w?pe) are the
eigenvalues and propagation constants for the n™ modes (n = 0,
1,2, ...); and 5o and ko are the intrinsic impedance and propaga-

tion constant in free space, respectively.

3. Scattered Fields inside the Cabinet

When incident electric and magnetic fields were formed along
the x- and y-axes, respectively, and transmitted into the cabinet,
the electromagnetic-field patterns inside the cabinet were inves-
tigated. Figures 2(a) and (b) show the field strengths of the elec-
tric and magnetic waves at 2.4 GHz. Similarly, Figures 2(c) and
(d) show the field strengths of the electric and magnetic waves at
5 GHz. The reason for using two definite frequencies is that these
frequencies were applied in a wireless local area network. More-
over, these are the representative frequencies that can be utilized
inside an NPP. As the incident wave of the time-shifted Gaussian
waveform was converted by Fourier transform, the electric field
strengths at 2.4 and 5 GHz were —46.02 and —46.66 dBV/m, re-
spectively. As the incident wave was a plane wave in free space,
the strengths of the magnetic field could be obtained by consid-

ering a difference of 120z in the electric field strength, which is

the intrinsic impedance of free space. The magnetic field
strengths were —97.54 and —98.18 dBA/m at 2.4 and 5 GHz, re-
spectively. Considering these values, the strengths of the electro-
magnetic fields are obtained as shown in Figure 2. The overall
scattering characteristics were similar at both frequencies and rel-
atively strong field characteristics were obtained at 2.4 GHz,
even in areas not occupied by the DMs. From the difference in
scale, it can be understood that the electromagnetic field

strengths were slightly stronger at 2.4 GHz than those at 5 GHz.
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Figure 2: Electromagnetic field distributions inside the cabinet
for 2.4 and 5 GHz: (a) E\ field distributions at 2.4 GHz, (b) Hy
field distributions at 2.4 GHz, (c) E field distributions at 5 GHz,
and (d) H, field distributions at 5 GHz, when incident E; is -46.02
dBV/m at 2.4 GHz and -46.66 dBV/m at 5 GHz.

4. SEs inside the Cabinet

As shown in Figure 2, the strengths of the electromagnetic
waves inside the cabinet can be compared with the incident field
strengths; however, it is also useful to check the electromagnetic
compatibility through a more general concept called SE. The SE
is a measure of the attenuation or reduction in the electromag-
netic field at a defined point in space caused by the insertion of a
shield between the source and the point. The SEs of the electric

and magnetic fields are defined as follows [11]:

|Efre(m)|
[Ee(®)]

SE; = 20log )
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Figure 3: SEf at (a) 2.4 GHz and (b) 5 GHz
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Figure 4: SEx at (a) 2.4 GHz and (b) 5 GHz

where 7 is the given observation point; E(#) and H(7) are the
electric and magnetic fields in an open cabinet, respectively; and
E™Me(#) and H™(#) are the incident electric and magnetic
fields, respectively. When the SE value is high, the strength of
the electromagnetic waves inside the cabinet is decreased by the
shield; therefore, the shielding is better. However, if the SE value
is low, the shielding effect is worsened. We can infer that these
results are contrary to the strengths of the electromagnetic fields,

as illustrated in Figure 2. Based on Equations (5) and (6), the
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SEE corresponding to 2.4 and 5 GHz can be represented as shown
in Figures 3(a) and (b), respectively. Only the x-component of
the electric field was considered because the y- and z-components
were significantly small. Because the field strengths differ for
each frequency, the color bar scale is different, as shown on the
right-hand side of each figure. Similarly, the SEx of the magnetic
fields corresponding to 2.4 and 5 GHz are shown in Figures 4(a)
and (b), respectively; the color bar scale is also different. As SE
values less than 0 indicate poor shielding, it can be confirmed
that the SEs at 2.4 GHz were slightly better overall. The SE be-
tween the slits appear dark blue at both frequencies, that is, the
SEs were relatively low. This is because a strong electric field
was induced near the corners or because the structures had a
larger curvature, which is the main characteristic of electromag-
netism and can be easily confirmed from Figures 3 and 4. In
other words, the effect of diffraction is well reflected in areas
with large curvatures or narrow slits.

At a frequency of 2.4 GHz, the field changes were more finely
detected in a small space, whereas at 5 GHz, the changes were
relatively small. In addition, the SE was lower at 5 GHz than that
at 2.4 GHz, as shown in Figures 3 and 4.

As shown in Figure 1(a), even when the DMs are layered, the
analysis results based on the subtle structural differences in each
layer can be derived because the CST Studio suite simulator can

solve 3D structures.

5. SEs with Dielectric and Magnetic Walls Ap-
plied on the Door

SEs were investigated with a dielectric or magnetic wall
placed on the door of the cabinet to find a way to improve shield-

ing. While the door of the cabinet was in free space, as shown in
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Figure 5: SEr for cases with (a) no dielectric wall, (b) a dielectric wall with a &- value of 5, and (c) a dielectric wall with a & value of

20 at 2.4 GHz
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Figure 6: SE for cases with (a) no magnetic wall, (b) a magnetic wall with a g value of 5, and (c) a magnetic wall with a x value of

20 at 2.4 GHz.

Table 2: Electric SE (SEk) at 2.4 GHz corresponding to Figures 5 and 6 at P with the minimum SEg in the entire plane inside the

cabinet and the corresponding points

Shape of the Cabinet Door SEg at Point P (dB) | Minimum SEg (dB) and the Corresponding Point
Free space wall in Figure 5 (a) or Figure 6 (a) 0.208 —4.267 PO
Dielectric wall with &= 5 in Figure 5 (b) —2.100 —7.069 pers
Dielectric wall with &-= 20 in Figure 5 (c) 15.124 —5.099 per20
Magnetic wall with w- = 5 in Figure 6 (b) 10.292 -3.579 pmrs
Magnetic wall with g = 20 in Figure 6 (c) 4.716 -7.177 prr20

Figures 2-4, the SE changes were investigated considering the
dielectric or magnetic material on the door, as shown in Figures
5 and 6. The door was defined as the side with an area where x =
[-300, 300] and z = [0, 50], as shown in Figures 5 and 6. As the
results at 2.4 and 5 GHz showed similar trends and the SEs of the
electric and magnetic fields had no significant difference, only
the SE of'the electric field corresponding to 2.4 GHz is represent-
atively explained.

Figure 5 shows the SE values without dielectric walls and with
dielectric walls of relative permittivities of 5 and 20. The higher
the relative permittivity, the better is the shielding. While the
shielding was not significantly improved in the middle of the slit
when the permittivity was 5, it was improved in the entire slit
when the permittivity was 20.

Figure 6 depicts the SE values without magnetic walls and
with magnetic walls of relative permeabilities of 5 and 20. It is
possible to examine the SE changes according to the relative per-
meability; however, it is not easy to identify a special trend, un-
like that shown in Figure 5. Although the overall shielding was
slightly improved when the relative permeability was 5, it was
difficult to judge whether the overall shielding improved when
the relative permeability was 20 compared with that without the

magnetic wall.
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From Figures 5 and 6, the shielding tendencies can be under-
stood when the SEs are analyzed using a dielectric or magnetic
wall. This can be useful for designing an NPP cabinet at the ap-
plication frequency. Only real values for the relative permittivity
or permeability were considered, and practical values, including
imaginary (loss) parts corresponding to the ohmic loss of the ma-
terial, were not considered. If the analysis includes the loss term,
the SE will improve owing to the overall attenuation of the elec-
tromagnetic waves inside the cabinet.

The SEE values at specific points in Figures 5 and 6 were an-
alyzed and compared, and the results are listed in Table 2. For
example, the midpoint at which the incident wave faces the front
of'the slot array is designated P, as shown in Figure 1. The reason
for selecting this point is that it has the lowest SE value, indicat-
ing that the SE is poor. Therefore, the shielding tendencies were
investigated by comparing these points.

Once the door walls characterized by material properties are
considered, the SEg values can be compared at a representative
point P, and are listed in the second column of Table 2. Consid-
ering the walls in all five cases, the lowest SEx value was ob-
tained when & was 5, whereas the highest SEr value was indi-
cated when &- was 20. Better SE£ values were confirmed for the

magnetic and dielectric walls in general. The lowest SEk values
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Figure 7: The SEE values at 5 GHz for the spacings are (a) 62.5 mm, (b) 82.5 mm, and (c) 102.5 mm between the adjacent DMs
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Figure 8: The SEx values at 5 GHz for the spacings are (a) 62.5 mm, (b) 82.5 mm, and (c) 102.5 mm between the adjacent DMs

for the entire space inside the cabinet are listed in the next column
of Table 2. The corresponding points are represented in the last
column and shown in Figures 5 and 6. It can be confirmed that
the lowest SEx values according to the material properties dif-
fered, and the best of the lowest SEg values for all cases were
found when u- was 5. If we consider the losses of realistic dielec-

tric or magnetic materials, we can expect better SEx values.

6. SEs with Wider DM Spacings

Next, the shielding with respect to the spacing between the
DMs, that is, the width of the slits, was examined. The first set of
dimensions presented in Figure 1 are similar to the inner dimen-
sions of an actual NPP cabinet with xs at a distance of 62.5 mm;
however, it is also interesting to investigate the SE changes with
respect to x4. The results were obtained when xs was 82.5, 102.5,
and 62.5 mm, and the SEs corresponding to 5 GHz were calcu-
lated. The electric and magnetic fields were calculated, and the
corresponding SEs at 5 GHz are shown in Figures 7 and 8. The
SEr values shown in Figure 7 indicate that the shielding im-
proved as the spacing increased. Figure 7(b) shows SEg values

close to —15 dB in the narrow area of the incident face of the slit.
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Furthermore, in Figure 7(c), SEr values slightly higher than —15
dB are found around the DMs. These results indicate that the SEs
improved as the spacing xs increased. Thus, the interior of the
cabinet can be freely designed from the viewpoint of the SE.
However, as shown in Figure 8, the SE according to x+ does not
differ significantly. Only the position where SEy appeared varied
slightly; however, the overall values did not differ significantly.
Moreover, because the SEr values presented in Figure 7 have
already been studied, the interior of the cabinet can be designed
by considering the SE.

From Figure 7, the SE values at specific points can be com-
pared depending on the spacing between adjacent DMs. Similar
to Tables 2 and 3, the second column presents the overall SEg
value at the representative point P for comparison. When x4 was
82.5 mm, relatively excellent SEr characteristics were observed.
The lowest SEg values across the plane inside the cabinet are pre-
sented in the third column of Table 3. The corresponding points
are described in the last column, and each point can be confirmed
in Figure 7. It can also be confirmed that the best SE£ value was
observed when xq was 82.5 mm.

The SEx values at specific points in Figure 8 were also compared
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Table 3: Electric SE (SEg) at 5 GHz with respect to spacing, with the minimum SEf values in the entire plane inside the cabinet and

the corresponding points in Figure 7

Spacing among DMs SEk at Point P (dB) | Minimum SEg (dB) and the Corresponding Point
Xa=62.5 mm in Figure 7(a) ~10.207 ~14.817 P&%»
x4=82.5 mm in Figure 7(b) ~1.535 ~11.273 P85
xa=102.5 mm in Figure 7(c) ~7.310 ~13.282 P25

Table 4: Magnetic SE (SEn) at 5 GHz with respect to spacing, with the minimum SE# values in the entire plane inside the cabinet and

the corresponding points in Figure 8

Spacing among DMs SEwx at Point P (dB) | Minimum SEx (dB) and the Corresponding Point
X4=62.5 mm in Figure 8(a) ~3.090 ~10.935 P&
xa=82.5 mm in Figure 8(b) 4.164 ~13.79%4 PSgit
xa=102.5 mm in Figure 8(c) -7.129 —10.795 P51£13'5

as a function of the spacing between adjacent DMs. Similar to
Table 3, Table 4 lists the SEx values at P in the second column
for comparison. When x« was 82.5 mm, similar to the results in-
dicated in Table 3, relatively good SEx characteristics were ob-
served. The lowest SEx values across the entire plane inside the
cabinet are listed in the third column of Table 4. The correspond-
ing points are described in the last column and confirmed in Fig-
ure 8. A worse SEx value was obtained when xs was 82.5 mm,
contrary to the case presented in Table 3. Moreover, the lowest
values did not appear at the edges of the slots, as SEx represents
the SE caused by the magnetic field, which is not affected by the
edge effect.

7. Conclusion

We investigated the electromagnetic scattering characteristics
of an open NPP cabinet using the CST Studio Suite commercial
software considering parallelly polarized incident waves. The in-
terior of the cabinet similar to that of a realistic NPP was sug-
gested, and application frequencies of 2.4 and 5 GHz were used.
First, the electromagnetic field strengths were investigated at
each frequency, and the corresponding SEs at each frequency
were obtained. In the proposed structure, SEs were slightly better
at 2.4 GHz than those at 5 GHz, but no notable difference was
found. The SEs improved slightly when the dielectric and mag-
netic walls were placed on the door of the cabinet compared to
the case when no such walls were applied. The SEs further im-
proved when a lossy wall was placed. In addition, the SEs were

investigated as the spacing between adjacent DMs increased. In
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particular, the electrical SE improved remarkably when the spac-
ing was 82.5 mm. The results will be useful as basic data for

avoiding EMI problems in open NPP cabinets.
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