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a b s t r a c t

This paper presents a mode-matching analysis of the electromagnetic coupling between open cable trays
in an indoor structure when an electric-line current is generated as an electromagnetic source. We
validated the mode-matching method by comparing the mode-matching results with those computed
from a commercial electromagnetic simulator and then investigated the strength of the electric-field
coupled in a victim cable tray while varying the distances between cable trays and architectural sur-
faces. The results of this study provide geometrical information on the placement of open cable trays to
avoid electromagnetic interference problems.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cable trays play an important role in the protection of cables
from external influences, such as undesired electromagnetic (EM)
interference [1e4]. To apply the cable trays to a nuclear power
plant, Regulatory Guide (Reg. Guide) 1.75, which is published by
United States Nuclear Regulatory Commission, requires the physical
independence of circuits/electrical equipment related to safety
functions [5]. It endorses IEEE Std. 384, which describes specific
criteria for the physical separation and electrical isolation of cir-
cuits/electrical equipment to meet this independence requirement
[6]. To avoid the thermal effects of internal failures or faults in
electrical equipment or cables, IEEE Std. 384 requires a minimum
separation distance (Dv and Dh) between open cable trays placed in
the limited hazard area of a nuclear power plant, as shown in
Table 1. More specifically this standard recommends conducting
EM analysis or testing to build an acceptable separation distance
against unintended EM interference (EMI). In the indoor structure
of a nuclear power plant, the scattering of the EM fields by the
architectural surfaces (walls, ceiling, and ground) is one of crucial
factors to determine EMI.

To evaluate this scattering of the EM fields, J Choo et, al [7]. have
examined the EMI levels between the cable trays that are placed
by Elsevier Korea LLC. This is an
parallel (side-by-side) to each other at separation distances Dh of
25, 152, and 920mm. In their work, the strength and distribution of
the coupled electric field at the location in the victim cable tray
were analyzed as function of the frequency and the shape of the
cable tray. However, the EM coupling between the vertically placed
cable trays has not been fully studied in the previous research. In
the case that open cable trays are vertically stacked, the distance
between cable trays (distance Dv in Table 1) is one of the most
important factors to determine the EMI between open cable trays,
which motivates us to perform this study.

Thus we, using a mode-matching method, have estimated the
EM coupling intensity between open cable trays vertically installed
in parallel to each other in a nuclear power plant. For the analysis, a
vertical separation distance (Dv) of 305mmbetween the cable trays
was considered, and it was also assumed that the interfering EM
field is generated by an inner electric-line current in the bottom
cable tray. Differently from the previous study, our EM analysis
focuses on predicting the EMI behavior while varying the separa-
tion distance from the indoor structure, such as the lateral walls,
ceiling, and ground.
2. Mode-matching formulation

The mode-matching method is useful to analyze EM problems
because it enables us to interpret the EM problem in terms of an
individual mode, as well as efficiently derive the EM characteristics
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owing to the rapid convergence of the series solution. The mode-
matching analysis is conducted in the following order: separation
of the overall analyzed region, representation of EM fields using
Helmholtz's equation in conjunction with separation of variables,
and enforcement of boundary conditions on the tangential-field
continuities between the separated regions.

Both open cable trays (cable trays 1 and 2) were simply
modeled, as shown in Fig. 1, where the open cable trays (thickness t
and the sizes w � h1 and w � h2) are placed in the separation
distance c along the z-axis. We defined the bottom cable tray as the
influencing cable tray having an EMI source and the upper cable
tray as the victim cable tray affected by EMI, respectively. It was
assumed that the cable trays are surrounded by lateral walls, ceil-
ing, and ground made of a perfect electric conductor (PEC), as well
as extended infinitely along the y-axis. In Fig. 1, the separation
distances from the lateral walls, ceiling, and ground are defined as
d1, d2, hU, and hG, respectively for surrounding design parameters.
To express the sources of EM coupling, an electric-line current was
set with strength J A/m2 at (x ¼ a1 and z ¼ b1). The overall region
was divided into nine subregions (regions G, L1, F1, R1, Q, L2, F2, R2,
and U) for formulating electric and magnetic fields. Then, the
expression of the electric field in each subregion was derived by
utilizing the Helmholtz equation, as follows [8].
Table 1
Minimum separation distances for limited hazard areas.

Interactions

Involving
I&C
cables
only

Involving low-
voltage power
circuits with cable
size �2/0 AWG

Involving low-voltage
power circuits with
cable size >2/0 AWG
and all medium-
voltage power circuit

Minimum Dh 25 mm 152 mm 920 mm
Minimum Dv 76 mm 305 mm 1530 mm

Fig. 1. Configuration o
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EGy ðx; zÞ¼ iu
X∞
g¼1

Cg sin ggðx� x1Þsin xgðz� zGÞ (1)

EL1y ðx; zÞ¼ iu
X∞
l1¼1

sin gl1ðx� x1Þ
�
Al1 sin xl1zþBl1 cos xl1z

�
(2)

EF1y ðx; zÞ¼ iu
X∞
f1¼1

Cf1 sin gf1ðx� x3Þsin xf1ðz� z12Þ (3)

ER1
y ðx; zÞ¼ iu

X∞
r1¼1

sin gr1ðx� x5ÞðAr1 sin xr1zþBr1 cos xr1zÞ (4)

EQy ðx; zÞ¼ iu
X∞
q¼1

sin gqðx� x1Þ
�
Aq sin xqzþBq cos xqz

�
(5)

EL2y ðx; zÞ¼ iu
X∞
l2¼1

sin gl2ðx� x1Þ
�
Al2 sin xl2zþBl2 cos xl2z

�
(6)

EF2y ðx; zÞ¼ iu
X∞
f2¼1

sin gf2ðx� x3Þ
�
Cf2 sin xf2ðz� z22Þþ Sð2Þ

�
(7)

ER2
y ðx; zÞ¼ iu

X∞
r2¼1

sin gr2ðx� x5ÞðAr2 sin xr2zþBr2 cos xr2zÞ (8)

EUy ðx; zÞ¼ iu
X∞
u¼1

Au sin guðx� x1Þsin xuðz� zUÞ (9)
f the cable trays.
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where SðnÞ ¼
�
XðnÞsin xfn ðb� zn2Þsin xfn ðz� zn3Þ ; b< z � zn3
XðnÞsin xfn ðb� zn3Þsin xfn ðz� zn2Þ ; zn2 � z<b

,

XðnÞ ¼ � 2m0J sin gfn ða � x3Þ=ðwxfn sin xfnhnÞ; gc ¼ c/(x6 e x1),
gs ¼ s/(x2 e x1), gj ¼ j/(x4 e x3), gt ¼ t/(x6 e x5), and xc;s;j;t ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 � g2

c;s;j;t

q
(c¼ g, q, or u, s¼ l1, or l2, j¼ f1, or f2, and t¼ r1, or r2).

In addition, the magnetic field (Hx) in each region can be derived
from the relation of Hx ¼ (i/um) $ (dEy/dz) [8].

The unknownmodal coefficients Aa, Bb, and C4 (a and b¼ l1, l2, r1,
or r2, and 4 ¼ g, u, f1, or f2) in Eqs. (1)e(9) were determined by
enforcing the boundary conditions on the continuities of the
tangential electric and magnetic fields (Ey and Hx) at z ¼ z11, z13, z21,
and z23. At first, the continuities of the tangential electric and
magnetic fields at z ¼ z11 are expressed as follows:

EGy ðx; zÞ
���
z¼z11

¼

8>>><
>>>:

EL1y ðx; zÞ
���
z¼z11

; x1 � x< x2

0 ; x2 � x< x5

ER1
y ðx; zÞ

���
z¼z11

; x5 � x< x6

(10)

HG
x

�
x; z

����
z¼z11

¼HL1
x

�
x; z

����
z¼z11

; x1 < x< x2 (11)

HG
x

�
x; z

����
z¼z11

¼HR1
x

�
x; z

����
z¼z11

; x5 < x< x6 (12)

Secondly, the continuities of the tangential electric and mag-
netic fields at z ¼ z13 are expressed as follows:

EQy
�
x; z

����
z¼z13

¼

8>>>>>>>>>><
>>>>>>>>>>:

EL1y
�
x; z

����
z¼z13

; x1 � x< x2

0 ; x2 � x< x3

EF1y
�
x; z

����
z¼z13

; x3 � x< x4

0 ; x4 � x< x5

ER1
y

�
x; z

����
z¼z13

; x5 � x< x6

(13)

HQ
x

�
x; z

����
z¼z13

¼HL1
x

�
x; z

����
z¼z13

; x1 < x< x2 (14)

HQ
x

�
x; z

����
z¼z13

¼HF1
x

�
x; z

����
z¼z13

; x3 < x< x4 (15)

HQ
x

�
x; z

����
z¼z13

¼HR1
x

�
x; z

����
z¼z13

; x5 < x< x6 (16)

Thirdly, the continuities of the tangential electric and magnetic
fields at z ¼ z21 are expressed as follows:

EQy ðx; zÞ
���
z¼z21

¼

8>>><
>>>:

EL2y ðx; zÞ
���
z¼z21

; x1 � x< x2

0 ; x2 � x< x5

ER2
y ðx; zÞ

���
z¼z21

; x5 � x< x6

(17)

HQ
x

�
x; z

����
z¼z21

¼HL2
x

�
x; z

����
z¼z21

; x1 < x< x2 (18)

HQ
x

�
x; z

����
z¼z21

¼HR2
x

�
x; z

����
z¼z21

; x5 < x< x6 (19)

Lastly, the continuities of the tangential electric and magnetic
fields at z ¼ z23 are expressed as follows:
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EUy
�
x; z

����
z¼z13

¼

8>>>>>>>>>><
>>>>>>>>>>:

EL2y
�
x; z

����
z¼z23

; x1 � x< x2

0 ; x2 � x< x3

EF2y
�
x; z

����
z¼z23

; x3 � x< x4

0 ; x4 � x< x5

ER2
y

�
x; z

����
z¼z23

; x5 � x< x6

(20)

HU
x

�
x; z

����
z¼z23

¼HL2
x

�
x; z

����
z¼z23

; x1 < x< x2 (21)

HU
x

�
x; z

����
z¼z23

¼HF1
x

�
x; z

����
z¼z23

; x3 < x< x4 (22)

HU
x

�
x; z

����
z¼z23

¼HR2
x

�
x; z

����
z¼z23

; x1 < x< x2 (23)

After applying an orthogonal property to Eqs. (10)e(23), we can
obtain 14 equations to constitute a set of simultaneous equations to
determine the unknown modal coefficients. The modal coefficients
can be calculated efficiently after truncating the infinite series in
the simultaneous equations. The procedure to build a set of
simultaneous equations from enforcing the boundary conditions is
presented in the appendix of Choo's report [7].
3. Mode-matching results

For validation of the analysis, the electric-field distribution
calculated by a mode-matching analysis was compared with that
from a commercial EM simulator (COMSOL Multiphysics [9]) in a
two-dimensional plane, as shown in Fig. 2. In Fig. 2, due to the
structural symmetry with respect to the zey plane, only halves of
the electric-field distributions were represented with the mode-
matching method (left) and the commercial EM simulator (right).
The close similarity was shown between those electric-field dis-
tribution results (i.e., mode-matching method and COMSOL). For
another validation of the analysis, the convergence of the series
solution for the electric field was checked in each subregion. It was
confirmed that the strength of an electric field quickly converges at
the sample location as increasing the mode number in each sub-
region. These results imply a validation of the mode-matching
formulation and computation.

The strength of an electric field along the scan line was inves-
tigated to examine the behavior of electric fields by varying the
structure surrounding the cable trays. To evaluate quantitatively
the EM coupling to the victim cable tray, the maximal allowable
strength of the electric fields (EMA) in a victim cable tray was
defined as 4 V/m (EMA ¼ 4 V/m) [10].

Fig. 3 shows the variations in the electric-field strength on the
scan line, which is shown in Fig. 1, at 500 MHz and 1 GHz while
either the distance from the lateral walls (DLW) or the distance from
the ground and ceiling (DGU) changes from 0.5 to 1 m. It is
conceivable that the strength of the electric field coupled in the
victim cable tray varies significantly depending on the distances
DLW and DGU. Thus, these results reveal that the distance from a
cable tray to the surrounding architectural structures (e.g., walls,
ground, and ceiling) is one of the important factors to control the
EM coupling in a victim cable tray.

For comparison of the results at 500 MHz and 1 GHz, Fig. 3
additionally shows that the strength of the coupled electric field
at 500 MHz is lower than an EMA of 4 V/m in all distances DLW and
DGU, whereas that at 1 GHz is higher than the EMA of 4 V/m in the
several distances DLW and DGU. This result indicates that effective



Fig. 2. Comparison of the electric-field distributions derived by a mode-matching method and a commercial EM simulator at 600 MHz (J ¼ 1 mA/m2, a1 ¼ (x3 þ x4)/2, b¼ (z11 þ z13)/
2, d1 ¼ d2 ¼ hG ¼ hU ¼ 0.5 m, t ¼ 0.005 m, w ¼ 0.3048 m (12 inch), h1 ¼ h2 ¼ 0.1016 m (4 inch), and c ¼ 0.305 m).

Fig. 3. Strengths and distributions of the electric field along the scan line while the distances from the lateral walls (d1 ¼ d2 ¼ DLW) for hG ¼ hU ¼ 1 m increase from 0.5 to 1 m at (a)
500 MHz and (b) 1 GHz, and the distances from the ground and ceiling increases (hG ¼ hU ¼ DGU) for d1 ¼ d2 ¼ 1 m at (c) 500 MHz and (d) 1 GHz (w ¼ 0.3048 m (12 inch),
h1 ¼ h2 ¼ 0.1016 m (4 inch), c ¼ 0.305 m, and t ¼ 0.005 m).
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precautions against potential EMI should be prepared to protect
electromagnetically the cable trays in the high-frequency regime
(i.e., >1 GHz). To clarify the important points affected by the
coupled electric fields, we summarized the information depending
on the analysis conditions in Fig. 3. In Table 2, the distances DLW and
DGU represents where the electric fields in the middle of the victim
cable tray are more than 1 V/m at 500 MHz and 4 V/m at 1 GHz,
respectively. Consequently, it is necessary to avoid the tabulated
distances DLW and DGU in Table 2 when vertically installing the cable
trays in parallel.

Next, the electric-field strength along the scan line when the
surrounding architectural structures are asymmetric with respect
to the cable trays (i.e. d1 s d2 and hG s hU) was investigated
similarly. Fig. 4 shows the resulting electric-field strengths along
the scan line at 500 MHz and 1 GHz, while either distance d1 or hG
changes from 0.5 to 1.5 m. Fig. 4(a) and (b) show that the electric-
field strength in the victim cable tray varies as a function of the
distance d1 at 500 MHz and 1 GHz, respectively, while the location
3317
on x-axis changes for a constant distance d1. In Fig. 4(a) and (b), the
structural asymmetry (i.e. d1 s d2) results in an asymmetric
electric-field distribution. Therefore, the overall electric field in the
victim cable tray should be investigated to avoid the EMI problem
when cable trays are not installed in the middle from both lateral
walls. Moreover Fig. 4(c) and (d) show that the electric field
coupled in the victim cable tray at 500 MHz is less than EMA,
whereas that at 1 GHz exceeds EMA for distances hG of 0.6, 0.88, and
1.06 m. Thus, it is recommended that cable trays be installed with a
distance hG of more than 1.06 m to protect the cable trays from
potential EMI problems.

4. Conclusion

A mode-matching method was applied for the estimation of the
EM coupling between open cable trays within an indoor structure.
The Helmholtz equation, in conjunction with the separation of
variables, was used to derive the mathematical series expression



Table 2
Distances DLW and DGU where the electric field in the middle of the victim cable tray exceeding 1 V/m at 500 MHz and 4 V/m at 1 GHz.

Figure Distance DLW or DGU Electric-field strength

Fig. 3(a) DLW z 0.69, 0.71, and 0.79 m over 1 V/m (@ 500 MHz)
Fig. 3(b) DLW z 0.5, 0.61, 0.69, 0.75, 0.79, and 0.99 m over 4 V/m (@ 1 GHz)
Fig. 3(c) DGU z 0.53, 0.59, 0.82, and 0.9 m over 1 V/m (@ 500 MHz)
Fig. 3(d) DLW z 0.81 and 0.88 m over 4 V/m (@ 1 GHz)

Fig. 4. Strengths and distributions of the electric field along the scan line while the distance d1 from the lateral walls (d2 ¼ hG ¼ hU ¼ 1 m) increases from 0.5 to 1.5 m at (a) 500 MHz
and (b) 1 GHz, and as the distance hG from the ground increases (hU ¼ d1 ¼ d2 ¼ 1 m) at (c) 500 MHz and (d) 1 GHz (w¼ 0.3048 m (12 inch), h1 ¼ h2 ¼ 0.1016 m (4 inch), c ¼ 0.305 m,
and t ¼ 0.005 m).
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with the unknown modal coefficients to represent electromagnetic
fields. Then, the modal coefficients were determined from the
boundary conditions for electric- and magnetic-field continuities.
Using the obtained modal coefficients, the distribution of the
electric field strength in a victim cable tray was investigated as a
function of the distances between cable trays and architectural
surfaces. We found that the electric field strength in the victim
cable tray changes to be strong as an interested frequency increases
or the distances from architectural surfaces change. Before cable
trays are installed, it is recommended that to investigate the EMI
circumstance at the interested frequency band with the change of
the distances from surrounding objects. The investigated results
can provide useful information for preventing EMI problems be-
tween open cable trays.
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