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Abstract — This paper presents a reliable and efficient
analytical model to calculate the shielding effectiveness
(SE) of a rectangular enclosure with wire penetration
under plane wave illumination over frequency range of 0
to 2.5GHz. The wire is equivalent to monopole antenna,
and the four-element lumped-parameter equivalent circuit
for monopole antenna is established to represent the
coupling process between electric field and the wire.
Based on dynamic Green function, the approximate
solution of the electric field distribution in the enclosure
excited by the internal wire is derived, and Bethe's theory
is used to calculate the approximate solution of the electric
field distribution in the enclosure excited by the aperture
when the aperture size is not negligible. Several cases are
presented to verify the validity of the model. The effects
of the length of the wire inside and outside the enclosure,
wire penetration and observation point position as well
as incident direction of plane wave on the SE are discussed
in detail. Simulation result of the proposed model are in
good agreement with that of the transmission line matrix
(TLM) method.

Index Terms — Equivalent dipole, rectangular enclosure,
shielding effectiveness, wire penetration.

I. INTRODUCTION

Shielding is one of the most important technologies
in electromagnetic compatibility, which is widely
used to protect electronic equipment from external
electromagnetic radiation interference [1]. There is great
interest in determination of shielding performance of
the metallic enclosure, which is quantified by shielding
effectiveness (SE). In real devices, there always exist
aperture and wire penetration on the shielding enclosure
to meet with internal electronic equipment power supply,
data transmission and other practical needs. The external
wire will induce external electromagnetic energy, and
couple to the enclosure through internal wire. Meanwhile,
when the size of the wire-penetrated aperture is big enough,
aperture will also be an important electromagnetic
coupling path and cannot be ignored. These two coupling
paths will greatly reduce the shielding performance of
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the shielding enclosure [2]. For these reasons, the study
of the coupling effect of the enclosure with wire
penetration becomes necessary in the shielding enclosure
design.

The SE can be directly measured by the experiment
[3, 4]. However, the experiment method is inefficient
and expensive, which limits its applicability. Generally,
numerical methods [5-7] and analytical formulations [8]
are main ways to calculate SE. Numerical methods are
suitable for calculating the SE of complex structures.
Compared to numerical methods, analytical formulations
require far less computational cost and are more suitable
for regularity research. Zheng et al. applied Norton’s
equivalence theorem to study the electromagnetic
coupling of an incident plane wave through a wire-
penetrated electrically small aperture in an infinite
conducting screen [9]. A transmission line model of the
structure composed by a semi-infinite metallic screen
with wire penetration on the ground plane was derived
based on the scattering parameter by Daniele et al.
[10]. Thomas et al. proposed a very efficient model to
compute the coupling of external electromagnetic fields
to the contents of an enclosure via wire penetrations
using multiple-mode transmission line theory. The
simulation results indicated a good consistency with the
experimental data [11-13]. In this model, the wire was
connected to enclosure through BNC connectors, and
therefore the coupling effect of the wire-penetrated
aperture was not taken into account. But in some
applications, wires of the electronic device inside an
enclosure will pass through the enclosure directly
through aperture without connectors. Leone and Monich
provided inductive coupling model and resonant dipole-
antenna model to study the radiation of the enclosure by
both wire and aperture [14]. Lertsirimit et al. developed
an efficient hybrid method for analyzing the coupling
to printed circuit board inside an enclosure via wire
penetration using a combination of transmission-line
analysis and full-wave solver [15]. Li solved the similar
problem by a hybrid numerical analysis method of
the partial element equivalent circuit (PEEC) and the
method of moment (MoM), and the results of the hybrid
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method were in good agreement with those of test [16].

In this paper, a reliable and efficient analytical
model is developed to calculate the SE of rectangular
enclosure with wire penetration under plane wave
illumination. The coupling of external electromagnetic
fields to an enclosure via both wire and wire-penetrated
aperture is considered. The SE at any point within
enclosure can be calculated efficiently and reliably.
Simulation results of the presented model are in good
agreement with that of the CST software over a wide
frequency range (0~2.5GHz), which verifies the validity
of the model. The effects of the length of the wire inside
and outside the enclosure, wire penetration and observation
point position as well as incident direction of plane wave
on the SE are discussed in detail based on the model.

I1. ANALYTICAL MODEL

The physical structure of a metallic rectangular
enclosure with a z-direction wire penetration is depicted
in Fig. 1. The dimensions of the rectangular enclosure
are Xe X Ye X Ze. The whole wire can be divided into two
segments, named wire A and wire B. The length of the
wire A outside the enclosure is I and the length of the
wire B inside the enclosure is lg. The radius of the wire
and aperture are ry and ra. The penetration point of the
wire is located at W(Xa, Ya, 0), and the central position of
the internal wire is located at S(Xa, Ya, 18/2). The monitor
point is located at P(Xp, Yp, Zp) Within the enclosure.

R

0 1/2lg Zp e 1z
Fig. 1. Geometry of an enclosure with a wire penetration.

The enclosure is irradiated by an oblique plane wave
with arbitrary incidence and polarization direction, as
shown in Fig. 2. The electric field strength components
of the plane wave can be described as:

E, = E,sinasin g +cosa cospsin &, 1)
E, =E,cosarcos 9, )
E, = E, cosasingsin 3—sina cos g, 3)

where Ep is the electric field amplitude, ¢ is azimuth
angle, 4 is elevation angle and « is polarization angle.
The related H-field can be calculated by:
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H=1kxE, @)
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where k is the wave vector direction vector, and 7 is the
characteristic impedance of the medium.
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Fig. 2. Definition of the plane wave.

A. Analytical model of wire

Assuming that the wire-penetrated aperture is small
enough and can be ignored, the external wire is the main
way to couple the electromagnetic energy. The coupling
of electromagnetic energy to the enclosure is achieved
by the internal wire. In order to calculate the induced
energy of the external wire, we consider the wire as
monopole antenna. For a dipole or monopole antenna,
it can be modelled as an equivalent circuit containing
frequency dependent lumped elements over a wide
frequency range [17]. The geometry and the four-element
circuit model of a dipole antenna are shown in Fig. 3.
The length and the diameter of the dipole antenna are 2h
and 2r respectively. The equivalent circuit consists of the
capacitance Co in series with a frequency dependent
resistance called radiation resistance which is formed
from a parallel connection circuit of C1, Ry and Li. The
equivalent impedance of the circuit is expressed as:

2, (io)- jo(1/C))

o, JoICR) LG -




L

A
—| |—
2r

Fig. 3. The equivalent circuit model of a dipole antenna.

The values of Ry, Co, Cy, and L; up to the full-wave
resonant frequency are given by [12]:

R ~[578.626]In(h/r)-[1675.1817] Q. (6)
C, ~[31.85]h/(In(h/r)-[0.6943]) pF.  (7)
C, ~[9.433]h/(In(h/r)—[2.458]) pF . (®)
L, ~h([119.58]In(h/r)-[147.07]) nH. ©)

where the contents in the square brackets represent
empirical values.
The effective length of dipole antenna is given by
[11]:
h(jo)=ha (e’ +2jos,-o"), (10)
where wn = 2zfn, fn is expressed as:
f, ~([7.609]In(h/r)+[9257])/h MHz,  (11)
the damping frequency o is expressed as:

h
o, zﬁ rads/s, (12)

where |he|max is:
|he| . ~h([0.7063]In(h/r)+[0.1387]). (13)

For a monopole above ground the self-impedance
and effective length is exactly half of that given by (5)
and (13) where h is the monopole length [11]. So the self-
impedance Za and Zg of the wire A and B are half of that
obtained by substituting la, Iz and rq into formula (5)-(9),
and the effective length hae of the wire A is half of that
obtained by substituting la and rq into formula (10)-(13).
Finally, the source current of the wire can be approximately
expressed as [11]:
_Eh.(jo)
S 2,42,
When the length of the internal wire is less than the
wavelength, we neglect the influence of the current
distribution of wire B and the complex coupling process
between the aperture and the wire, the wire B is
approximately equivalent to a z-direction electric dipole
inside the enclosure with dipole effective length hge and
current source |s at the central position of the internal

(14)
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wire. The electric field E in a rectangle enclosure
contributed by the electric current distributions J inside
the enclosure can be represented as [18]

E(r )_—Ja)yome (r,r)3(r')dv’, (15)

where o is the permeablllty of the medium, G is the
dyadic Green’s function, and V is the volume which
sources occupy.

The electric field components at point P(Xp, Yp, Zp),
which are excited by the z-direction equivalent electric
dipole located at the central position of the internal wire
S(Xa, Ya, l8/2), are given by [19]:

Esz (Xp, Yo Z, ) — —€om&on Ja)zuo(hBe s)

2k%(%,Y,)
o & | Ty cosk, (2,415 /2-2,)
Z‘);{ Ko SIN (K122 ) .+ (16)

I cosk_ (z -1, /2—28)}
+
Ko SIN (K Z,)

mn~e

—Eom€on ja),uo (hBe s)

2k (x,Ye)

l5/2)

© = | sink,, (z -7,-
ZZ{ sm(kmnze) (17
zp—|B/2)}
Iy /2)

D )

m=0n=0 Sm( mn “e
ze—zp—IBIZ)}

F:nnsgn(zp—l /2)sink (ze
! sin(KynZ)

mn~e

—EomEon JOMy (Mg, 1)
2k*(x.Y,)

ESX(Xp'yD’Zp):

7,500 (2, —1s /2)sink, (

sin (KpnZ, )
where

Ko = k2= (M7 /%)~ (N7 1 y,)? (19)

[( ﬂ/xe)2+(n7z/ye)z}sin(mﬂxa/xe)
» (20)

(n;;ya/ye)sm(mﬂx /X )sm(nﬂyp/ye)

r. :(n;r/ y. )sin(mzx, /%, )sin(nzy,/ y,)

_ , (21)
-sin(mzx, / x, )cos(nzy, / y,)

I, =(mz/x,)sin(mzx, /%, )sin(nzy,/y,)

, (22)

.cos(m;zxp / Xe)sin(nﬂyp / ye)

where sgn( ) represents sign function. eom and o, are
Neumann factors which can be expressed as:
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2, m=0
1 =
g =i =0 (24)
2, nx0
The electric field and SE at observation point are:
Ep =(E,)* +(E,)* +(E.) (25)

SE,, =-2010g,,|E,, / Eo|. (26)

ps

B. Analytical model of wire-penetrated aperture

When the size of the wire-penetrated aperture is big
enough, the leakage electric field from wire-penetrated
aperture cannot be ignored and need to be considered.
Here we ignore the complex coupling relations between
the wire and aperture, and the total electric field at point
P(Xp, Yp, Zp) inside the enclosure is expressed as:

E =E,+E,, (27)

where Epa is the leakage electric field from wire-
penetrated aperture without wire, as shown in Fig. 4.

Incident
plane wave
O y Incident
X plane wave
Incident o —-) v
plane wave X
y
X i
0 Z

Fig. 4. The coupling of electric fields to the enclosure via
both wire and wire-penetrated aperture.

We apply Bethe’s theory and replace the aperture
with electric and magnetic dipoles located on both sides
of the perfectly electric conducting surface which fill the
aperture [20]. The electric dipole p and magnetic dipoles
m are outside the completely closed enclosure, while the
mirrored dipoles m' and p' are inside the enclosure, as
shown in Fig. 5.

The electric dipole is normal to the plane of the
aperture, and the magnetic dipoles are parallel to the
plane of the aperture. Dipole strengths are given by [19]:

p=p=a.sEy2, (28)
m=m’=—amstcX)?—astcy§/, (29)

where & is the dielectric constant. Esc and Hsc are the
short circuited electric field and magnetic field at the
perfectly electric conducting surface in the absence of
the aperture, which are two times of the electric field and
magnetic field of the incident plane wave. For a circular
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aperture with radius of r,, the magnetic polarizabilities
amx, amy and electric polarizabilities e are given by:
a,=2r13, (30)
ot =t =4r°13.(31)

z

0 d

Fig. 5. Enclosure with equivalent dipole located at both
sides of the wire-penetrated aperture.

The electric field components at point P(Xp, Yp, Zp),
which are excited by the z-direction electric dipole inside
a completely closed enclosure located at the center point
of the wire-penetrated aperture W(Xa, Ya, 0), are [19]:

—EomEon 101 (JOOP')
EEZ(XP’yp’ZP>= : Iiz(x ;)

© T cos(kmn(zp _Ze))v (32)
'm:On:OTMW
By (%5507, ) = _gomgok"zj(% ()pr !
» o Sin(kmn(ze—zp))’ (33)
R (34)

w0 Sin(kmn(ze_zp)).
.m:On:O sin(Ky,z, )
The electric field components excited by the x-
direction magnetic dipole are given by [21, 22]:
) — EOmSOn ja)ll'lom,)(

mez(xp’yp’zp Xy

., (35)
533 r. cos(ky(z,-2,))
o ke sin(kyaZe)
mey(xp, yp’zp):%z,uomx
. (36)

. m=0n=0 Siﬂ (kmn Ze )



mex(xp,yp,zp):o, (37)
where
oo nﬂsm(mﬁxajcos(nzzya]
: . (39
[ (5
-sin
F"MNX—sm[ J (n”yaj
(39)

. {mﬁxpj {nﬂy j
-sin cos
Xe Ye

Similarly, we can easily calculate the value of Eny,
Emyy and Emyx due to the y-direction magnetic dipole.

The total leakage electric field components from the
aperture and wire at observation point P(Xp, Yp, Zp) can be
obtained by:
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The total electric field and SE at P(xp, Yy, Zp) are:
E, :\/(Etx)z +(Ey)’ +(E,)*, (43)
SE, =—20log,|E, / E,| - (44)

1Hl. EXAMPLE AND ANALYSIS

In this section, the simulation results of the proposed
model are compared with the results of the CST software
based on transmission line matrix (TLM) method
covering frequency range 0~2.5GHz. In TLM simulation,
the material of the rectangle enclosure is aluminum with
conductivity of 3.56 x 107 S/m, and the dimension of the
enclosure are Xe X Ye X Ze =300mm x 260mm x 120mm.
The wire is good conductor with a radius of 4mm.
Boundary conditions are set to absorbing boundary. We
set the plane wave as the excitation source and electric
field probes to calculate the electric field within the
enclosure. Automatic meshing is adopted, and the
accuracy is set to -80dB. Six cases are considered to

Ey = Eyo + Ey + Ep + Enps (40)  Verify the validity of the model, with various external
and internal wire length, penetration point position,
By =By +Ey +Eny + By, (41)  observation point position, incident direction of the
E,=E,+E, +E +E,, (42) plane wave and aperture radius listed in Table 1.
Table 1: Specific parameter settings
External and Internal Aperture Wire Penetration Observation Point Elevation
Case Wire Length (mm) Radius (mm) | Point Position (mm) Positions (mm) Angle (°)
(Ia, I8) la (Xa Ya) (Xp, Yo, Zp) J
1 (80, 50) 4.1 (150, 100) (150, 215, 60) 90
2 (80, 50) 4.1 (225, 140) (65, 90, 70) 90
3 (60/100, 50) 4.1 (150, 100) (150, 215, 60) 90
4 (80, 10/30) 4.1 (150, 100) (150, 215, 60) 90
5 (80, 50) 4.1 (150, 100) (150, 215, 60) 20/45
6 (80, 50) 30 (150, 100) (150, 215, 60) 90

Cases 1-5 are designed to study the coupling of
electromagnetic field to the enclosure achieved by wire.
We set the radius of the wire-penetrated aperture to
4.1mm, which is small enough to ignore the leakage
electric field from aperture. Case 6 is designed to study
the coupling of electromagnetic field to the enclosure
obtained by both wire and aperture.

For case 1, the length of the external wire A and
internal wire B are 80mm and 50mm respectively. The
plane wave travels uniformly along the negative direction
of the y-axis, with azimuth angle ¢=90°, elevation angle
9 =90°, and polarization angle a=0°. The electric field is
parallel to the external wire which is the worst case for
shielding according to the formula (14). The simulation
results of the proposed model and TLM method are
shown in Fig. 6. The results obtained from the two
methods are nearly the same, except discrepancies at low
frequency. This may be due to the neglect of the current
distribution of the internal wire and the complex

coupling process between the aperture and the wire in the
model. SE results of the enclosure with aperture radius
of 4.1mm and without wire are also shown in Fig. 6.
Comparing the results under two conditions, we can see
that the coupled electric field from the wire will lead
to a significant reduction in SE of the enclosure, for
example the reduction is 40dB at 500MHz. The leakage
electric field from aperture is very few, which prove that
we can just ignore it.

For case 2, penetration point and observation point
position have changed compared to case 1. The simulation
results of the proposed model and TLM method are
shown in Fig. 7. The comparison between two methods
demonstrates that the proposed method is applicable and
effective. Compared with the results of case 1 and case
2, it can be found that the change of penetration point
and observation point position has a little influence on
the amplitude of the SE, but some higher order resonant
modes will occur.
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g. 6. SE result of case 1.
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Fig. 7. SE result of case 2.

For case 3, the trend of SE along with change of the
length of the external wire is analyzed. Here we select
the model of case 1, and the lengths of the external wire
are 60mm and 100mm respectively. From the simulation
results shown in Fig. 8 and Fig. 9, we can see that the

proposed model and TLM method are in good agreement.

Combined with the results of case 1, we can find that
as the external wire length decreases, the SE of the
enclosure increases continuously within 1GHz. But at
frequencies higher than about 1.25GHz, the SE of the
enclosure gradually decreases with the decrease of
external wire length, as shown in Fig. 10.

80 T

=)
=]
T

—TLM 1

'''' —==Qur Model

-
>

Shielding Effectiveness(dB)
[ ]
=}

0 0.5 1 1.5 2 2.5
Frequency(Hz) x%10°

Fig. 8. SE result of case 3 (Ia=60mm).
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Fig. 9. SE result of case 3 (1a=100mm).
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Fig. 10. SE results of the enclosure with different
external wire length.

For case 4, the trend of SE along with change of the
length of the internal wire is discussed. The enclosure
model in case 1 is selected, the lengths of the internal
wire are 10mm and 30mm respectively. The simulation
results of the proposed model and TLM method are
shown in Fig. 11 and Fig. 12. Simulation results show a
good consistency between the two methods. Combined
with the results of case 1, we can conclude that as the
internal wire length decreases, the SE of the enclosure
will increase continuously, as shown in Fig. 13. In
comparison with case 3, we can find that the influence of
the internal wire on SE is larger than that of external
wire.

—
=3
<

o
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""" —-=Our Model

~ -~
— < <
T T T

Shielding Effectiveness(dB)
0
>

0 0.5 1 1.5 2 2.5
Frequency(Hz) «10°

Fig. 11. SE result of case 4 (21g=10mm).
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Fig. 12. SE result of case 4 (21s=30mm).
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Fig. 13. SE results of the enclosure with different internal
wire length.

For case 5, the influence of elevation angle on SE
under vertical polarization is discussed. The model of
case 1 is selected, here we set the elevation angles to 20
and 45 degrees. The simulation results shown in Fig. 14
and Fig. 15 show that the SE derived from the proposed
model are basically consistent with that of TLM method,
and as the elevation angle decreases, the SE of the
enclosure will increase continuously. The worst case for
shielding is when electric field parallel to the external
wire, as shown in Fig. 16.

100

80 —TLM 1

60 | ===Qur Model

40

20

Shielding Effectiveness(dB)

Frequency(Hz) «10°

Fig. 14. SE result of case 5 (Elevation angle is 20°).
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Fig. 15. SE result of case 5 (Elevation angle is 45°).
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Fig. 16. SE results of the enclosure with different
elevation angle.
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Fig. 17. Comparison of the SE results of the enclosure
with both wire and aperture and with aperture only.

For case 6, the effect of aperture is taken into
account. When the size of the aperture is big enough,
the coupling of external electromagnetic fields to the
enclosure via both wire and aperture need to be
considered. Here we select the model of case 1. The
radius of the circular aperture is r,=30mm. From the
simulation results of the proposed model and TLM
method shown in Fig. 17, we can see that the two
methods also have a good agreement and wire-
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penetration significantly reduces the SE of the enclosure,
especially at low frequency. In such a case, the SE of the
enclosure with wire and aperture is reduced by about
10dB-20dB compared with the SE of the enclosure with
aperture only at frequencies below 1.25GHz.

IV. CONCLUSION

In order to study the shielding performance of a
metallic rectangular enclosure with wire penetration,
we present a novel analytical model in this paper. The
couplings of external electromagnetic fields to the
enclosure via both wire and aperture are analyzed using
monopole antenna equivalent circuit modeling and
Bethe's theory. Various parameters such as the length
of the wire inside and outside the enclosure, wire
penetration and observation point position as well as
incident direction of plane wave are taken into account.
By this model, the SE of the enclosure with wire
penetration under plane wave illumination can be
calculated quickly and accurately over a wide frequency
range (0~2.5G). Several cases have been presented to
demonstrate the validity and accuracy of the model. The
overall simulation results of the model match well with
those of CST simulation software using TLM method,
expect discrepancies existing at low frequency. The
analysis shows that (1) the wire penetration will greatly
reduce the SE of the enclosure; (2) both the length of the
wire inside and outside the enclosure will affect the SE
of the enclosure, but the influence of the internal wire on
SE is larger than that of external wire. The SE decreases
with the increase of the length of internal wire; (3) the
condition where electric field is parallel to the external
wire is the worst case for shielding. Compared with TLM
method and other numerical algorithms, the proposed
method has higher computation speed and higher
computational efficiency, and therefore has its values on
shielding enclosure design.
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