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Abstract — A fast analytical method has been proposed
for predicting the shielding effectiveness (SE) and reso-
nances of an apertured enclosure with an interior enclo-
sure. Under the concept of electromagnetic topology, the
monitor point and the walls are treated as nodes, and the
space between them is treated as tubes. The propagation
relationships at tube level and reflection relationships at
node level are derived as the propagation matrix. After
modeling the front wall of the interior enclosure as a
junction between two waveguides, an equivalent circuital
model of the enclosures is derived. The front wall and the
window structure in front of the adjacent space of the in-
terior enclosure are considered as a three-port scattering
matrix. Then we can use the extended BLT equations to
calculate the voltage response at each node. Results from
the proposed method are compared with those from the
numerical method, and the results have a good agreement
while it can dramatically save calculation time.

Index Terms - aperture coupling, general Baum-Liu-
Tesche equation, Shielding effectiveness

L. INTRODUCTION

Nowadays, because electronic devices contain a lot
of high sensitive and valuable electronic devices, in-
cluding processors, field-programmable gate arrays, and
other chips, they may often become victims of electro-
magnetic interference.

Electromagnetic shielding is one of the most widely
used techniques to protect valuable electronics. The per-
formance of a shielding enclosure is quantified by its
shielding effectiveness (SE), in which means the ratio of
the electric field is compared at a monitor point without
and with the enclosure [[1]].

The calculation methods for shielding effectiveness
(SE) of shielding enclosure mainly includes numeri-
cal methods and analytical methods, including finite-
difference time-domain method [2]], method of moments
[3, 4], transmission line matrix (TLM) method [5], and
finite element (FEM) method [6]. Numerical methods
can handle complicated structures but need a lot of time
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to set up model and always consume more computational
resources.

The analytical formulations have many simplifica-
tions and approximations in the calculation process, but
also have a much higher calculation efficiency and input
parameters are more concise. For instance, in the Robin-
son’s method [7, 18], the rectangular enclosure is modeled
by a short-circuited rectangular waveguide and the aper-
ture is represented by a coplanar strip transmission line.
However, the equivalent circuit models mentioned above
can barely handle complex enclosure structures.

Electromagnetic topology (EMT) provides a useful
tool to study the coupling problems of complicated elec-
trical systems, which treat the complex interaction prob-
lem as smaller and more manageable problems [9]. By
applying the EMT concept, the Baum-Liu-Tesche (BLT)
equation can be derived to calculate the voltage and cur-
rent responses at the nodes of a general multiconductor
transmission-line network. The extended BLT equation
can deal with the voltage and current at all junctions
[LO} [11]]. After transforming the enclosure and aperture
into nodes, we can use BLT equation to calculate the SE.
Adding another layer of shielding can markedly improve
the SE [12+14]. For this reason, the cascaded enclosures
have been widely discussed and studied [15H17l], but cas-
caded enclosures will increase physical space. An in-
terior enclosure can also offer another layer of shield-
ing, consequently, the SE will be effectively increased.
Compared to cascaded enclosures, the interior enclosure
needs less space and can also be used to improve SE.

In this paper, we propose an electromagnetic
topology-based method to predict the shielding effective-
ness for an apertured enclosure with an interior enclo-
sure. The SE can be predicted fast and accurately over a
wide frequency range by this method.

II. ELECTROMAGNETIC TOPOLOGICAL
MODEL
The geometry of the apertured enclosure with an in-
terior enclosure on the bottom tail-end illuminated by an
external plane wave is shown in Fig. [I| The overall size
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Fig. 1. Apertured enclosure with an interior enclosure on
bottom tail-end and the coordinate system, all apertures
are positioned centrally in the walls.

of the enclosure is a X b X d mm, and the size of the in-
terior enclosure is a X by X dy mm.

The size of the aperture on the front wall and inte-
rior wall are / X w and I, X w, respectively, and its central
point locates at the center of the wall. Additionally, the
monitor point P inside the enclosure has the coordinates
of (xp,yp,2p). In this paper, we divided the inner struc-
ture of the mentioned enclosure in Fig. [I]into three part:
the space 1 in front of the interior enclosure, the inte-
rior enclosure 2, and the space 3 adjacent to the interior
enclosure 2.

The equivalent circuit of the enclosure in Fig. [I] is
given in Fig. 2] The side wall is treated as waveguide,
then the impedance and propagation constant z, and kg
are given by:
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Fig. 2. Equivalent circuit of the enclosure.
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Fig. 3. Cross sectional view of the obstacle, the shadow
part is the front wall of the interior enclosure.
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The radiating source is represented by voltage Vg
and impedance of free space Zy = 377%2. The apertures
are treated as a coplanar strip transmission line which
shorted at each end, its characteristic impedance is given

by Gupta et al [18]:
jl

kol
Zap = Egz(,smn(%). 3)

Z,s 18 the aperture characteristic impedance:
1+ ¥/1- b)?
Zys = 1207%[In(2— (e/BFy
1— /1= (w./b)?

Since the enclosure have a thickness, when the w, <
%, we have effective width w, :

5t 4w

where t represents enclosure wall’s thickness, w is the
width of the slot.

The aperture on the inner enclosure also calculated
by Equation 3] where b is replaced by b,.

In this paper, we modeled the front wall of the inte-
rior enclosure as a junction between two different rectan-
gular waveguides, as shown in Fig.|2| when the height of
rear waveguide is nearly half of the front one, the equiv-
alent impedance can be writen as [19]:

4jbr 1= 140 1gi1/a) , 2
Y, = ! =,
Zoe " )’ *al p
A_(1+oc)m1+\/1—(2bl/itg)2_1+3oc2 )
Cl—al 1=\ 1-(2bi /A 1—0?]

where o = by /b. Figure {| gives electromagnetic topol-
ogy for the enclosure shown in Fig. I} Node N; repre-
sents the monitor point in free space, and nodes N3, Ns,
N7 denote monitor points Pj, P, and P; inside the sub-
enclosures respectively. The aperture on the front wall
is represented by nodes N,, he aperture on the interior
wall and the window are represented by node Ny as a
three ports network, and the shorted end of enclosure 2
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Fig. 4. Signal flow graph of the enclosure.

and space 3 is represented by Ng, Ng. The monitor point
N; in free space and shorted ends Ng,Ng are equiva-
lented by a one-port network. Tube 1 denotes the elec-
tromagnetic wave propagation in free space, while Tube
2, Tube 3, Tube 4, and Tube 6 are the wave propagation
between the monitor points and the apertures/window
in sub-enclosures. Tube 5 and Tube 7 denote the wave
propagation to the short end of enclosure 2 and space
3 respectively.
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The extended BLT equation can be expressed as
[LO]:

V=(E+S)x m—8)" ! xVj, (7
where V is the voltage response matrix, E is the unit ma-
trix, S is the scattering parameter matrix, m represents the
propagation matrix, and Vg represents the source matrix.

Based on Fig. [d the propagation equation can be
given by:
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I, is the distance between -electromagnetic wave
and the aperture on the front wall; % = jko
is the phase constant of freespace. Where
gi = jkoy/1— (mA/2a;)? — (nA/2b;)%, i is the number
of the space/enclosure, d; shown in Fig. E] represent

p! =0 is the free space, and p® = p8 = —1 are the
short ends. S° , $* and S° represents p; , ps and ps:

01
P =5=5= : 10
52 can be obtained from network 77 in Fig
Yo—Ye1—Yap1 2y
2 Yo+Ye1+Yap1 Yot+Ye1+Yap1
8= 2Yy Yo —Yo—Yap1 (1 1)
YO+Ygl+Yapl YO+Yg1+Yap1

We neglect the coupling between aperture 2 and
window 1, assume that S3; = S3, = 0 then $* is:

St = (Y Yes + Y1 Yo + Y1 Yapo + Yo Yoo
—Ye3Yer — VYoo — Yupo¥e3 — Yupo o) /Y,
Séltz =2(Yg1Ye3 + YgIYW)/Yt4>

Sty = 2(Ye1Yer + Yt Yap) /1,

S31 = 2(Ye1 Yoo + Yoo Y3 + Y2 Xoy) /Y,

532 = Yo Yo +YVe3 + Y0V — Y1 Yo
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the distance between each point in the planar wave
propagation direction.

The scattering equation contains the scattering ma-
trix S is given by:
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- g3Yap2 - YapZYw - YgIYw - Yleg3)/Yt47

S31 = 2(Yg1 Y3 + Yes + YesYap2) /)

S§3 = (YlegS + YgZYg3 + Yg3Yap2 - Yglyw_
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Y = Yo Yes + Yo Yo+ YerYapr + Yo Yoo

+ Y2 Y3 + Yo Xy + Y3 Yapo + Yapo Vs
where Yy, Y,, Y,p, and Y,, are the admittances of free
space, rectangular waveguide, aperture and window re-

: 1 1 1 1
spectively, and Yy = Z’Yg = Z—g,Yap = ZP’YW =z
Then the SE at point P is calculated by SE =

—20log(V,,/ Vo).

III. RESULTS AND DISCUSSION
In this section, the enclosure with an interior enclo-
sure on bottom tail-end are performed to validate the
proposed model, the simulation results of the proposed
model are compared with the CST-MS software. The
walls of the enclosure are assumed to be perfectly con-
ducting, and their thicknesses are defined as 1 mm.

A. Verification for the apertured enclosure with an
interior enclosure on bottom tail-end

It is assumed that the dimensions of enclosure
shown in Fig. [I] are 200 mm x 120 mm x 600 mm,
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Fig. 5. Comparison between the SE result from proposed
method with result of CST for observe point 1.

by = by = 60mm, other parameter settings of case 1 are
listed in Tablem including the enclosure dimensions, the
aperture size, and the monitor point positions.

Figures [5]to [7] show the SE results of monitor point
Py, P, and P; obtained by the CST and the proposed
method, respectively. The discontinuity in the curve is
due to removing the frequency point having a term with
a zero denominator in the calculation process. It is ob-
served that the SE results given by these two methods
are match up relatively well, indicating that the proposed
model is effective in predicting the SE and resonances
of a metallic enclosure with an interior enclosure. Be-
sides, in a wide frequency range near the resonant fre-
quency of the enclosure, the SE changes dramatically,
and even appears negative values. The physical signifi-
cance of these values indicates that the apertured enclo-
sure has the worst shielding performance in this condi-
tion, and the above phenomenon should be attributed to
the resonance effect.

From the comparison between the SE results from
different enclosures, it can be seen that: (1) as a double
shield enclosure, enclosure 2 has the best shielding per-
formance; (2) a more pronounced deviation can be seen
in enclosure 2, the potential reason may be due to the
reflection and diffraction between aperture and the win-
dow structure. Such reflection are likely to have influ-
enced the results in enclosure 1. Also, the aperture scat-
tering matrix of junction N4 cannot fully consider the di-
rect electromagnetic coupling between the the aperture
of enclosure 2 and the window of space 3.

Table 1: Parametars of the enclosure

No Enclosure Aperture | Monitor point
1 200 x 120 x 300 | 60 x 10 100, 60, 450
2 200 x 60 x 300 50 x 10 100, 30, 150
3 200 x 60 x 300 100, 90, 150
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Fig. 6. Comparison between the SE result from proposed
method with result of CST for observe point 2.
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Fig. 7. Comparison between the SE result from proposed
method with result of CST for observe point 3.

B. Parameter analysis

Since the method proposed in this paper can effi-
ciently calculate the shielding effectiveness, in the fol-
lowing discussion, the proposed method is employed to
analyze the effect of dimensional variation on shielding
effectivenes.

Figure [8| demonstrates the effect of enclosure width
a on the shielding effectiveness in space 1. Except for the
enclosure width, all parameters are the same as the case
mentioned before, and the enclosure widths represented
by the three sets of curves in the Fig. [§| are 300, 320,
and 340 mm, respectively, while the observation point
is always located in the middle of the enclosure. It can
be seen that the enclosure width changes have a great
influence on the resonant point frequency and shielding
effectiveness, which will cause the frequency shift of the
resonant point. As the cavity width increases, the reso-
nant point frequency will be reduced.
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Fig. 8. Effect of enclosure width variation on shielding
effectiveness in space 1.
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Fig. 9. Effect of enclosure height variation on shielding
effectiveness in space 1.

Figure[9]demonstrates the effect of enclosure height
b variation on shielding effectiveness in space 1. Due to
the direction of the electric field of the incident wave, the
effect of height variation on shielding performance and
resonant frequency is very small.

Figure[I0]demonstrates the effect of the variation of
the rear depth d, on the shielding effectiveness in space
1. All parameters are the same as the case mentioned be-
fore except for the rear depth, and the depths d; repre-
sented by the three sets of curves in the Fig. [I0]are 240,
270, and 300 mm, respectively, while the observation
point is always located in the middle of space 1. It can be
seen that as the depth of the rear enclosure increases, the
shielding effectiveness increases at lower frequencies,
and the resonant frequency also shifts to lower frequen-
cies as the depth of the rear enclosure increases, which
leads to a decrease in shielding effectiveness in some fre-
quency bands above the cutoff frequency.
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Fig. 10. Effect of rear enclosure depth variation on
shielding effectiveness in space 1.

All the cases are computed on the same computer,
which has a 2.2-GHz Intel i7-8750 CPU. The CST takes
20 minutes to complete a 200 frequency point simula-
tion, while the fast algorithm takes no more than 0.2 s
for the same case, indicating the high computational ef-
ficiency of the fast algorithm compared with the CST
simulation.

IV. CONCLUSION

A method based on the EMT theory and BLT equa-
tion is presented to analyze the shielding performance of
an apertured enclosure with an interior enclosure illumi-
nated by an external plane wave. By modeling the front
wall of the interior enclosure as a junction between two
different rectangular waveguides, we derive a three-port
scattering matrix from describing the coupling relation
between the interior enclosure and the adjacent space.
The total electric field can be derived from the relation
between voltage response and field distribution inside
the enclosure. This method proves that the BLT equation
can handle complex enclosures by modifying the electro-
magnetic topology relationship. Several monitor points
are presented to demonstrate the validity and accuracy
of this method. The results indicate that the proposed
method has a good agreement with numerical methods
over a wide frequency range while it can dramatically
improve the calculation speed. The proposed algorithm
can be used to perform fast calculations on the effect of
enclosure dimensions on shielding effectiveness. We in-
vestigated the effect of dimensional parameters on the
shielding effectiveness of the enclosure. We found that
due to the electric field direction, the variation of enclo-
sure height can hardly affects the shielding effectiveness.
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