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Abstract—Rectangular dual-cavity structure is usually used to improve the shielding eﬃciency of a
shielding chamber or to avoid the interference among the internal electronic components of the system.
In order to simplify the estimation of the shielding eﬀectiveness for a dual-cavity structure with an
aperture array, a hybrid analytical model is proposed based on Robinson’s model and Dehkhoda’s
model. In the new model, the enclosure of cavity and the aperture array are equivalent to a shortcircuited waveguide and admittance, respectively. Using this hybrid model, shielding eﬀectiveness could
be calculated eﬃciently for a common frequency band. The results of typical examples are compared
with simulation examples, and they are in very good agreement. This method provides an analytic
solution for designers to speed up the design process of a rectangular dual-cavity structure with an
aperture array.

1. INTRODUCTION
With the rapid development of the high speed integrated circuits and electronic devices in recent years,
shielding cavities are usually constructed to reduce the inﬂuence of electromagnetic interference or to
avoid the interference among the internal electronic components of the system. Shielding eﬀectiveness
(SE) is used to estimate the shielding ability of a shielding enclosure, which is the ratio of the ﬁeld
strength in the presence and the absence of the enclosure for both electric and magnetic ﬁelds.
SE estimation for an enclosure with apertures is attracting widespread interest in electromagnetic
compatibility (EMC) research area. In practical applications, considering the factors such as ventilation
and heat dissipation, dual-cavity structure is often used to improve the shielding eﬀect. Numerous
researches have been carried out previously for evaluating the SE of the shielding enclosures with
apertures, comprising numerical methods and analytical methods.
The study of numerical methods has concentrated on diﬀerent algorithms, including the method
of moments (MoM) [1], transmission-line modeling (TLM) method [2], ﬁnite-diﬀerence time-domain
(FDTD) method [3], Baum-Liu-Tesche (BLT) equation [4–7], and ﬁnite-element time-domain (FETD)
method [8–10]. It is still diﬃcult for designers to calculate the SE with the methods mentioned above
because the modelling is complex and time-consuming, especially where the accuracy is not required
strictly. The analytical method was advocated by Bethe for the ﬁrst time [11], then Robinson et al.
proposed equivalent circuit method [12]. In Robinson’s method, the box modeled by a short-circuited
length of rectangular waveguide, and the aperture was represented by a length of transmission line
shorted at ends. The subsequent extended analytical methods are mostly based on Robinson’s model.
Robinson et al. extended their method to predict the electric and magnetic shielding eﬀectiveness of a
rectangular enclosure with one or more apertures in one wall [13]. Thomas et al. improved this method
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which considered the eﬀects of the loading due to conducting planes or printed circuit board within the
enclosure [14]. Konefal et al. have extended Robinson’s model to include modes higher than TE10 [15].
Dan et al. also extended this method to make the position of the aperture arbitrary [16]. Dehkhoda
et al. presented an eﬃcient analytical and accurate model to predict the shielding eﬀectiveness of a
rectangular enclosure with numerous small apertures [17, 18]. Ren et al. simpliﬁed an aperture array
into a single aperture and applied the waveguide equivalent circuit model to calculate the shielding
eﬀectiveness of an enclosure with numerous small apertures [19]. Most of these analytical methods are
applicable only in the scenario that the size of the hole is much smaller than the wavelength. There are
also lots of researches to approach shielding enclosure problems analytically [20–22]. However, these
researches mainly focus on the case of single cavity or dual-cavity structure with rectangle enclosure,
and few researchers have addressed the problem of a dual-cavity structure with an aperture array.
In this paper, a hybrid analytical model is carried out based on Robinson’s model and Dehkhoda’s
model to predict the shielding eﬀectiveness of a dual-cavity structure with an aperture array. The
enclosure of cavity is equivalent to a short-circuited waveguide, and the aperture array is regarded as
admittance. We assume a single mode of propagation (TE10 ) for the simplest model, and the incident
wave is plane wave. Additionally, the plane wave is characterized by a voltage source and free-space
impedance in the simpliﬁed circuit. Using this hybrid model, shielding eﬀectiveness for a common
frequency band could be calculated eﬃciently. The results of typical examples are compared with the
simulation results to verify the accuracy of the model. This method has a beneﬁt that it provides an
analytic solution, for designers to speed up the design process of a rectangular double cavity with an
aperture array.
2. A HYBRID MODEL ESTABLISHED
The calculation model diagram of the dual-cavity structure as shown in Figure 1. A rectangular metal
shielded cavity with dimensions a × b × c is shown in Figure 1(a). Outer aperture array has a dimension
l1 × w1 on the cavity wall where x = 0 with the number of holes M1 × N1 , while inner aperture array
has a dimension l2 × w2 on the inner cavity wall where x = x1 with the number of holes M2 × N2 . Point
P is at the center of the enclosure of the cavity where x = x1 + x2 .
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Figure 1. The conﬁguration of the dual-cavity structure with an aperture array (a) the dual-cavity
structure is a in length, b in height, c in width, the cavity 1 and cavity 2 are x1 and c − x1 in width
respectively. Point P is at the center of the enclosure of the cavity where x = x1 + x2 . (b) The aperture
array is l in length and w in width on the wall. d is the holes diameter, dv is the and dh are the vertical
and horizontal hole distance, here dv and dh are larger than d. M and N are the number of holes in
length and height respectively.

2.1. The Aperture Array Impedance
Figure 2 shows the equivalent circuit model of the dual-cavity structure with an aperture array.
Assuming that the metal casing is composed of an ideal conductor, the electromagnetic waves incident
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Figure 2. The equivalent circuit model of the dual-cavity structure with an aperture array.
on the ideal conductor casing with the array can only enter the casing from the hole array. The incident
electromagnetic wave is equivalent to the voltage source V0 , whose impedance is the wave impedance in
free space represented by Z0 = 120π Ω. Zg1 and Zg2 are the wave impedances of the outer cavity and
inner cavity transmission modes, respectively. For TEmn mode, the enclosure
by the shorted waveguide
=
Z
/
1 − (mλ/2a)2 − (nλ/2b)2
whose characteristic
impedance
and
propagation
constant
are
Z
gmn
0

and kgmn = k0 / 1 − (mλ/2a)2 − (nλ/2b)2 . Here we consider TE10 in which m = 1 and n = 0 for
estimating the SE in most simpliﬁed situations.
According to the Dehkhoda’s model [17, 18], the enclosure of cavity and the aperture array are
represented by a short-circuited waveguide and admittance, respectively. The shunt admittance Yap of
aperture array in a metallic inﬁnite ﬂat plate as showed in Figure 1(b) is

 ∞ ∞ 

2
  ε2
3dh dv λ0
288
ε
m
n
n
+j
+ 2
(1)
J12 (x)
Yap /Y0 = −j
πd2
πλ0 d2 m=0 n=0 d2v
dh
where λ0 is the free-space wavelength, Y0 the intrinsic admittance in the space, d the holes diameter,
and dv and dh are the vertical and horizontal distances of holes, respectively. Here assuming that
both dv and dh are larger than d. J1 (x) is the Bessel functions. The second term in the right side of
Equation (1) can be ignored under circumstance that dv , dh , and d of the holes are much less than the
wavelength. In this way, the impedance of aperture array in an inﬁnite ﬂat plate could be represented
by Zap = 1/Yap , and the aperture array impedance in the ﬁnite large cavity shown in Figure 1(b) is
obtained by Equation (2)
l×w
(2)
Zs = Zap
a×b
Thus, the outer aperture array impedance Zs1 and the inner aperture array impedance Zs2 can be
calculated as follows,
⎧
l1 × w1
⎪
⎨ Zs1 = Zap
a×b
(3)
l
⎪
2
⎩ Zs2 = Zap × w2
a×b
2.2. Electric Shielding Eﬀectiveness
For outer cavity which is region 1 in Figure 1(a), the equivalent voltage V1 and impedance Z1 at the
ﬁrst layer hole array are obtained by Thevenin’s theory.
⎧
Zs1 V0
⎪
⎪
⎨ V1 = Z + Z
s1
0
(4)
⎪
Z0 Zs1
⎪
⎩ Z1 =
Z0 + Zs1
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Then due to the TML theory, the voltage and impedance at the left end of the inner cavity array
can be represented by Equation (5).
⎧
V1
⎪
⎪
VL =
⎪
⎪
Z1
⎪
⎪
cos(kg x1 ) + j
sin(kg x1 )
⎪
⎨
Zg
(5)
⎪
Z1 + jZg tan(kg x1 )
⎪
⎪
ZL =
⎪
⎪
Z1
⎪
⎪
1+j
tan(kg x1 )
⎩
Zg
Similarly, the equivalent voltage and equivalent impedance at the second layer hole array are
⎧
Zs2 VL
⎪
⎪
⎨ V2 = Z + Z
L

s2

(6)

⎪
ZL Zs2
⎪
⎩ Z2 =
ZL + Zs2
Hence the equivalent voltage and equivalent impedance at the left of point P are
⎧
V2
⎪
⎪
V3 =
⎪
⎪
Z2
⎪
⎪
cos(kg x2 ) + j
sin(kg x2 )
⎪
⎨
Zg
⎪
Z2 + jZg tan(kg x2 )
⎪
⎪
Z3 =
⎪
⎪
Z2
⎪
⎪
1+j
tan(kg x2 )
⎩
Zg

(7)

The impedance of the right wall of the inner cavity is equivalent to the right of point P as
Z4 = jZg tan [kg (c − x1 − x2 )]

(8)

Finally, the voltage at point P is obtained by Thevenin’s theory.
VP =

V3 Z4
Z3 + Z4

(9)

Moreover, the load impedance at point P is Z0 , and the equivalent voltage at point P is VP =
in the absence of the cavity. Therefore, the electric shielding eﬀectiveness is given by
SEe = 20 lg

VP
V0
= 20 lg
VP
2VP

V0
2

(10)

3. MODEL VALIDATION AND DISCUSSION
In order to illustrate the validity and accuracy of the presented hybrid model, we compare the results
computed by our model with that calculated by the simulation software CST. In the comparisons, some
typical examples are considered. The rectangular dual-cavity structure with a circle aperture array
used is shown in Figure 1, where a = c = 300 mm, b = 120 mm, all wall thickness t is 1 mm. Other
dimensional parameters of the typical dual-cavity structure are given in Table 1. The frequency band
is between 0 Hz and 1 GHz because most EMI always needs shielding in this range practically. The
monitor probe P is at the center of the enclosure just for validating the accuracy of the hybrid model.
The electric SE for example 1 is shown in Figure 3(a), together with the result calculated by CST.
The observation point P is the center of the enclosure of the cavity, at a height 60 mm and a width
150 mm. The number of holes is 5 × 3 in both the outer array and the inner array. The holes diameter is
10 mm, while the vertical and horizontal hole separations are both 20 mm. It can be observed that the
result of the hybrid model is in good agreement with CST simulation ones. It indicates that the resonant
frequency is about 909 MHz. The tendency of the analytical results is consistent with simulation ones.
The result of example 1 could be a comparison standard with other examples.
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Table 1. Typical examples of the dual-cavity structure with an aperture array considered.
Examples
1
2
3
4

x 1 (mm)
100
100
100
150

x 2 (mm)
50
50
50
50

M1
5
5
10
5

N1
3
3
6
3

M2
5
5
5
5

N2
3
3
3
3

d (mm)
10
5
10
10

d v (mm)
20
10
20
20

d h (mm)
20
10
20
20

Compared with example 1, example 2 changes the holes diameter and holes separations. The
result is shown in Figure 3(b), and the SE becomes larger than example 1 due to the diminishing holes
diameter. Figure 3(c) indicates that the SE gets smaller than example 1 due to the increased number
of elements in array 1. The resonant frequencies of example 2 and example 3 are also about 909 MHz
since the size of cavity is unchanged. Figure 3(d) presents the resonant frequency at about 1124 MHz,
where x = 200 mm in example 4. It can be seen that the size of the cavity changed the resonate
frequency. From Figure 3(a) to Figure 3(d), the hybrid model can predict the ﬁrst resonance point and
the tendency of SE. Clearly the hybrid model is accurate in this range of frequencies, where TE10 mode
is dominant.

(a)

(b)

(c)

(d)

Figure 3. Electric SE for (a) example 1, (b) example 2, (c) example 3, (d) example 4. Continuous line:
Hybrid model simulation. Dashed line: CST simulation.
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(a) Example 1 (909 MHz)

(b) Example 2 (909 MHz)

(c) Example 3 (909 MHz)

(d) Example 4 (1124 MHz)

Figure 4. Field distribution of the dual-cavity structure for (a) example 1, (b) example 2, (c) example
3, (d) example 4 under resonant frequencies, where TE10 mode is dominate.

The extreme point of the ﬁeld strength distribution is exactly at the center point of the inner cavity,
as shown in Figure 4(a)∼Figure 4(d). Although the ﬁeld strength distribution in the cavity is diﬀerent at
diﬀerent resonant frequencies for diﬀerent examples, the extreme point of the ﬁeld strength distribution
is always at the center of the inner cavity. According to the calculations, in the frequency range of
0–1.5 GHz, these examples have two resonant frequencies that totally meet the above conditions, where
TE10 mode is dominant. It matches the results of this paper and proves the correctness of our analytical
hybrid model once again.
In these results, however, there is a little diﬀerence between the presented model and the CST
simulation above the ﬁrst resonance frequency. One possible reason is that the aperture array is regarded
as an admittance, it might bring errors into results. The other reason is that this model only considers
the dominant TE10 mode in the enclosure, but other modes exist at higher frequencies, and it may also
lead to some diﬀerence. For instance, the array will strongly excite the TE11 and TM11 modes, and
these modes will be present at frequencies above ﬁrst resonant frequency.
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4. CONCLUSIONS
In this paper, an analytical hybrid model based on Robinson’s model and Dehkhoda’s model is proposed.
Assuming that the enclosure of a dual-cavity structure is equivalent to a short-circuited waveguide, and
the aperture array is regarded as an impedance. Then the analytical solution is obtained through
Thevenin’s theory and TML theory. It is demonstrated that the results of this hybrid model have a
good agreement with CST simulation in typical examples under the dominant TE10 mode. This hybrid
analytical model provides a fast way to get an analytic solution on the desk for designers to speed up
the design process of a dual-cavity structure with an aperture array, especially where the accuracy is
not required strictly.
Research on extending this analytical hybrid model in high TE mode and TM mode for more
accuracy solution is conducted as a next step.
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