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Abstract—In this paper, we extend our previously published hybrid analytical model which is for
the estimation of shielding eﬀectiveness of a dual-cavity structure with an aperture array to generalize
the model for a wider range of applications. In the proposed model, the aperture array in the center,
oﬀ-center, higher-order modes, and multi-cavity structure are taken into consideration, respectively. At
last, a comparison of the results calculated by the extended hybrid analytical model with those obtained
by the simulation software CST is given. The results show that the extended hybrid analytical model for
the shielding eﬀectiveness prediction of a three-cavity structure with numerous apertures has a higher
precision and a higher eﬃciency.

1. INTRODUCTION
As the electromagnetic environment becomes more and more complex, electromagnetic compatibility
has received increasing attention to protect sensitive equipment or reduce electromagnetic leakage.
Shielding eﬀectiveness, which is usually abbreviated as SE, is used to estimate the shielding ability of
the equipment, which can be expressed as SEe = 20 lg |Eext /Eint | or SEm = 20 lg |Bext /Bint |. In order to
protect the sensitive electronic equipment from external electromagnetic waves or avoid electromagnetic
interference from the electronic components within the system, the shielding cavity especially a multicavity system is usually used to increase the shielding eﬀectiveness of electronic equipment in practical
applications. In the design process, it is essential to calculate the shielding eﬀectiveness of the multicavity system.
Considerable research has been carried out previously to obtain SE, including numerical methods,
measurement methods, and analytical methods. Numerical methods have the advantages of high
accuracy and can calculate the complex structures, such as method of moments (MoM) [1], ﬁnite-element
time-domain (FETD) method [2–4], ﬁnite-diﬀerence time-domain (FDTD) method [5, 6], Baum-LiuTesche (BLT) equation [7, 8], and electromagnetic topology [9]. The numerical methods mentioned
above are accurate and suitable to predict the SE of complex structures. Despite this, these approaches
are either complex or require much computing time. There are also many diﬀerent measurement methods
carried out to obtain SE, such as mode-tuned reverberation chamber, gigahertz TEM cell, and other
new methodologies [10–14]. SE can be obtained accurately through experiential measurements. But
the measuring platform is expensive and requires repeated measurements. Analytical methods can
intuitively estimate the shielding eﬀectiveness of the enclosure of the cavity. Most analytical methods
are based on Robinson’s circuit models up to now [10, 11], and lots of expansion of Robinson’s model have
been proposed to solve the electromagnetic shielding rectangular aperture problems [15–23]. Although
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there has been much interest in the design of a single cavity or dual-cavity structure with a rectangle
enclosure, there have been few studies considering the problem of a multi-cavity structure, especially a
three-cavity structure with numerous apertures which is common in practice system.
This paper presents a description of an extended hybrid analytical model for shielding eﬀectiveness
prediction of a multi-cavity structure with numerous apertures based on [23]. The rest of this paper is
organized as follows. The shielding eﬀectiveness of a multi-cavity structure with numerous apertures is
derived in Section 2, including the aperture array in the center and oﬀ the center, and the higher-order
modes. Section 3 gives the comparison of the results calculated by the extended hybrid analytical model
with those obtained by the simulation software CST. Besides, discussions are also drawn in this section.
Finally, Section 4 summarizes the results of this paper.
2. ANALYTICAL FORMULATION
2.1. Review of the Previous Hybrid Model of a Dual-Cavity Structure with Numerous
Apertures
A dual-cavity structure with an aperture array in the center, an aperture array in an inﬁnite ﬂat plate,
and an equivalent circuit are illustrated in Figure 1(a), Figure 1(b), and Figure 1(c), respectively. The
deﬁnition of parameters can also be seen in Figure 1, in which the incident plane wave is represented
by voltage V0 and impedance Z0 = 120π Ω, the enclosure
 by the shorted waveguide
 whose characteristic
impedance and propagation constant are Zg = Z0 / 1 − (λ/2a)2 and kg = k0 / 1 − (λ/2a)2 for TE10
mode, where k0 = 2π/λ0 . The enclosure of the cavity and aperture array are equivalent to a shortcircuited waveguide and admittance, respectively.

(a)

(b)

(c)

Figure 1. (a) The geometry of a plane-wave irradiating a dual-cavity structure with an aperture array.
A dual-cavity structure with dimensions of a × b × c and with an M × N apertures array centered.
The monitor point is at the center of the cavity 2. (b) An aperture array in an inﬁnite ﬂat plate. The
aperture array is l in length and w in width on the wall, d is the diameter of the hole, dv and dh are
the vertical and horizontal hole distance, meanwhile, dv and dh are larger than d. M and N are the
numbers of holes in length and height respectively. (c) Equivalent circuit of the dual-cavity structure
with an aperture array.
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The aperture array impedance in the ﬁnite large cavity is equivalent to admittance given
by [18, 19, 23] and can be expressed as
jπd3 l × w
(1)
3dh dv λ0 a × b
where λ0 is the free-space wavelength; d is the diameter of holes; dv and dh are the vertical and horizontal
distances of holes, respectively. Here, it should be noted that Equation (1) is correct only when dv and
dh are larger than d based on Dehkhoda’s model; otherwise, the impedance is incorrect.
Using Thevenin’s theorem thrice and the transmission-line theory twice, the equivalent voltage and
the source impedance of each layer can be given as Equation (2)∼Equation (7) [23].
⎧
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Finally, the electric shielding eﬀectiveness is given by
 


V 
 V0 
 P

(8)
SEe = 20 lg   = 20 lg 
 VP 
2VP 
Zs = Z0

2.2. Extensions to the Aperture Array Oﬀ-Centered
A position factor between the aperture and cavity can be estimated from the enforcing ﬁeld continuity
at the aperture. Based on the waveguide excitation theory, the total modal ﬁelds exactly in the aperture
(at the excitation point) must correspond to the aperture ﬁeld. For the excitation of a normal plane
wave, the coupling factor can be deﬁned as [21, 22]
 mπ
 nπ
y0 cos
z0
(9)
Ca = sin
a
b
Here, m and n are mode indices, and y0 and z0 are the positions of the center of the array.
Hence, the impedance of an arbitrarily positioned aperture array can be presented as
 mπ
 nπ

jπd3 l × w
y0 cos
z0 Z0
(10)
Zs = Ca Zs = sin
a
b
3dh dv λ0 a × b
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Then, replacing Zs with Zs , SEe of the aperture array oﬀ-centered can be obtained.
If the aperture array is not circular, such as rectangular or other shapes, the impedance of the
aperture array can be replaced by that of an equivalent circle of equal area.
2.3. Extensions to Higher-Order Modes
In the previous hybrid model [23], TE10 mode is only considered for most simpliﬁed situations.
As a matter of fact, higher-order modes may also propagate in the cavity. For this reason,
the higher-order modes propagating in the cavity should also be taken into consideration. The
characteristic impedance and the propagation constant for TE modes and TM modes can be expressed
as Equation (11)∼Equation (13) based on the waveguide theory.
TE
= Z0 /
Zgmn

1 − (mλ/2a)2 − (nλ/2b)2

(11)

TM
= Z0
Zgmn

1 − (mλ/2a)2 − (nλ/2b)2

(12)

kgmn = k0

1 − (mλ/2a)2 − (nλ/2b)2

(13)

T E , Z T M , and k
Then we substitute Zgmn
gmn into Eqs. (3)∼(6) for each set of m and n, and the total
gmn
voltage of point P can be written as
(14)
VP = ΣVPi

where VPi is the voltage of the ith set of m and n. So, the electric shielding eﬀectiveness can be given
as


 V0 


(15)
SEe = 20 lg 
2ΣVPi 
2.4. Extensions to Three-Structure Cavity
There may be more than two cavities in the actual electromagnetic system for protecting the sensitive
equipment or reducing the electromagnetic leakage. The typical cases are three-structure seriesconnected and hybrid-connected. The geometry and the equivalent circuit model are shown in Figure 2
and Figure 3. The deﬁnition of parameters can also be seen in Figure 2(a) and Figure 3(a).
For series-connection, since the three cavities have the same material, length, and width, Zg1 =
Zg2 = Zg3 = Zg , kg1 = kg2 = kg3 = kg . For hybrid connection, the three cavities have diﬀerent lengths,
so the characteristic impedance and propagation constant are not equal anymore, and they can be

(a)

(b)

Figure 2. Case 1: The geometry of the three-cavity structure with an aperture array in seriesconnection (a) three cavities are a × b × c1 , a × b × c2 , a × b × c3 , respectively. Monitor point P1
and point P2 are at the center of the cavity 2 and cavity 3 where x = c1 + x1 and x = c1 + c2 + x2 , (b)
the equivalent circuit model of series-connection.
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(a)

(b)

Figure 3. Case 2: The geometry of the three-cavity structure with an aperture array in hybrid
connection (a) the three cavities are a in length, b in height, c1 , c2 , and c3 in width respectively. Point
P1 and point P2 are at the center of the cavity 2 and cavity 3 where x = c1 + x1 and x = c1 + x2 , (b)
the equivalent circuit model of hybrid-connection.
represented by Zg1 , Zg2 , Zg3 , kg1 , kg2 , kg3 correspondingly. By the same logic with the dual-structure
cavity, using Thevenin’s theorem four times and the transmission-line theory thrice, we can get the
electric shielding eﬀectiveness Equation (16)∼Equation (17) for case 1 and case 2.


 V0 


(16)
SEeP 1 = 20 lg 
2 VP1i 


 V0 


(17)
SEeP 2 = 20 lg 
2 VP2i 
where i is the index of the set of m and n.
3. NUMERICAL VERIFICATION AND DISCUSSION
To verify the reliability and accuracy of the extended hybrid analytical method presented in Section 2,
the results calculated by the analytical method are compared with the CST results under the same
parameter conditions. A comparison of two typical structures is considered. The geometry of the threecavity structure with an aperture array is shown in Figure 2(a) and Figure 3(a). The aperture is a
circular hole, and all wall thickness t is 1 mm. Other parameters are given in Table 1. Considering the
actual design situation and the convenience of calculation, the frequency bandwidths range from 0 Hz
to 2.5 GHz. The monitor probes P1 and P2 are at the center of the cavity, where x1 = x2 = 100 mm.
The electric SE results for case 1 series-connection is shown in Figure 4(a) and Figure 4(b),
compared with the result calculated by electromagnetic simulation software CST. The monitor points
P1 and P2 are the centers of cavity 2 and cavity 3 where the height is 60 mm, and the width is 100 mm.
Table 1. Parameters for the validity of the extended hybrid model.
Region
Case 1

Case 2

Cavity
Cavity
Cavity
Cavity
Cavity
Cavity

1
2
3
1
2
3

Cavity size
a
b
300 120
300 120
300 120
300 120
130 120
170 120

(mm)
c
200
200
200
300
200
200

Holes number
M
N
5
3
5
3
5
3
5
3
3
3
5
3

Holes size
d dv
10 20
10 20
10 20
10 20
10 20
10 20

(mm)
dh
20
20
20
20
20
20

Array position (mm)
y0
z0
150
60
120
40
180
80
150
60
85
40
75
80
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(a)

(b)

Figure 4. Electric SE results of case 1 in Table 1 obtained by the extended hybrid model and simulation
software CST. (a) The electric shielding eﬀectiveness of point P1 in cavity 2. (b) The electric shielding
eﬀectiveness of point P2 in cavity 3.
All three arrays are 5 × 3 circles. The diameter of the circle is 10 mm, while the vertical distance and
horizontal separations are both 20 mm. Figure 4 shows that results calculated by the extended analytical
model are consistent with the CST simulation ones. From Figure 4(a) and Figure 4(b), it is indicated
that the resonant frequencies are about 900 MHz (TE101 mode), 1580 MHz (TE102 mode), 2313 MHz
(TE103 mode) both in cavity 2 and cavity 3 since the dimensions of the three cavities are the same. The
shielding eﬀectiveness of cavity 3 at the resonance frequency is not improved compared to that of cavity
2. The resonance frequency of TE103 mode in cavity 2 and cavity 3 should be 2305 MHz according to
the size of the structure, but a slight frequency deviation appears at this resonance frequency increased
to 2313 MHz, as a result of the increased electrical size of the arrays. The tendency of the presented
model results is consistent with that of CST.
The extreme point of the ﬁeld strength distribution is exactly at the center point of the inner
cavity, as shown in Figure 5(a)∼Figure 5(c). Due to the same size of the three cavities, the ﬁeld
strength distribution in the cavity is similar, and the extreme point of the ﬁeld strength distribution is
always at the center of these cavities. According to the calculations, in the frequency range from 0 to
2.5 GHz, it has three resonance frequencies that meet the above conditions, where TE101 , TE102 , and
TE103 modes are dominant.
Similarly, the electric SE for case 2 hybrid-connection is shown in Figure 6(a) and Figure 6(b). The
monitor points P1 and P2 are also at the center of cavity 2 and cavity 3. Their positions are at 60 mm
height, 65 mm width, and 60 mm height, 85 mm width, respectively. Cavity 3 changes the number of
holes, which is a 3×3 array. The size of the circle is the same as the series-connected one. The calculated
results are also in good agreement with the CST results. Not only do the resonant frequencies of cavity
2 and cavity 3 exist, but also the resonant frequency of cavity 1 exists, such as 707 MHz (TE101 mode),
1118 MHz (TE102 mode), 1581 MHz (TE103 mode), and 2060 MHz (TE104 mode). It can be seen from
Figure 7(a)∼Figure 7(d) that the results prove the correctness of our analytical method once again.
From Figure 4 and Figure 6, the results calculated by our model are in good agreement with that of
CST in both series connection and hybrid connection. However, due to the strong electromagnetic ﬁeld
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1.81 V/m

-1.81 V/m

(a) resonant frequency 1 (900 MHz)
1.81 V/m

-1.81 V/m

(b) resonant frequency 2 (1580 MHz)
1.81 V/m

-1.81 V/m

(c) resonant frequency 3 (2313 MHz)
Figure 5. Field distribution of the three-cavity structure for series connection at the diﬀerent resonance
frequency (a) 900 MHz, where TE101 mode is dominant, (b) 1580 MHz, where TE102 mode is dominant,
(c) 2313 MHz, where TE103 mode is dominant.

(a)
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(b)

Figure 6. Electric SE results of case 2 in Table 1 obtained by the extended hybrid model, simulation
software CST. (a) The electric shielding eﬀectiveness of point P1 in cavity 2, (b) the electric shielding
eﬀectiveness of point P2 in cavity 3.
1.56 V/m

1.56 V/m

-1.56 V/m

-1.56 V/m

(a) resonant frequency 1 (707 MHz)

(c) resonant frequency 3 (1393 MHz)

(b) resonant frequency 2 (1170 MHz)
1.56 V/m

1.56 V/m

-1.56 V/m

-1.56 V/m

(d) resonant frequency 4 (2060 MHz)

Figure 7. Field distribution of the three-cavity structure for hybrid connection at the diﬀerent
resonance frequency (a) 707 MHz, where TE101 mode is dominant of cavity 1, (b) 1170 MHz, where
TE101 mode is dominant of cavity 3, (c) 1393 MHz, where TE101 mode is dominant of cavity 2, (d)
2060 MHz, where TE104 mode is dominant of cavity 1.
when the external cavity resonates in a multi-cavity system, the ﬁeld strength coupled into the internal
cavity increases, so the shielding eﬀectiveness of the internal cavity decreases greatly at the resonance
point of the external cavity.
The resulting trend of the extended analytical model is consistent with that of the simulation
software CST, but the fact remains that a diﬀerence still exists at high frequencies. Possible reasons
are as follows: (1) We ignored the wall thickness in the presented model because Equation (1)
from [18, 19, 23] neglects the wall thickness, but the CST model has wall thickness. It might lead to errors
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of increased electrical size of the arrays. (2) It is an approximate calculation that the aperture array of
the cavity is regarded as admittance, and it cannot accurately reﬂect the propagation of electromagnetic
ﬁelds at high frequency. (3) The centerline of the cavity is at a symmetrical position where the
electromagnetic ﬁelds cancel out, so the accuracy of the presented model is slightly reduced above
1700 MHz. However, the accuracy of the model is enough for designers to speed up the design process of
a multi-cavity structure with numerous apertures, especially where the accuracy is not required strictly.
CST takes tens of minutes to analyze the SE while our model gives accurate results in several seconds.
4. CONCLUSIONS
An extended analytical model for an estimation of the shielding eﬀectiveness of the multi-cavity structure
is presented in this paper, including the aperture array oﬀ-center, higher-order modes, and threecavity structure. The SE results demonstrate that this extended analytical model is accurate at a wide
frequency range, except for a little diﬀerence at high frequencies. This method brings convenience to the
design of the rectangular shielding cavity in electromagnetic compatibility and the eﬃcient evaluation
of the SE of the system.
The veriﬁed test to validate our model will be conducted as the further work.
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