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Abstract — A hybrid analytical method integrating the
equivalent circuit method, electromagnetic topology
theory, and the generalized BLT (Baum-Liu-Tesche)
equation is proposed. This method systematically incor-
porates plane-wave incidence-angle effects and lossy
conducting material properties and is further extended
to heterogeneous configurations such as stepped cavities
and series-parallel hybrid cascaded three-layer cavities,
thus enabling rapid yet accurate assessment of both the
shielding effectiveness (SE) and resonant behavior in
complex metallic cavities. First, a model based on equiv-
alent circuit theory is established. Next, a corresponding
signal flow graph is established using electromagnetic
topology theory, after which the generalized BLT equa-
tion is derived to compute the SE. Comparisons with
CST full-wave simulation results demonstrate that the
proposed method achieves a significant improvement in
computational efficiency while maintaining high accu-
racy. It effectively accommodates arbitrarily eccentric
apertures, aperture arrays, and arbitrary observation
points, and can rapidly and accurately predict the SE
and higher-order resonant frequencies, even at elevated
frequencies. This work provides a simple and efficient
analytical method for analyzing the SE of various het-
erogeneous and complex metallic cavities.

Index Terms - Electromagnetic topology (EMT)
theory, equivalent circuit method, general Baum-Liu-
Tesche (BLT) equation, shielding effectiveness (SE).

I. INTRODUCTION

As aviation equipment advances rapidly, the num-
ber and variety of airborne electronic devices are
increasing at an accelerating pace. These electronic
devices generate significant unintended electromagnetic
emissions during operation, giving rise to a series of
self-interference and mutual interference problems. Fur-
thermore, against the backdrop of the evolving mod-
ern warfare, various directed energy electromagnetic
pulse weapons are being developed at an unprecedented
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rate. The reliable operation of electronic devices in
complex electromagnetic environments has become a
critical factor determining the outcome of modern
warfare. Electromagnetic shielding is a key means of
achieving electromagnetic protection. Its core principle
involves using shielding structures to reflect and absorb
electromagnetic energy, thereby effectively blocking
electromagnetic radiation coupling pathways. Shielding
effectiveness (SE) is typically evaluated by measur-
ing the reduction in electromagnetic field strength at
an observation point with and without the shielding
structure. However, in practical applications, due to
constraints imposed by manufacturing processes, signal
transmission requirements, ventilation and heat dissipa-
tion requirements, shielded cavities inevitably contain
certain apertures and gaps, such as cable feedthrough
apertures, ventilation openings, and display windows.
The existence of these apertures and gaps significantly
degrades the shielding performance, creating pathways
for radiation coupling that allow external electromag-
netic fields to penetrate the cavity, thereby interfering
with or even damaging the cavity’s internal components.
Therefore, investigating the electromagnetic shielding
performance of metallic cavities is vital for guaranteeing
the reliable functioning of airborne electronic systems.
Currently, research methods for addressing metallic
cavity shielding issues are broadly classified into numer-
ical, analytical, and experimental approaches. Numer-
ical methods include the finite-difference time-domain
method [1], transmission line matrix method [2], and
method of moments [3]. While these methods can
achieve high-precision computational results through
accurate modeling of cavity structures, they demand
significant computational resources and time costs. Ana-
lytical methods primarily include the small aperture
coupling theory [4], the equivalent circuit method [5, 6],
and the Baum-Liu-Tesche (BLT) equation method [7].
These methods offer distinct advantages such as high
computational efficiency and a streamlined modeling
process, enabling rapid analysis and evaluation of the
SE and resonant characteristics of metallic cavities.
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In recent years, significant advancements have been
made in extending Robinson’s classical equivalent cir-
cuit model and the BLT equation method. Researchers
have further refined the circuit model, thereby extending
the prediction method to higher-order modes over a
broader frequency range [8]. However, this approach
remains limited to single-cavity structures and does not
adequately clarify its applicability to complex multi-
stage cascaded cavities. Further extensions have been
applied to cavities featuring aperture arrays and two
cascaded double-layer cavities [9, 10]. Although some
of these studies have considered the influence of incident
wave angles and the adaptability to double-layer struc-
tures, they still fail to resolve the challenges for irreg-
ular multi-stage cascaded cavities. An extended hybrid
analytical model has been put forward that considers
the effects of central, eccentric apertures, higher-order
modes, and aperture arrays in multi-cavity structures
[11, 12]. However, reference [11] only considers the
configuration of aperture arrays. Reference [12] only
analyzes resonant characteristics in the low-frequency
range (O~1 GHz) and did not extend to higher-order
resonant behavior at higher frequencies. Furthermore,
studies on irregular cavities also focus on low-frequency
(0~1 GHz) resonances and do not examine the effects
of eccentric apertures and arbitrary observation points
[13, 14]. Additionally, studies on complex cavity struc-
tures with internal sub-cavities do not consider aperture
array effects or high-frequency higher-order resonant
responses [15]. In summary, existing research still has
the following main limitations: (a) Most methods do
not systematically consider the impact of plane-wave
incidence-angles on SE; (b) There is a prevalent assump-
tion that cavities are ideal conductors, neglecting the
practical effects of lossy conducting materials; (c) The
majority of studies focus on simple single-cavity and
regular multi-cavity structures, lacking targeted analyses
for irregular and complex multi-stage cascaded cavities;
(d) Some works only address fundamental mode reso-
nance and SE in low-frequency ranges, lacking in-depth
exploration of higher-order resonant characteristics at
high frequencies.

This paper presents a hybrid analytical method
that integrates the equivalent circuit method, electro-
magnetic topology theory, and the generalized BLT
equation. This method systematically incorporates two
key factors, namely plane-wave incidence-angle effects
and lossy conducting material properties, and is further
extended to stepped cavities and series-parallel hybrid
cascaded three-layer cavities. The method enables rapid
and accurate evaluation of the SE and high-frequency
higher-order resonant characteristics of lossy, com-
plex metallic cavities with eccentric apertures, aperture
arrays, and arbitrarily positioned observation points.
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First, a refined equivalent circuit model of apertured
cavities is constructed based on equivalent circuit theory.
Subsequently, using electromagnetic topology theory, a
corresponding signal flow graph is established to charac-
terize the propagation and coupling mechanisms of elec-
tromagnetic fields, which culminates in the derivation of
the generalized BLT equations. Finally, the equivalent
circuit method is reintroduced to calculate the SE.

II. THEORETICAL DERIVATION OF THE
ANALYTICAL METHOD

This section presents the theoretical foundation of
the hybrid analytical method for evaluating the SE of
shielded cavities, which is further extended to stepped
cavities and series-parallel hybrid cascaded three-layer
cavities.

A. Modeling of shielded cavities

The geometric model of the rectangular metallic
cavity is illustrated in Fig. 1. The cavity has dimensions
of axbxd. The aperture, with dimensions of Ixw, is
centered at (xg,yo). The coordinates of an arbitrary point

P are (xp,yp,2p)-

Fig. 1. Apertured shielded cavity under plane-wave
excitation.

The incident electric field E can be decomposed
into the x, y, and z components [16]. The analytical
expressions for these components are given by:

E = &(cos@siny —sin@cos O cos ¥)Ey
+ ¢ (sin O cos W) Ey
— 2(cos@cosOcosy +sin@siny)Ey
= .’f}FpXE() +ﬁprE0 +£FPZE0' (1)
The amplitude of the electric field E is denoted

by Ep, and the constant terms of E are defined by the
polarization factors Fj,y, Fpy, and F,;.



The propagation vector f3 is given by:

B =—&(singsin6) By — g(cos0) Py
— 2(cos @sin )y
= fﬁE'xﬁO + QE'yﬁO + 2E’zﬁ0- 2
Here, the constant terms in each direction are
defined by the incident factors Fjy, Fiy, and Fi;.

The equivalent circuit for an apertured shielded
cavity is shown in Fig. 2.

Fig. 2. Equivalent circuit for apertured cavity under
plane-wave excitation.

The voltage Vj represents the incident plane-wave’s
equivalent voltage source, Zy denotes free space’s char-
acteristic impedance, while Z, denotes the characteristic
impedance, and k, denotes the propagation constant. The
voltage at point P is denoted by V; .

Assuming that the cavity is made of an ideal
conductor, the equivalent impedance of the aperture is
expressed as:
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Here, C,, is the aperture position factor.
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When the cavity is made of lossy conducting mate-
rials, the equivalent impedance is modified to:
. kol
1 1 21+ jZostan =~
5 bmlos 11> (®)
2 a Zos + jZp tan 7§

zL:(Hj),/‘;’—”. ©)

Here, Z; denotes the characteristic impedance of the
cavity made of lossy conducting material.

For an array of n apertures, the total equivalent
impedance is defined as the sum of the equivalent
impedances of each individual aperture.

Zap =

n
Zap =Y Zupi (10)
i=1

B. Establishment and solution of the generalized
BLT equation

The shielded cavity signal flow diagram is presented
in Fig. 3.
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Fig. 3. Shielded cavity signal flow diagram.

Here the nodes Ji, J, J3, and J4 correspond to
the external observation point, the aperture, the internal
observation point, and the cavity bottom, respectively.
The paths Ty, T», and T3 represent distinct energy trans-
mission channels, Vi* and V'™ denote the incident
voltage and the reflected voltage, respectively.

The generalized BLT equation for determining the
target voltage is expressed as:

V=(U+p)T-p)'s. (11)

In the scattering matrix, the reflection coefficient p;
is zero, while p», p3, and p4 are expressed as:

Yo—Y, —Yap 2Y,
YO+Yg+Yap Y0+Yg+Yap
2= 2% Yo—Yo—Yap |
Y0+Yg+Yap Y()+Yg+Yap
0 1 Zp—Z,
= = . 12
el e (Gz) @

Here, Yy is the free space admittance, Y, is the
cavity admittance, and Y, is the aperture admittance.
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Assuming the cavity is made of an ideal conducting
material, the characteristic impedances for TE modes
and TM modes in a rectangular waveguide, denoted as
ZgE and Z;,FM, and the k, within the cavity are defined as
follows:

ZI® = 2y/\/1 ~ (mA /20)? — (nA. /2b)?

ZM = 20\ /1= (mA /200 = (n2 /26, (13)

ke =koy/1 — (mA/2a)2 — (n2./2b)%.  (14)

For a cavity made of lossy conducting materials, the
characteristic impedance and propagation constant of the
cavity are expressed as:

Zg" = Zoko kg
ZM = Zokg ko, (15)
kg =—Jv, (16)
r=-k-(1-)8

(17)
ke = /12— K2, (18)
keo = \/ K2+ k3, (19)
mn nmw 1
kx—77 ky 3 5—W- (20)

Here, k; is the phase constant, k. is the cutoff wave
number, &y, and &y, are the Norimura coefficients, and
0 is the skin depth.

The propagation coefficients I';,I">, and I'5 in the
propagation matrix are given by:

0 efkodi 0 eikeda
1—‘1 = |:ejk0d1 0 :| ) FZ - |:ejkgd2 0 5

ejkgd3:|

0
;= ijg o 5y Q1)

The excitation source S is expressed as:

S = [0.5Vpefkodit —0.5Vei0d2 0 0 0 0] .
(22)
Here, the sum of dq; and d1; is equal to d;.
According to equation (11), voltage V;, = V33. The
specific expression for the TE mode voltage response
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component is given by:
pr = _prE‘z%thCpx
TE
Epy = FpyFirVipCpy
TE
E, =0. (23)

Here m # 0, and the position coefficients C),, and
C), of the observation point are expressed as follows:

mnx, . NmWy
Cpx = cos —~ sin —=L
b
. mTx nmwy
Cpy = sin P cos T” 24)

The specific expression for the TM mode is written
as:

bm
™
pr = FPXFiZEVfPCFX
™
Epy" = FpyFirVipCpy
2

bk
™ 0
EM = —F,.F, —m;(g Vip1Cpe.- (25)

Here m # 0,n # 0,V;,1 is the maximum voltage
response of the observation point in TM mode. The posi-
tion coefficient C),, of the observation point is given by:

Cp; =sin (mzx,,) sin (%) . (26)

As shown in equations (27) and (28). The total
voltage is obtained by:

EPx = Z (E;E+E;)lc\/l)

m,n
Epy = Z (EIT)E +E;yM)
m,n
Ep.=Y EM. (27)
m,n

Eow = \/E%+E2,+E2. (28)

Without the shielded cavity, the voltage at the obser-
vation point is expressed as:

1 .
Ep= 5Voe—Jko (dipti+dy) (29)

Therefore, the SE can be calculated using equa-
tion (30).

E
SE = —201g"°“‘l . (30)

Epo
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C. Extension of analytical methods

This section extends the aforementioned methods to
calculate the SE of stepped cavities and series-parallel
hybrid cascaded three-layer cavities.

1. Stepped cavity

The geometric model of the stepped shielded cavity
is shown in Fig. 4, where the heights of cavity 1 and
cavity 2 are denoted by b; and b,. The equivalent circuit
model and signal flow diagram corresponding to this
configuration are shown in Figs. 5 and 6.
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Fig. 5. Equivalent circuit for stepped cavity.
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Fig. 6. Signal flow diagram for stepped cavity.

Here, the node J4 represents the stepped structure.
The corresponding scattering matrix p4 is given by:

Yoo —Yo— Yy 2Ye
) Yoo +Yp+Ys Yo+Yep+Ys 31
4 = .
2Yg1 Yoo —Yo— Y4

Yo +Yp+Ys Ya+Yo+l

Here Y,; = 1/Zg and Yy = 1/Z, are the admit-
tances of electromagnetic waves propagating in the

cavity 1 and cavity 2, respectively, and Yy = 1/Z4
is the admittance of the stepped structure, which is
expressed as:

. —ihZa [ 1-0 (1+a %(“T“)Jrg
YT T 4, 40 \1-« Al
(32)
OCZbg/bl, (33)

20 ] /1 (261 /) 2
A:<1+a> (2b1/2) '1+3062’ 4

o) 1= (aba)* 179

R = AN 1= (/2002 — (/2622 (35)

The voltage at P and P> can be calculated as V;p1 =
V33 and Vi = (b1/bs) - Vss. Similarly, the SE of the
stepped cavity can be determined using this proposed
hybrid analytical algorithm.

2. Series-parallel hybrid cascaded three-layer cavity

The geometric model of the series-parallel hybrid
cascaded three-layer cavity is shown in Fig. 7. Cavity 1
has a height of b, while cavity 2 and cavity 3 are arranged
in a parallel configuration, with heights of b; and b,. The
corresponding equivalent circuit model and signal flow
diagram are shown in Figs. 8 and 9.

_J
by—ra—b >

T

B
»

Fig. 7. Geometric modeling for series-parallel hybrid
cascaded three-layer cavity.

0

T
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I'p,

Fig. 8. Equivalent circuit for series-parallel hybrid cas-
caded three-layer cavity.



1121

¥ “'T' -
Js Ts Js
¥ - -

v e v v v o T ’
- - —— - V.‘“' - i -
JOT( V)T L) T (s B (e W
- - n = Ay pine

et > - pret J{.\wb ",,.m H l,.u.b "[,\w T e
- d, e e - lo T ¥

1 3 v o ~ %

g B

Fig. 9. Signal flow diagram for series-parallel hybrid
cascaded three-layer cavity.

In the signal flow diagram, node J4 represents the
two apertures of cavity 2 and cavity 3 and is modeled as
a three-port network. Node J5 corresponds to the obser-
vation point P, in cavity 2, while node Jg represents the
bottom of cavity 2. Similarly, node J7 corresponds to the
observation point P3 in cavity 3, and node Jg represents
the bottom of cavity 3. The calculation method for the
scattering matrices associated with each node remains
unchanged. The scattering matrix ps corresponding to
node J4 is given by:

St Sk Sh
P4 = Sgl Séz 533 ) (36)
53 S, Sh
St = (Y1 Vs + Yt Yaps + Yt Yapr + Vi Vo
—Y3Ygo — YoupaVo — YapoYes — YapoYap3) /Yia,

(37)
St = 2(Ya1Yes + Y1 Yap3 )/ Ya, (38)
Sts = 2(Yg1 Yeo + Y1 Yupa) /Yo, (39)

S3 = 2(Ye1 Yoo + Yer Vo3 + YerVap3) /Yea,  (40)
32 = (Ye1Ye2 + Yo Y3 + Ye2Yaps — Y1 Yapa
—Ye3Yup — YapoYup3 — Yo1 Yaps — Yg1Ye3) /Yia,
41)
8§33 ="5% =0, (42)

St = 2(Ye1Ye3 + YerYes + Ye3Vap2) /Y, (43)

Sty = (Vo1 Vo3 + Yer Vo3 + Y3 Vapo — Vo1 Yups
— Yoo Yups — Yo1Yups — Yo1Yer — YupoYup3) [ Yia,
(44)
Yia = Yo Yoz + Y1 Yaps + Yo1 Yopo + Y1 Yo
+ Y2 Y3 + Y2 Yup3 + YeaYapo + Yapo Yaps.
(45)

Here Y1, Yy, and Y3 represent the admittances of
electromagnetic waves propagating in cavity 1, cavity 2,
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and cavity 3, while Y, and Y3 denote the admittances
of the apertures in cavity 2 and cavity 3.

The propagation coefficients, denoted by I'y, I,
and I'z, are the same as those previously described, while
the expressions for I'4 and I's are:

[0 0 ekeds 0 0 0 1
0 0 0 0 0 elkads
elkads 0 0 0 0
=10 00 0 0 ek o |
0 0 0 ekads 0 0
0 ekeds 0 0 0 0 |
0 elkgad
[s= kad ] (46)

Here kg and kg3 denote the propagation constants
in cavity 2 and cavity 3.

The voltage at P is V1 = V33, the voltage at P
is Vipo = (b/b1) - V5, and the voltage at Ps is V;p3 =
(b/by) - V77. Similarly, the SE of the series-parallel
hybrid cascaded shielded cavity can be calculated using
this proposed hybrid analytical algorithm.

III. NUMERICAL VERIFICATION

To validate the hybrid analytical method proposed
in this study, several cavity models were designed to
perform numerical verification of the SE. Comparisons
and analyses between the results of the proposed method
and those from CST simulations were carried out to
confirm the reliability of this method.

The cavity models were fabricated from a lossy
conducting material with a magnetic permeability of
1.26x107® H/m and an electrical conductivity of
3.56 x 107 S/m. The thickness of the walls was set as
t =1 mm. The incident plane-wave angles were speci-
fied as y = 0°, ¢ = 0°, and 8 = 90°, whereby the wave
is incident perpendicularly to the aperture plane along
the —z direction. The frequency range investigated spans
from 0.1 to 3 GHz. The cavity dimensions, aperture
dimensions, aperture positions, and observation point
positions used in the models are summarized in Table 1.

Figure 10 presents the results for Case 1, the
observation point lies at the top-left corner. The results
demonstrate that the method enables accurate prediction
of SE at eccentric locations, with excellent agreement
between the analytical approach and CST simulations.

Figure 11 presents the results for Case 2, the aper-
ture configuration consists of a 3x3 eccentric square
aperture array. Due to the increased complexity of
the aperture geometry, more modes must be consid-
ered compared to a single aperture, which results in
additional resonance peaks. The analytical results from



Table 1: Parameter settings for calculation cases
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Case No. | Cavity Dimensions (mm) Aperture Dimensions (mm) Aperture Observation
Positions Point
(mm) Positions (mm)

1 320 x 160 x 260 40 x 20 (160,80) (55,140,85)

320 x 160 x 260 3 x 3 array, Each aperture:20 x20, (60,65) (225,140,255)
Spacing:4

3 gxg ; ggg i Bg i ;ig 40 x 20 (200,60) |  (45,90,155)
Cavity 1: 300 x 130 x 130 | 2 x 2 array, Each aperture:20

4 Cavity 2: 300 x 120 x 240 | %20, Spacing: 4 (212,72) (150,60,120)

5 Cavity 1: 300 x 120 x 160 | 40 x 20 (150,60) | P,(150,60,165)
Cavity 2: 300 x 60 x 100 | 40 x 20 (150,90) | P»(150,90,65)
Cavity 3:300 x 60 x 100 | 40 x 20 (150,30) | P3(150,30,65)

= = = Presented Model

Shielding Effectiveness(dB)

05 1 15 2 25 3
Frequency(GHz)

Fig. 10. SE results of Case 1.

100

= = = Presented Model
csT
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60

Shielding Effectiveness(dB)

20 F

-40 .
05 1 15 2 25 3
Frequency(GHz)

Fig. 11. SE results of Case 2.

the proposed method exhibit a high degree of agree-
ment with CST simulation results in both amplitude
and resonant frequencies. These results demonstrate
that the proposed method can accurately address both
central aperture and eccentric aperture array configu-
rations, enabling reliable calculation of SE and iden-
tification of resonant points for eccentric observation
points.

Figure 12 presents the results for Case 3 of the
stepped cavity. In this case, the eccentric aperture is situ-
ated at the bottom-right corner. The results derived from
the method proposed herein display strong consistency

= = = Presented Model
ST

Shielding Effectiveness(dB)

05 1 15 2 25 3
Frequency(GHz)

Fig. 12. SE results of Case 3.

100 T T
= = = Presented Model
80
60

40

20

Shielding Effectiveness(dB)

0

20 L L
05 1 15 2 25 3

Frequency(GHz)

Fig. 13. SE results of Case 4.

with CST simulation results in both amplitude and
resonant frequencies, which effectively validates the
accuracy of the method when extended to stepped cavi-
ties with eccentric apertures.

Figure 13 presents the results for Case 4 of the
stepped cavity, The aperture configuration consists of a
2x2 eccentric square aperture array, with the observa-
tion point situated along the central axis of Cavity 2.
These results demonstrate that this method can accu-
rately predict the SE for stepped cavities with eccentric
aperture arrays, which further confirms its applicability
to complex aperture configurations.
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Fig. 14. SE results of Case 5 point P;.
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Fig. 15. SE results of Case 5 point P».
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Fig. 16. SE results of Case 5 point P;.

Figures 14, 15, and 16 present the results for Case 5
of the series-parallel hybrid cascaded three-layer cavity,
findings from the proposed method exhibit strong agree-
ment with CST simulation results in both amplitude and
resonant frequencies, indicating that the method is suit-
able for calculating the SE of complex cavity structures.
However, as the frequency increases, the discrepancy
between the calculated and simulated results becomes
more pronounced, though the overall trend remains
consistent. Additionally, since cavity 2 and cavity 3 are
arranged in parallel, their SE and resonant frequencies
are identical if their aperture sizes and observation point
positions are the same. Furthermore, the inner cavity
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exhibits resonances corresponding to those of the outer
cavity. This is attributed to the higher energy levels in
the outer cavity at its resonant frequencies, which, when
coupled to the inner cavity, cause a reduction in the SE
in the inner cavity at those frequencies.

All numeric calculations were carried out on one
computer, fitted with Intel Core i3-10110U CPU @2.10
GHz and 8 GB of RAM. The proposed hybrid analytical
method took no more than 20 seconds per calculation,
whereas the corresponding CST simulations took more
than 20 minutes. This substantial reduction in com-
putation time highlights the distinct advantage of the
proposed method in terms of computational efficiency.

IV. CONCLUSION

This paper presents a hybrid analytical method that
integrates the equivalent circuit method, electromagnetic
topology theory, and generalized BLT equations, while
systematically accounting for plane-wave incidence-
angle effects and lossy conducting material properties.
The approach enables rapid evaluation of both the SE
and the resonant behavior of lossy metallic cavities.
Compared with the results from CST simulations, the
method exhibits excellent performance in both accuracy
and computational efficiency. By introducing aperture
and observation point position factors, the method is
applicable to arbitrarily eccentric apertures, aperture
arrays, and arbitrarily positioned observation points.
Even at elevated frequencies, the method can quickly
and accurately predict the SE and higher-order resonant
frequencies. Furthermore, the proposed hybrid analyti-
cal method has been successfully extended to various
complex cavity structures, including stepped cavities
and series-parallel hybrid cascaded three-layer cavities,
thus demonstrating its broad applicability for SE analy-
sis in complex cavity configurations. This work provides
a simple and efficient approach for SE calculations in
complex shielding structures, and numerical validation
via CST simulations has confirmed its efficacy. Future
work will focus on experimental validation to further
corroborate these numerical findings.
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