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ABSTRACT A fast and efficient analytical approach based on the extended Baum-Liu-Tesche (BLT)
equation is proposed in this paper to evaluate the external electromagnetic field coupling to transmission
lines (TLs) loaded in a metallic enclosure with apertures. The scattering matrix to describe the aperture
coupling characteristics required in the BLT equation is effectively derived based on the equivalent circuit
theory. The analytical modeling function for calculating internal modal fields coupling to TLs is investigated
and developed. Thus, the extended BLT equation can be directly employed in the assessment of current
induced at the loads of TLs in the enclosure, which is illuminated by external electromagnetic fields. Via
different case studies, the results calculated using the proposed analytical approach have been validated and
have been in a good agreement with those simulated by numerical methods. The computational efficiency,
in terms of time and memory, has also been improved much for the electromagnetic interference problems.

INDEX TERMS Aperture coupling, extended BLT equation, electromagnetic topology, field coupling to
transmission lines.

I. INTRODUCTION
With the advancement of electronics and wireless technolo-
gies, the coupling between external electromagnetic (EM)
field and transmission lines (TLs) in a metallic enclosure
with apertures becomes more critical than before [1]–[3].
On one hand, there aremore electromagnetic noises due to the
introduction of more wireless devices and electronic systems.
On the other hand, the apertures on the metallic shielding
surfaces for necessary electrical connections and ventilation
provide coupling paths between external EM fields and inter-
nal TLs. To evaluate the induced current at the loads of TLs
for electromagnetic noise mitigation, a number of endeavors
have been made either using numerical methods or analytical
approaches. The numerical methods can address complicated
configurations and offer precise results, yet are often time
consuming and computationally intensive [1], [4]–[6]. Con-
ventional analytical methods provide faster calculation and
require much less computer resources but are only applicable
for simple structures [7]–[10]. Several analytical methods
have been proposed to investigate the internal EM field cou-
pling to TLs in an enclosure, and the dyadic Green’s function
is applied to calculate the electric field [8], [9]. Some other

analytical models have been developed to determine external
EM field coupling to TLs within a cavity through apertures,
where two circuit models are built to compute the electric
field distribution in the enclosure [10]. However, these meth-
ods are not efficient for complicated configurations.

Electromagnetic topology (EMT) is an effective methodol-
ogy to analyze EM pulse coupling to complicated electrical
systems such as aircraft and satellites [11], [12]. Based on
EMT, Tesche and Butler proposed an extended Baum-Liu-
Tesche (BLT) equation for analyzing the EM field coupling
to TLs [13]. The equation allows the TLs and apertures to be
modeled together once the coupling functions and scattering
matrix at the specified nodes are obtained.

However, the scattering characteristics of the aperture cou-
pling or the electric field around the TLs had to be obtained
by using numerical methods or from measurement [12], [14].
The coupling functions for field interaction with TLs are only
applicable in a free space. Both limit the application of the
extended BLT equation.

To overcome these weaknesses, the new and effective ana-
lytical functions for modal EM fields coupling to TLs in
an enclosure (or limited space) and scattering function for
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FIGURE 1. Calculation model: (a) geometrical model, and (b) signal flow
diagram for the EM interaction geometry of (a).

aperture coupling are proposed in this study. Consequently,
the extended BLT equation could directly examine the exter-
nal EM field coupling to TLs in a metallic enclosure with-
out any aid of numerical simulation or measurement. The
calculated results agree well with those from the numerical
simulation using the commercial tool CST [15]. Meanwhile,
much less computational time and memory are consumed by
using the proposed analytical method.

II. BLT-BASED ANALYTICAL MODELING
Consider a perfectly conductive rectangular enclosure con-
taining one or multiple apertures on the front wall illuminated
by an external electromagnetic field. A lossless transmission
line of length L, which is parallel to the y-axis, is located at a
distance h away from the back wall. The TL is terminated
with the loads Z1 and Z2 located at (a/2, y1, d) and (a/2,
y2, d), respectively, as shown in Fig. 1(a). The signal flow
diagram [12] for the EM interaction geometry and the inci-
dent/reflected voltages or E-fields are illustrated in Fig. 1(b).
Nodes J1 and J4 represent the observing point and the shorted
end of the enclosure, respectively. Nodes J5 and J6 are the
terminated loads of the TLs. Note that, the load is the general
name of various components or elements that are connected
to each end of the TL. These four nodes are the conventional
nodes, which contain incident and reflected voltages and
currents (or E and H-fields). Nodes J2 and J3 are another type
of node denoted by square boxes, which contain EM field
coupling and scattering information. Node J2 stands for the
aperture coupling, while node J3 represents the modal fields
coupling to the TLs.

There are also three tubes in the signal flow diagram
(Fig. 1b). Tube 1 represents the field propagation in free

space, while tube 2 and tube 3 depict the field propagation
in the enclosure. All these propagation tubes are represented
by dashed lines. Tube 4 is a TL tube and is denoted by the
solid line. Note that the traveling wave component on each
tube i at each node j is denoted by Vi,j or Ei,j.

To apply the extended BLT equation to the whole field
coupling analysis (from external to internal), both the node
reflection relationship and the tube propagation relationship
need to be examined. In particular, the scattering matrix at
node J2 and the coupling functions at the node J3 should be
determined first.

A. NODE REFLECTION RELATIONSHIP
Considering the reflection characteristics at nodes J1, J4, J5
and J6 and the scattering characteristics at nodes J2 and J3,
the node reflection relationship is given as

[V ]ref8×1 = [ρ]8×8[V ]inc8×1 (1)

where the reflection matrix is

[ρ]=


ρ1 O1×2 O1×2 O1×1 O1×1 O1×1
O2×1 [ρ]2 O2×2 O2×1 O2×1 O2×1
O2×1 O2×2 [ρ]3 O2×1 O2×1 O2×1
O1×1 O1×2 O1×2 ρ4 O1×1 O1×1
O1×1 O1×2 O1×2 O1×1 ρ5 O1×1
O1×1 O1×2 O1×2 O1×1 O1×1 ρ6


(2)

and the incident and reflected voltages are

[V ]ref =



V ref
1,1
V ref
1,2
V ref
2,2

a3E ref
2,3

a3E ref
3,3

V ref
3,4
V ref
4,5
V ref
4,6


, [V ]inc =



V inc
1,1
V inc
1,2
V inc
2,2

a3E inc
2,3

a3E inc
3,3

V inc
3,4
V inc
4,5
V inc
4,6


. (3)

The parameter a3 is a normalized constant to make the equa-
tions of the same form involving only the unit of volts. The
matrixOi×j presents an i×j zeromatrix. The variables ρ1 = 0
and ρ4 = −1, while ρ5 and ρ6 are the reflection coefficients
of the loads. Node J3 is an ideal junction, so

[ρ]3 =
[
0 1
1 0

]
. (4)

For node J2, the scattering parameters can be derived as the
following matrix (5).

[ρ]2 =


Y0 − Yg − Yap
Y0 + Yg + Yap

2Yg
Y0 + Yg + Yap

2Y0
Y0 + Yg + Yap

Yg − Y0 − Yap
Y0 + Yg + Yap

 (5)

where Y0 is the field admittance in free space, Yg = 1/Zgmn
is the field admittance of TE and TM modes in cavity, Yap =
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1/Zap, and the aperture impedance Zap can be expressed as
follows [16]:

Zap =
1
2
jCmZ0s tan (k0l/2) (6)

where k0 is the propagation constant in free space and Cm
is the multimode modal coupling coefficient given by [17].
For multiple apertures on the same wall, the total aperture
impedance can be calculated by simply integrating all the
individual aperture impedances [18].

B. TUBE PROPAGATION RELATIONSHIP
Ignoring the radiation from the TL in the enclosure, the tube
propagation relationship can be written as

[V ]ref8×1 = [0]8×8[V ]inc8×1 − [Vs]8×1 (7)

where [Vs] = [V0 0 0 0 0 0 0 0]T and the propagation matrix
is expressed as

[0] =


[0]1 O2×2 O2×2 O2×2
O2×2 [0]2 O2×2 O2×2
O2×2 O2×2 [0]3 O2×2
O2×2 [F]1 [F]2 [0]4

 (8)

The source voltage V0 represents the external incident EM
field, and

[0]i =
[

0 eγili

eγili 0

]
(9)

where γi and li are the propagation constant and the length of
the ith tube, respectively.

[F]1 =
[
0 −F ′1/a3
0 −F ′2/a3

]
and [F]2 =

[
−F ′′1 /a3 0
−F ′′2 /a3 0

]
(10)

are the functions to describe the different modal fields cou-
pling to the TLs at the node J3. The explicit expressions of
those F functions are the key to solve the equations (7) – (9).
To achieve this, the distributed voltage source along the TLs
is first expressed as (11) based on Agrawal model [19].

Vs (ys) = Ey
(a
2
, ys, d − h

)
− Ey

(a
2
, ys, d

)
= −

∑
m

∑
n

E inc
2,3A sin

(mπ
2

)
cos

(nπys
b

)
(11)

where the coefficient A is derived as [20]

A =


√
εmεn

m
a

(
m2 b

a
+ n2

a
b

)−1/2
, TE modes

2n
b

(
m2 b

a
+ n2

a
b

)−1/2
, TM modes

(12)

where m, n = 0, 1, 2, 3 . . . , and{
εm = 1 if m = 0
εm = 2 if m 6= 0,

{
εn = 1 if n = 0
εn = 2 if n 6= 0

(13)

Additionally, there are two lumped voltage sources at the
terminals of the TLs, which are given in terms of the z-
component of the E-field (see Fig. 1 (a)) and can be expressed
as

VN = −
∫ d

d−h
Ez
(a
2
, yN , z

)
dz

= −

∫ d

d−h

∑
m

∑
n

E inc
2,3B sin

(mπ
2

)
sin
(nπyN

b

)
dz (14)

where

B = −
2π
abkg

1
tan(kg(d − z))

(
m2 b

a
+ n2

a
b

)1/2

(15)

and γg is the propagation constant of the traveling wave in
the rectangular waveguide. The variable N = 1, 2 represents
the two terminals of the TL. Only TM modes are taken into
consideration because ETE

z = 0.
Considering the voltage sources discussed above,

the source terms for the modal fields coupling to TLs in the
Agrawal model can be written as

[
S ′1
S ′2

]
=


1
2

∫ y2

y1
eγ4ysVs (ys) dys −

V1
2
+
V2
2
eγ4L

−
1
2

∫ y2

y1
eγ4 (L−ys)Vs (ys) dys +

V1
2
eγ4L −

V2
2


(16)

Finally, the F functions are derived as[
F ′1
F ′2

]
=

[
S ′1/E

inc
2,3

S ′2/E
inc
2,3

]
and

[
F ′′1
F ′′2

]
=

[
F ′1
F ′2

]
. (17)

These functions F will change correspondingly when the
TL is located along different directions. This is because only
those E-field components that are tangential to the TL con-
tribute to the distributed voltage sources and terminal lumped
sources.

C. THE EXTENDED BLT EQUATION
By combining (1) and (7), the extended BLT equation is
depicted in the summarized form for the model shown
in Fig. 1.

[V ]8×1 = ([I ]8×8 + [ρ]8×8) ([0]8×8 − [ρ]8×8)−1 [Vs]8×1
(18)

where [V ] = [V1,1 V1,2 V2,2 a3E2,3 a3E3,3 V3,4 V4,5 V4,6]T

and [I ] is an 8×8 unit matrix. Solving this extended BLT
equation will provide the voltage response at each node.

III. NUMERICAL VALIDATION AND DISCUSSION
To validate the proposed analytical approach, two configu-
rations as in [10] are studied first. The metallic enclosure
is 30 cm × 12 cm × 26 cm. The TL (radius = 0.75 mm,
length = 8 cm) parallel to the y-axis is located from y1 = 2
cm to y2 = 10 cm and terminated with a matched impedance
Z1 = Z2 = 197 � at each end. Its distance to the back
wall, h, is 1 cm. The enclosure is illuminated by a normal
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FIGURE 2. Comparison of induced currents at the load Z2 using different
methods, in the cases of (a) a single aperture, and (b) aperture array
in [10].

incident EM field in which Ey = 10 V/m (see Fig. 1). Here,
two different types of apertures are studied: one is a single
aperture with size of l × w = 6 cm× 2 cm, and another is a
3×3 aperture array of 2 cm square holes separated by 0.7 cm
in both directions x and y.
The induced currents on the load Z2 are calculated and

compared with the data in [10], which are shown in Fig. 2.
For the case of a single aperture, the current values calculated
using the proposed analytical functions and the extended
BLT equation match well with that simulated by CST, from
0.5 GHz to 2 GHz (Fig. 2a). The mean absolute error is
4.71 dB, which is better than 5.93 dB for model 2 in [10].

For the case of the aperture array, a good agreement is also
achieved (Fig. 2b). The mean absolute error of 2.79 dB using
the proposed approach is smaller than 2.93 dB for model 2
in [10] over the frequency range of 0.5 GHz to 2.5 GHz.
It should be noted that the proposed analytical approach
has taken into account the multimode field propagation and
bidirectional interaction between the external and the inter-
nal fields through the scattering matrix at the aperture cou-
pling node J2. When the frequency increases above 2 GHz,
the accuracy of the proposed method decreases. The reason is
that the accuracy of aperture admittance calculation based on

FIGURE 3. The induced current at the load Z2 of the TL inside an
enclosure with apertures on multiple walls and illuminated by oblique
incident EM field.

the equivalent circuit method decreases with the increase of
frequency, resulting in less accurate modeling of electromag-
netic fields in the enclosure, and therefore, the evaluation of
the load response deviatesmore. Another reasonmight be that
the radiation from the TLsmay increase at higher frequencies,
which is not considered in the proposed model.

To prove the flexible feasibility of the proposed approach,
three additional configurations are introduced for further
study and validation. The first configuration is the same as
in Fig. 2(a) except that the enclosure has apertures onmultiple
walls and is illuminated by an oblique incident EM field
(Fig. 3). Two apertures with dimensions of l×w = 6 cm× 2
cm are centered on the front wall at z = 0 and left wall at
x = a. The oblique incident EM field with azimuth angle
ϕ = 30◦, elevation angle θ = 90◦ and polarization angle
ψ = 0◦ is decomposed into two normal incident components.
One is in the+z direction, and the other is in the –x direction.
The proposed method can be easily and effectively extended
to such an interaction problem by adding another three tubes
and four nodes to the original signal flow diagram as shown
in Fig. 1(b), leading to 14 × 14 reflection and propagation
matrices and 14× 1 voltage and source matrices in (18).
It is shown in Fig. 3 that the induced current derived by the

proposed approach matches well with that simulated by CST.
The mean absolute error is 3.97 dB over the frequency range
of 0.5 GHz to 2.5 GHz. The absolute mean error is 2.78 dB
when the frequency is below 2.3 GHz.

Fig. 4 illustrates the second configuration, in which the
induced current on load Z2 of the TL is analyzed. The enclo-
sure (32 cm×18 cm×12 cm) has an off-centered aperture of
3 cm × 3 cm, located at point P1(65 mm, 75 mm, 0 mm).
The shortest side of the enclosure is along the z-direction,
leading to the dominant resonant mode TM110. The incident
EMfield and load impedance are the same as that in Fig. 2(a).
The TL has the same length and radius as in the previous
cases except that the center of the TL is located at point
P2 (100 mm, 50 mm, 110 mm). The calculated results have
revealed that the induced current predicted by the analytical
approachmatches well with that simulated by CST. Themean
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FIGURE 4. The induced current at the load Z2 of the TL inside an
enclosure with an off-centered aperture.

FIGURE 5. The induced current at the load Z2 of TL in a different direction
(parallel to x-axis) inside an enclosure.

absolute error is 3.52 dB, and all the resonant frequencies
have been explicitly predicted in Fig. 4.

Fig. 5 shows the induced current on load Z2 of the TL
located in a different direction (parallel to x-axis). The TL
is centered on the bottom wall of the enclosure and termi-
nated by matched impedance at both terminals. The distance
between the TL and the bottom wall, h, is 1 cm. The same
geometric parameters of the TL are used. In this case study,
the field components of Ex and Ey are taken into considera-
tion to calculate the source terms in (16). Note that the dis-
tributed voltage source along the TL in this case is expressed
as

Vs (xs) = Ex

(
xs, h,

d
2

)
− Ex

(
xs, 0,

d
2

)
=

∑
m

∑
n

E inc
2,3C cos

(mπxs
a

)
sin
(
nπh
b

)
(19)

The coefficient C is given as [20]

C =


√
εmεn

n
b

(
m2 b

a
+ n2

a
b

)−1/2
, TE modes

2m
a

(
m2 b

a + n
2 a
b

)−1/2
, TM modes

(20)

where the values of εm and εn are the same as
in (13).

The results in Fig. 5 illustrate that the current predicted by
the proposed method also agree well with those from numer-
ical simulation, with a mean absolute error of 3.24 dB. This
again demonstrates the flexibility of the proposed method for
different orientations and locations of TLs in an enclosure.

The agreement between the results using the proposed
analytical approach and those from numerical simulation
validates the efficiency of the proposed analytical expres-
sions of the scattering functions and coupling functions at
the specified nodes J2 and J3 in extended BLT equation.
Moreover, the calculation takes only a dozen seconds using
the proposed method, while the numerical simulation needs
more than 4 hours.

IV. CONCLUSION
A few efficient analytical algorithms have been proposed
to study the external electromagnetic field coupling to TLs
in a metallic enclosure. First, the scattering matrix for the
extended BLT equation is derived in an analytical form to
model the aperture coupling as a junction, instead of numer-
ical modeling. Second, the coupling functions to model the
effect of internal modal fields coupling to TLs are deduced
based on the topology method. These proposed analytical
functions enable the extended BLT equation to directly and
effectively analyze external EM field interaction with TLs in
metallic enclosures with apertures. It should be noted that the
computational efficiency for such electromagnetic interfer-
ence problems has also been improved greatly by using the
proposed analytical approach. For instance, it is reduced by
approximately 1200 times compared to CST numerical simu-
lation for the cases studied in the paper. Though the proposed
model is derived in the frequency domain, the induced current
at the terminated loads of TLs in metallic enclosures exposed
to electromagnetic pulses can also be analyzed by solving the
problem in the frequency domain first and then converting to
transient response via inverse Fourier Transformation. More
importantly, the proposed approach can be easily and effec-
tively extended for integrated and complicated system-level
problems where a series of similar configurations are used.
It would be especially beneficial for smart cities since more
and more electromagnetic fields (or noise) impinge upon the
modern electrical and electronic systems.
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