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ABSTRACT

ASSESSMENT OF SHIELDING EFFECTIVENESS 
BY USING ELECTROMAGNETIC TOPOLOGY METHOD

YAŞLAK, Halil İbrahim
M.Sc., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Şimşek DEMİR

February 2013, 37 pages

In this thesis, determination of the shielding effectiveness of a rectangular shielding box 
with apertures on its walls by using electromagnetic topology (EMT) technique based on 
Baum-Liu-Tesche (BLT)  equation  is  presented.  The presented  technique is  applied to 
determine the field penetration into various rectangular shielding boxes with different 
sizes and aperture  dimensions.  An HP branded computer  case is  also  analysed as a 
rectangular shielding box with a CD driver slot as an aperture. Results on electromagnetic 
field  penetration  through  the  apertures  into  the  boxes  at  different  frequencies  are 
obtained by using the presented method and compared with the results obtained by 
using  CST MICROWAVE STUDIO® software simulation. 

Keywords:  Shielding  effectiveness,  shielding  box,  apertures,  electromagnetic 
compatibility, electromagnetic interference, electromagnetic topology, BLT equation.
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ÖZ

EKRANLAMA ETKİNLİĞİNİN ELEKTROMANYETİK TOPOLOJİ 
YÖNTEMİ KULLANILARAK BELİRLENMESİ

YAŞLAK, Halil İbrahim
Yüksek Lisans, Elektrik Elektronik Mühendisliği Bölümü
Tez Yöneticisi: Prof.  Dr. Şimşek DEMİR

Şubat 2013, 37 sayfa

Bu  tezde,  duvarlarında  açıklıklar  bulunan  dikdörtgensel  bir  ekranlama  kutusunun 
ekranlama etkinliğini Baum-Liu-Tesche (BLT) denklemine dayalı elektromanyetik topoloji 
yöntemi ile belirlenmesi sunulmuştur. Sunulan yöntem, değişik kutu ve açıklık  boyutlarına 
sahip  farklı  dikdörtgensel  ekranlama  kutularına  uygulanmıştır.  Ayrıca  bir  HP  marka 
bilgisayar kasası dikdörtgensel bir ekranlama kutusu olarak ve CD sürücüsü yuvası açıklık 
olarak  ele  alınarak  incelenmiştir.  Sunulan  yöntem  kullanılarak  farklı  frekanslarda  elde 
edilen,  açıklıklardan  kutu  içerisine  nüfuz  eden  elektromanyetik  alan  sonuçları,  CST 
MICROWAVE  STUDIO®  yazılımı  kullanılarak  elde  edilen  simülasyon  sonuçları  ile 
karşılaştırılmıştır. 

Anahtar Kelimeler:  Ekranlama etkinliği,  ekranlama kutusu, açıklıklar, elektromanyetik 
uyumluluk, electromanyetik girişim, elektromanyetik topoloji, BLT denklemi
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CHAPTER 1

INTRODUCTION

Most of the modern electronic systems consist of different electronic units. These units 
may generate electromagnetic waves while operating. Electromagnetic waves generated 
inside an electronic system can affect itself or other systems outside. Electromagnetic 
interference (EMI) can be defined as the interference of an electromagnetic wave which 
causes a malfunction or a damage of the system generates it or another system outside 
[1]. Negative effects of EMI differ from failure of the anti-lock braking system of a mobile 
car to the failure of the flight control system of an aircraft.  These examples show that 
EMI has a vital importance in our lives. Due to the importance of the issue, EMI has  
become  one  of  the  most  important  research  topics  in  electronics.  In  1995,  NASA 
published a report about electromagnetic system failures and anomalies caused by EMI 
and case histories [2]. 

When EMI is the subject, first thing that comes to mind is shielding.  Electromagnetic 
shielding  can  be  defined  as  anything  that  used  for  the  reduction  of  EM  field  in  a 
prescribed region. In general, it is used to increase the EM immunity of electronic devices 
or systems against external electromagnetic fields. A shield is any enclosure that lowers 
the electromagnetic field inside the space enclosed [3].

In system level, to protect an electronic system from another one, shielding boxes are 
used. We can provide a full EMI protection to a system by putting it in a case made of a 
metal with high conductivity with no aperture however it is not possible since apertures 
are  needed for  various  reasons  such as  input  and  output  connections,  visual  access 
windows, ventilation openings, mounting holes and etc. In most situations, leakage of the 
electromagnetic energy from a metallic enclosure depends not the physical characteristics 
of the metal but size, shape and location of the apertures [4]. 

In addition to the protection of the electronic systems from unwanted electromagnetic 
field  penetrations  that  may  cause  malfunction  or  damage,  shielding  and  shielding 
enclosures  are  also  the  subject  of  Tempest  applications.  The  objective  of  Tempest 
shielding  is  blocking  the  escape  of  electromagnetic  radiation  (EMR)  emitted  from  a 
computer or telecommunications device which can be used to extract information. One of 
the methods that is used for this purpose is putting the equipment emitting EMR in a 
room or  building  which  behaves  as  a  shielding  box.  Windows,  doors  and  any  other 
interface  between  the  room/building  and  outside  are  exactly  the  apertures  on  the 
shielding box.

There  are  many  numerical  and  analytical  methods  for  analysing  EM  interaction 
phenomenon into an electronic system  [5]. The numerical  methods include the finite 
difference time domain (FDTD) method [6] , the method of moment (MoM) [7], the finite 
element method (FEM)  [8] and transmission line modelling  [9]. In analytical methods, 
electric and magnetic field interference of a cavity with aperture explored by using circuit 
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equivalent approach [3], [10], [11]. Numerical methods are relatively accurate but long 
computation time, detailed mesh generation and large amounts of data are needed. On 
the other hand, analytical  methods require short  computation times,  but use various 
assumptions which cause validity problem at high frequencies [12]. 

The Electromagnetic Topology (EMT) was first introduced by Baum and Tesche in 1970's 
as a simulation approach to analyze EMI phenomenon based on transmission-line theory 
[13], [14]. EMT divides a complex system into smaller sub-volumes and constructs a 
network from these sub-volumes consisting of nodes and tubes like a transmission-line 
network. After characterizing the scattering and propagation parameters of the nodes 
and tubes and then obtaining scattering and propagation supermatrices, it reconstructs 
the whole system by using Baum-Liu-Tesche (BLT) equation which was introduced in [15]
for the first time for multiconductor transmission-line networks by Baum, Liu and Tesche. 
Most important advantage of the method is its fast computation time since the scattering 
parameters of sub-volumes can be determined by using data sheets, using simulation 
tools or experimental results. After obtaining supermatrices by means of these type of 
methods, BLT equation computes the fields of the system in only one calculation step [1].

In this thesis, electromagnetic topology (EMT) method based on BLT equation is used for 
the analysis of EM interference from an external field into rectangular shielding boxes 
through a rectangular aperture on their front faces and shielding effectiveness (SE) of the 
boxes are assessed. A plane wave is used as external field source and the electric field 
intensities in the shielding boxes are computed. Three different boxes are analyzed which 
have different dimensions and different aperture sizes. Same boxes are also examined in 
CST MICROWAVE STUDIO® simulation software which uses a 3-D simulation technique 
based on the  finite  integration  technique (FIT).  Results  of  the proposed method are 
compared with the simulation results. 

The remaining parts of the thesis are organized as follows:

In Chapter 2, a literature survey about the basics of the subject, previous and current  
methods used for the assessment of SE of shielding boxes and the origins of the EMT 
method and BLT equation is presented. 

In Chapter 3, a simple Branch-Line Coupler (BLC) is analyzed and its output voltages are 
calculated by BLT equation in order to examine and understand the BLT equation. 

In Chapter 4, a computer case with a CD Driver aperture is  analyzed by BLT equation 
based on EMT and CST MICROWAVE STUDIO® simulation results are introduced. At the 
end of the chapter, results of both methods are compared. 

In Chapter 5, conclusions from this work are drawn and works that can be carried out in 
the future are stated. 

2



CHAPTER 2

LITERATURE SURVEY 

 2.1 EM Shielding

Electromagnetic waves generated inside an electronic system can affect itself or other 
systems outside. Electromagnetic interference (EMI) can be defined as the interference 
of an electromagnetic  wave which causes a malfunction or a damage of  the system 
generates it or another system outside  [1]. Since modern electronic systems are very 
complicated and susceptible  to  electromagnetic  interference, EMI is  one of  the most 
important problems in electronics. Electromagnetic shielding can be defined as anything 
that used for the reduction of EM field in a prescribed region. In general, it is used to  
increase  the  EM  immunity  of  the  electronic  devices  or  systems  against  external 
electromagnetic fields. By doing so, improvement of the electromagnetic compatibility 
(EMC), which is defined as the capability of operation of the electronic devices or systems 
in  the  intended  electromagnetic  environment  at  an  efficient  level,  can  be  achieved. 
Electromagnetic shielding is used also for data security in telecommunications [16] and 
Tempest applications. 

 2.2 Shielding Boxes

A shield simply defined as any enclosure that is used to lower the electromagnetic field 
inside the space enclosed [3]. A shielding box is a metallic enclosure which consists of an 
empty cavity with metallic walls [16]. In literature, shielding boxes is also called as cavity 
and enclosure. For instance, while it is called as cavity in  [1], [3], [11], [16] , and [18], 
it is called as enclosure in [4], [10], and [18–22]. 

In system level, to protect an electronic system from another one, shielding boxes are 
used.  A  full  EMI  protection  for  a  system  can  be  provided  by  putting  it  in  a  high 
conductive metallic box with no aperture however it is not possible since apertures are 
needed for various reasons such as input and output connections, visual access windows, 
ventilation  openings,  mounting  holes  and  etc.  Such  electromagnetic  coupling  paths 
worsen the shielding performance  [21]. In most cases, leakage of the electromagnetic 
energy from a metallic enclosure depends not the physical characteristics of the metal 
but size, shape and location of the apertures [4]. 

 2.3 Shielding Effectiveness

In the general sense, the shielding effectiveness (SE) is a measure of EM field reduction 
at a given point in space after insertion of a shield between the reference EM field source 
and that point [16]. It is an important parameter for an electronic system since it affects 
the electromagnetic compatibility of the system [23]. 
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The shielding effectiveness (SE) is defined as the ratio of the field strengths, usually 
expressed in decibels, in the presence and absence of the shielding enclosure [15]. For a 
given point in the shielding enclosure, an electric shielding effectiveness SEE and a 
magnetic  shielding  effectiveness SEM can  be  defined  [10].  The  electric  shielding 
effectiveness is expressed as

 SEE=−20log(
∣⃗E int∣
∣⃗E ext∣

)  (2.1)

and the magnetic shielding effectiveness is expressed as 

SEM=−20log(
∣⃗H int∣
∣⃗H ext∣

) (2.2)

where E⃗ int is the electric field at the point inside the shielding enclosure and E⃗ ext is 
the electric field at the same point in absence of the shielding enclosure [5]. Similarly,
H⃗ int is the magnetic field at the point inside the shielding enclosure and H⃗ ext is the 

magnetic field at the same point in absence of the shielding enclosure. 

Note  that,  the  shielding  ability  of  a  shielding  box  is  characterized  by  its  shielding 
effectiveness and the SE of a practical shielding box is determined mainly by its apertures 
[23]. 

 2.4 Analysis Methods for Shielding Effectiveness 

Starting point of the analysis of any electromagnetic problem is the Maxwell's equations 
[16].  However,  their  solutions  are  very  complex  and  generally  not  practical  for  real 
problems. Therefore, numerical or analytical modeling is required in order to solve the 
real EM problems. Since the assessment of the shielding effectiveness of a shielding box 
is also a real EM problem, several methods have been developed to solve the problem. 
These  methods  can  be  classified  in  two  main  groups  as  numerical and  analytical 
methods. 

 2.4.1 Numerical Methods

Numerical methods  used  for  the  analysis  of  shielding  effectiveness  are  based  on 
Maxwell's equations just like every EM problems. They require a numerical modeling of 
the problem and a digital computer to get numerical results. Numerical methods that are 
used in the literature for the analysis of shielding effectiveness of a shielding box include 
the finite difference time domain (FDTD) method [6], the method of moment (MoM) [7], 
the finite element method (FEM) [8] and transmission line modeling [9]. These methods 
carry out the solutions in the time or frequency domain.

Computer  simulation  tools  also  solve  the  electromagnetic  problems  by  using  certain 
numerical techniques. The tool that is used in this thesis, CST MICROWAVE STUDIO® , is 
based on the finite integration technique (FIT) and analyzes the shielding effectiveness of 
the shielding boxes with this method in the time domain.

For the analysis of the SE of shielding boxes, numerical methods give relatively accurate 
results. On the other side, long computation time, detailed mesh generation and large 
amount of data are needed [12] for the analysis of shielding boxes which contains some 
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electronic parts such as printed circuit boards (PCBs), cables, and etc. and have different 
apertures on their walls. This is the Achilles' heel of the numerical methods for shielding 
effectiveness analysis of the complex shielding boxes. 

 2.4.2 Analytical Methods

SE of shielding boxes are analyzed also by various analytical methods in the literature.  
Many of the analytical formulations are derived from the Bethe's theory of diffraction 
through holes [24], and applied only to electrically small apertures [22]. One part of the 
analytical  methods  is  derived  from a  power-balance  method  and  the  Ott's  equation 
S E=20 log10 λ /2 l  [25],  where  λ is  the  wavelength  in  free-space  and  l  is  the 

longest dimension of the aperture [10].  

The third type of the analytical modeling of the shielding boxes with apertures are based 
on the circuit  equivalence modeling of the box and apertures  [3],  [10],  [11].  In the 
equivalent circuit, the shielding box is modeled as a shorted waveguide and the aperture  
is modeled as a coplanar strip transmission line shorted at each end. 

Analytical  methods based on Bethe's theory can be applied only on electrically small 
apertures and they cannot be used for electrically large apertures. Methods based on 
Ott's  equation assume that the SE depends only on the wavelength and the longest 
dimension of the aperture, however it is experimentally found that SE depends also on 
the dimensions of the shielding box and the point at which SE is measured [23]. Besides, 
some methods based on the circuit equivalence modeling applies only below the cutoff 
frequency of the cavity(box) [4] and validity of some others may be questionable at high 
frequencies since they are based on several assumptions to simplify the problem [5]. 

Electromagnetic topology method based on the BLT Equation is also an analytical method 
and it is presented as a separate main heading since it is the main topic of this thesis. 

 2.5 Electromagnetic Topology based on BLT Equation

 2.5.1 Electromagnetic Topology

The Electromagnetic Topology (EMT) was first introduced by Baum and Tesche in 1970's 
as a simulation approach to analyze EMI phenomenon based on transmission-line theory 
[13],  [14]. EMT is  a  helpful  technique  to  solve  electromagnetic  compatibility  (EMC) 
problems of complicated electronic systems. It is difficult to analyze the electrically large 
systems due to their complexity and several ways of interaction of EM fields into the 
system some of which can be written as:

• Capacitive and inductive coupling,

• Direct EM field coupling within the system,

• EM field penetration through apertures,

• Diffusive penetrations through imperfect shielding conductors,

• Cavity-mode resonances.

5



Figure 2.1 shows an example of electrical system illuminated by an external source [26]. 
As it  is  seen on the example, even on the main case of the system there are many 
apertures that are mandatory for the proper operation of the system.  

Figure 2.1 Example of an electrical system illuminated by an external source

Since there are too many penetration and coupling points on an electrical system it is 
difficult to analyze such a system. EMT eases the analysis of such systems by a three-
step analysis:

1. Division of the structure of the main system into a set of sub-volumes
2. Characterization of those sub-volumes
3. Reconstruction of the main system by using BLT equation[1]. 

 2.5.2 BLT Equation

The BLT equation is first proposed by Baum, Liu and Tesche in 70's for the analysis of  
multiconductor transmission line networks [15]. The conventional BLT equation describes 
the voltage and current wave propagation along transmission lines in a transmission line 
network  [26]. BLT equation is a matrix equation which describes the voltages and/or 
currents at all  of the junctions that interconnect the conductors in the network. It is 
similar  to  the  node  analysis  in  conventional  circuit  theory  but  the  effects  of  EM 
propagation along the individual conductors are considered in the BLT equation. 

Firstly, it is beneficial to review of the derivation of the conventional BLT equation and 
then introduce the extension of the BLT equation use for the analysis of the EM field 
interaction within a complex system. 

As it is mentioned above, conventional BLT equation is used for the definition of voltage 
and current wave propagation in a transmission line network. Here, it is quite helpful to 
introduce the formulation of the equation for a single-line transmission line network in 
Figure 2.2 (a) instead of a complex one. This will show the overall formulation approach 
and it can be generalized for a multiconductor transmission line network. Note that this 
analysis is in the frequency domain and time dependence is assumed as e jωt . 

The  network  in  Figure  2.2  is  a  two  wire  transmission  line  with  a  length  of  L  and 
characteristic impedance of Z c . It is assumed that propagation constant is γ . The 
transmission line is terminated at each end by the loads  Z L1 and Z L2 . It is also 
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assumed that the network is excited by a current and voltage source, V s and I s , 
at x= xs . 

Figure 2.2 A single-line transmission line network (a) and its linear graph 
representation (b).

 2.5.2.1 The Voltage BLT Equation

Derivation of the BLT equation can be achieved for either the load voltages or the load 
currents. Both of the derivations are based on the voltage responses. Notice that there 
are  travelling  voltage  waves  propagating  in  the  direction  V + and in  the  direction 

V - as shown in the Figure 2.2 (b). Since these waves propagate on the transmission 
line with a e±γ term, at any position x on the line total voltage is calculated as the 
sum of the traveling waves propagating in positive and negative directions. 

V ( x)=V+(x )+V−( x) (2.3)

The propagation constant γ is   equal  to  the  jk= j2 π /c ,  which is  the lossless 
propagation constant in free-space. 

As  it  is  shown in  Figure  2.2  (b),  voltages  waves  can  be  described  as  incident and 
reflected  voltage waves, V inc and V ref . So, we can write the positive and negative 
traveling voltage waves at the nodes as following:

V +(0)≡V 1
+=V 1

ref ; V - (0)≡V 1
-=V 1

inc (at node 1) (2.4a)

V +(L)≡V 2
+=V 2

inc ; V - (L)≡V 2
- =V 1

ref (at node 2) (2.4b)

The sources at x= xs  produce a positive traveling wave V s
+( x) for x> xs  and 

a negative traveling wave V s
- (x ) for x< xs as shown in Figure 2.3 . These voltage 

waves in terms of the sources can be written as

7

-     +Vs

Is

ExcitationNode #1 Node #2

Node #1 Node #2Excitation

ZL1
ZL2

+
V1
-

+
V2
-

I2I1 I(x)

+
V(x)

-

0 xs x L
Observation

point

x

Zc, γ

Forward traveling
wave

Backward traveling
wave

V
_
(x)

V+(x)

Transmission
Line

Linear
Graph

V ref1

V inc2

V ref
2

V inc1

                  (a)



V s
+( x)=1

2
(V s+Z c I s)e

−γ( x−x s) ; V s
 -( x)=0 (for x> xs ) (2.5a)

V s
- (x )=−1

2
(V s−Z c I s)e

+γ (x− x s) ; V s
+ (x )=0 (for x< xs ) (2.5b)

Figure 2.3  Positive and negative traveling waves excited by the sources at 
x= xs

Without excitation sources, the positive traveling voltage wave at junction#2 is written in 
terms of the positive voltage traveling wave at junction#1 as

 V 2
+=V 1

+ eγL . (2.6)

With the existence of the excitation sources, an additional component due to the positive 
traveling wave is added to V 2

+ as below: 

 V 2
+ = V 1

+ e−γL + 1
2
(V s+Z c I s)e

−γ (L− x s) (2.7)

Similarly, the negative traveling wave at junction#1 can be expressed as

   V 1
- = V 2

- e−γL − 1
2
(V s−Z c I s)e

−γx s (2.8)

Using equations (2.6), (2.7) and (2.8), incident voltage waves at the junctions can be put 
in a matrix equation form as 

[V 1
inc

V 2
inc]=[ 0 e−γL

e−γL 0 ][V 1
ref

V 2
ref ]+[ −1

2
(V s−Z c I s)e

−γxs

1
2
(V s+Z c I s)e

−γ( L−x s)] .(2.9)

According to the transmission line theory, relation between the reflected and incident 
voltage waves is 

V ref= ρV inc , (2.11)

where ρ is the voltage reflection coefficient and it is defined as
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ρ=
Z L−Z c

Z L+Z c
. (2.12)

In Eq. (2.12) Z L is the load impedance and Zc is the characteristic impedance of the 
transmission line connected to the load. For our transmission line network, the vector of 
reflected voltages can be written by multiplying the reflection coefficient matrix and the 
vector of incident voltages as

[V 1
ref

V 2
ref ]=[ρ1 0

0 ρ2][V 1
inc

V 2
inc] , (2.13)

where ρ1 and ρ2 are the reflection coefficients at each junction. 

Rearranging the terms of Eq. (2.13) gives a similar expression for the vector of incident 
voltages:

[V 1
inc

V 2
inc]=[ ρ1 0

0 ρ2]
−1

[V 1
ref

V 2
ref ] . (2.14)

Substitute Eq.(2.14) into Eq.(2.9) as

[ ρ1 0
0 ρ2]

−1

[V 1
ref

V 2
ref ]=[ 0 e−γL

e−γL 0 ][V 1
ref

V 2
ref ]+[ −1

2
(V s−Zc I s)e

−γx s

1
2
(V s+Zc I s)e

−γ (L−x s)] , (2.15)

and put the terms with reflected voltage vector on the same side as 

 [ ρ1 0
0 ρ2]

−1

[V 1
ref

V 2
ref ]−[ 0 e−γL

e−γL 0 ][V 1
ref

V 2
ref ]=[ −1

2
(V s−Zc I s)e

−γx s

1
2
(V s+Zc I s)e

−γ (L−x s)] . (2.16)

Then multiplying each side by 

[ρ1 0
0 ρ2]

and  solving  the  equation  for  the  reflected  voltage  vector  the  BLT  equation  for  the 
reflected voltages is obtained:
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[V 1
ref

V 2
ref ]={[1 0

0 1]−[ ρ1 0
0 ρ2][ 0 e−γL

e−γL 0 ]}
−1

×[ ρ1 0
0 ρ2]×[ −1

2
(V s−Zc I s)e

−γxs

1
2
(V s+Zc I s)e

−γ (L−x s)]
(2.17)

As it can be seen in Eq.(2.17), all reflected voltage waves can be calculated with a single 
equation by using reflection coefficients, transmission(propagation) coefficients and the 
source vector. 

Once reflected voltages are calculated, incident voltages can be solved from Eq.(2.9) and 
total voltage vector is obtained as

[V 1

V 2]=[V 1
inc

V 2
inc]+[V 1

ref

V 2
ref ] (2.18)

Consequently, the BLT equation system can be written as by putting equations (2.9), 

(2.17) and (2.18) together as an equation system as

[V (0)]=([I ]−[S ]×[Γ ])−1×[ S ]×[V S ] (2.19a)

[V (L)]=[Γ ]×[V (0)]+[V S ] (2.19b)

[V total ]=[V (0)]+[V (L)] (2.19c)

where

[Γ ] : the propagation supermatrix,

[S ] : the scattering supermatrix,

[V S ] : the source supervector, 

[V (L)] : the incident wave matrix, and

[V (0)] : the reflected wave matrix.

 2.5.2.2 Generalized form of the BLT Equation

The  voltage  BLT  equation  system  (2.19)  is  derived  from  a  single  transmission  line 
network, and can be used also for more general multiconductor networks. Since EMT 
models  an  EM problem  as  a  multiconductor  transmission  line  network  consisting  of 
junctions and tubes, the voltage BLT equation system can be generalized for all type of 
electromagnetic waves and solved by using the scattering parameters at the junctions, 
propagation parameters at the tubes and EM sources in the system as following

[W (0)]=([ I ]−[ S ]×[Γ ])−1×[S ]×[W S ] (2.20a)
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[W (L)]=[Γ ]×[W (0)]+[W S ] (2.20b)

[W total ]=[W (0)]+[W (L)] (2.20c)

where,

[Γ ] : the propagation supermatrix of the tubes,

[S ] : the scattering supermatrix of the junctions,

[W S] : the source supervector, 

[W (L)] : the incident wave matrix, and

[W (0)] : the reflected wave matrix.
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CHAPTER 3

APPLICATION OF THE EMT METHOD BASED ON BLT 
EQUATION TO A BRANCH-LINE COUPLER AS A KNOWN 

SYSTEM

3.1 Branch-Line Coupler

A branch-line coupler is a 3dB directional coupler with 90o  phase difference in its through 
and cross outputs. The geometry of the branch-line coupler is shown in Figure 3.1. When 
all ports are matched, input power on port 1 is evenly divided between ports 2 and 3 with 
90o  phase difference. There is no power coupled to isolated port 4. 

 

Figure 3.1 Geometry of a branch-line coupler

We can write the voltages on the ports as follows:

Port 1:  Vin 0∟ o  (Input)

Port 2: 
1

√(2) Vin -90∟ o  (Output)

Port 3: 
1

√(2)
Vin -180∟ o  (Output)

Port 4:  0 (Isolated)

Therefore, the [S] matrix will be as below:
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[S ]  =
−1
√(2)[0 j 1 0

j 0 0 1
1 0 0 j
1 0 0 j]  (3.1)

As it can be seen in the Figure 1, branch-line coupler has a high degree symmetry. So, 
any port can be used as the input port. Then the output ports will be always the  through 
and  cross  outputs  with  respect  to  the  input  port,  and  the  isolated  port  will  be  the 
remaining port which is on the same side with the input port. 

3.2 Even-Odd Mode Analysis

In Figure 2, the schematic circuit of the branch-line coupler is shown in the normalized 
form. Each circle represents a junction of transmission lines and characteristic impedance 
of each transmission line normalized to Zo. 

Figure 3.2 Circuit of the branch-line coupler in normalized form

The circuit in Figure 3.2 can be decomposed into the even and odd mode excitations as 
shown in Figure 3.3. Since the circuit of branch-line coupler is linear, superposition of the 
even and odd mode excitations gives the original excitation of branch-line coupler. The 
actual  output waves can be obtained by summing the waves at the outputs of the both 
two excitations.

(a)
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Figure 3.3 Decomposition of the Branch-Line Coupler into Even- and Odd- Mode 
Excitations (a) Even-mode (e) (b) Odd-mode (o)

As  it  is  shown in  Figure  3,  the  four-port  network  is  decomposed into  a  set  of  two 
decoupled  two-port  networks.  Amplitudes  of  the  incident  waves  for  these  two-port 
networks are ±1 /2 , therefore the amplitudes of the resultant waves at each port of the 
branch-line coupler can be written as

B1 =
1
2
Γ e+

1
2
Γ o  (3.2a)

B2 =
1
2
T e+

1
2
T o  (3.2b)

B3 =
1
2
T e−

1
2
T o  (3.2c)

B4 =
1
2
Γ e−

1
2
Γ o  (3.2d)

where Γe  , Γo   are reflection coefficients and Te  ,  To  transmission coefficients of the two 
port even and odd mode excitations. 

First, calculate the  Γe   and  Te  for the two port even-mode circuit by using the  ABCD 
matrices. Even-mode circuit is composed by one  λ/4 transmission line and two shunt 
open-circuited  λ/8 stubs on the two ends of this line. Thus, ABCD matrix of the circuit 
can be found by multiplying ABCD matrices of these three parts as follows:

[A B
C D]

e
=[1 0

j 1] [ 0 j /√2
j√2 0 ] [1 0

j 1]= 1
√2 [−1 j

j −1]  (3.3)

where,

[1 0
j 1] : ABCD matrix of the one shunt open-circuited  λ/8 stub,

[ 0 j /√2
j√2 0 ] : ABCD matrix of the  λ/4 transmission line.
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Then, we can convert  ABCD parameters to  S  parameters, which are equivalent to the 
reflection and transmission coefficients. So,

Γ e=
A+B−C−D
A+B+C+D

= (−1+ j− j+1)/√2
(−1+ j+ j−1)/√2

= 0 (3.4a)

T e =
2

A+B+C+D
= 2

(−1+ j+ j−1)/√2
=− 1

√2
(1+ j)  (3.4b)

Similarly, we can write the odd mode ABCD parameters as

[A B
C D]

o
= 1

√2 [1 j
j 1]  (3.5)

and the reflection and transmission coefficients as 

Γ o = 0 (3.6a)

T o = 1
√2

(1− j)  (3.6b)

Then, by putting (3.3) and (3.5) into (3.1) we can get the following output wave results:

B1 = 0 (port 1 is matched), (3.7a)

B2 = − j
√2

 (half-power, -90o phase shift from port 1 to 2), (3.7b)

B3 = − 1
√2

 (half-power, -180o phase shift from port 1 to 3), (3.7c)

B4 = 0 (no-power, isolated port). (3.7d)

3.3 Analysis by EMT based on BLT equation

3.3.1 Topology Diagram of the Branch-Line Coupler

In order to define the topological diagram of the system, first we need to define junctions 
and tubes.  In our  problem, tubes represent  the transmission lines in  the circuit  and 
junctions represent the conjunction point of the transmission lines.  Figure 3.4 shows the 
topological diagram of the problem. In the figure, the incident and reflected waves at the 
tubes are also shown. The topological diagram consists of six junctions, eight tubes and 
source. 
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Figure 3.4 The Topological Diagram of the Branch-Line Coupler

After modeling the topological diagram, BLT equation system of the branch-line coupler 
can be written as below:

[V (0)]=([ I ]−[S ]×[Γ ])−1×[S ]×[V S ] (3.8a)

[V (L)]=[Γ ]×[V (0)]+[V S] (3.8b)

[V total ]=[V (0)]+[V ( L)] (3.8c)

Where,

[Γ ] : the propagation supermatrix of the tubes,

[S ] : the scattering supermatrix of the junctions,

[V S ] : the source supervector, 

[V (L)] : the incident wave matrix, and

[V (0)] : the reflected wave matrix.

3.3.2 Propagation Supermatrix at the Tubes

Since all  tubes in the diagram represent transmission lines, entries of the propagation 
supermatrix are related to the propagation constants of the tubes. 
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[
V 1,1

inc

V 1,2
inc

V 1,3
inc

V 2,1
inc

V 2,4
inc

V 2,5
inc

V 3,1
inc

V 3,4
inc

V 3,7
inc

V 4,2
inc

V 4,3
inc

V 4,6
inc

V 5,2
inc

V 6,4
inc

V 7,3
inc

] = [ [ Γ (J1) ] 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0

0 0 0
0 0 0
0 0 0 [ Γ (J2) ] 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 [ Γ ( J3) ]0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 [ Γ ( J4) ] 0 0 0

0 0 0
0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 [ Γ (J4) ]

] [
V 1,1

ref

V 1,2
ref

V 1,3
ref

V 2,1
ref

V 2,4
ref

V 2,5
ref

V 3,1
ref

V 3,4
ref

V 3,7
ref

V 4,2
ref

V 4,3
ref

V 4,6
ref

V 5,2
ref

V 6,4
ref

V 7,3
ref

]
(3.9)

3.3.3 Scattering Supermatrix at the Junctions

The scattering supermatrix of the system consists of scattering matrices of the junctions. 
After we calculate the scattering matrices of each junction separately, we can reconstruct 
the whole system by constructing the supermatrix  as in Eq. (3.10). 

[
V 1,1

ref

V 1,2
ref

V 1,3
ref

V 2,1
ref

V 2,4
ref

V 2,5
ref

V 3,1
ref

V 3,4
ref

V 3,7
ref

V 4,2
ref

V 4,3
ref

V 4,6
ref

V 5,2
ref

V 6,4
ref

V 7,3
ref

] = [ [ S ( J1) ] 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0

0 0 0
0 0 0
0 0 0 [ S ( J2) ] 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0 [ S ( J3) ]0 0 0 0 0 0

0 0 0 0 0 0
0 0 0 0 0 0

0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 [ S ( J4) ] 0 0 0

0 0 0
0 0 0

0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 [ S ( J4) ]

] [
V 1,1

inc

V 1,2
inc

V 1,3
inc

V 2,1
inc

V 2,4
inc

V 2,5
inc

V 3,1
inc

V 3,4
inc

V 3,7
inc

V 4,2
inc

V 4,3
inc

V 4,6
inc

V 5,2
inc

V 6,4
inc

V 7,3
inc

]
(3.10)
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Scattering parameters  of  each junction  is  calculated by  the  calculation  technique for 
multiconductor  transmission  line  networks  which  is  proposed  by  Parmantier  [27]. 
Parmantier defined the scattering matrix of a junction as 

S=[ −CV

C I⋅Y c]
−1

⋅[ CV

C I⋅Y c] (3.11)

where  Y c is  the characteristic  admittance  vector  of  the  junction  and  CV is  the 
matrix which satisfies the Kirchoff's voltage equation (3.12) at the junction.

   CV⋅V=0 (3.12)

The size of the matrix is  N V×N where  N V is  the number of nodes for which 
Kirchoff's voltage equation can be written and N is the total number of ports at the 
junction.  Similarly,  C I is  the  matrix  which  satisfies  the  Kirchoff's  current  equation 
(3.13) at the junction.

C I⋅V=0 (3.13)

The size of  the  matrix  is  N I×N where  N I is  the  number  of  nodes  for  which 
Kirchoff's current equation can be written and N is the total number of ports at the 
junction as above. 

In  this  calculation  technique,  junctions  are classified as short-circuit  junction,  open-
circuit junction, combined short-circuit and open-circuit junction, combined short-circuit 
and  transmission  junction,  combined  open-circuit  and  transmission  junction  and  fork 
junction. Each junction of our topological diagram is a fork junction as in Figure 3.5.

Figure 3.5 Fork Junction

For the a fork junction N V=2 and N c=1 . So we can write the matrices a CV

and C I as follows:
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CV=[1 −1 0
1 0 −1] (3.14a)

C I=[1 1 0 ] (3.14b)

Then, by using CV and C I S matrix can be calculated as below:

S=[−1 1 0
−1 0 1
Yc1 Yc2 Yc3

]
−1

⋅[ 1 −1 0
1 0 −1
Yc1 Yc2 Yc3

]=

1
Yc1+Yc2+Yc3

⋅[Yc1−Yc2−Yc3 2Yc2 2Yc3

2Yc1 Yc2−Yc1−Yc3 2Yc3

2Yc1 2Yc2 Yc3−Yc1−Yc2
] (3.15)

Applying the equation (3.15) to the junction of the topological diagram of branch-line 
coupler in Figure 4, we find the scattering matrices of the junctions as below:

S (J1)= 1
(1+√2+1)Y 0

⋅[(1−√2−1)Y 0 2√2Y 0 2Y 0

2Y0 (√2−1−1)Y 0 2Y 0

2Y0 2√2Y 0 (1−√2−1)Y 0
]

= 1
2+√2

⋅[−√2 2√2 2
2 √2−2 2
2 2√2 −√2]

S (J1)= 1
√2+1

⋅[−1 2 √2
√2 1−√2 √2
√2 2 −1]

Similarly,

S (J2 )= 1
√2+1

⋅[1−√2 √2 √2
2 −1 √2
2 √2 −1]

S (J3)=S (J1)= 1
√2+1

⋅[−1 2 √2
√2 1−√2 √2
√2 2 −1]

S (J4 )= 1
√2+1

⋅[−1 √2 2
√2 −1 2
√2 √2 1−√2]
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3.3.4 Results

While solving the branch-line coupler by EMT based on BLT equation, source is taken as 
unit source for simplicity.  Then, outgoing waves at the junctions is found as following:

[
V 1,1

ref

V 1,2
ref

V 1,3
ref

V 2,1
ref

V 2,4
ref

V 2,5
ref

V 3,1
ref

V 3,4
ref

V 3,7
ref

V 4,2
ref

V 4,3
ref

V 4,6
ref

V 5,2
ref

V 6,4
ref

V 7,3
ref

] = [
−0.5468+0.00000i

0.4375+4.1199e-18 i
0.75+8.2399e-18 i

−3.4694e-18+0.0000i
2.0816e-17−0.125i

−0.7071i
−6.9388e-18+0.125i
2.0816e-17−0.1875i

0
−0.125

−0.125−2.7755e-17 i
−0.7071

0
0
0

]
As it is  seen in the equation,  BLT solves all  outgoing waves however for branch-line 
coupler we need only V 2,5

ref , V 4,6
ref and, V 3,7

ref  since they are the output voltages of 
port-2,  port-3  and  port-4  respectively.  Magnitudes  and  angles  of  these  three  port 
voltages are as below:

 V 2,5
ref = 0.701 -90∟ o (Port-2) 

 V 4,6
ref = 0.701 -180∟ o  (Port-)

 V 3,7
ref = 0 (Isolated)

Consequently, it can be seen that EMT results are same with the even- and odd- mode  
analysis results. We see that BLT can solve such a multiconductor network by using only 
junction  scattering  parameters  and  tube  propagation  parameters  properly.  For  more 
complex systems EMT can simplify  the analysis  of  the system. Sometimes scattering 
parameters of some sub-systems or components are already given in the datasheets or 
can  be  easily  found  by  simulation  tools.  In  addition,  propagation  parameters  are 
generally characterized by the transmission-line, free-space or waveguide  parameters. 
Thus, for a complex system voltage, current or electromagnetic waves at any point of the 
system can be  calculated easily and fast by EMT based on BLT equation. 
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CHAPTER 4

ANALYSIS of SHIELDING BOXES by EMT BASED on BLT 
EQUATION AND SIMULATION WITH CST MICROWAVE 

STUDIO®

In this chapter, analysis of shielding boxes with electromagnetic topology based on BLT 
equation  will  be introduced and results  will  be compared with  the simulation  results 
obtained with CST MICROWAVE STUDIO®. We will analyze rectangular shielding boxes 
with rectangular aperture illuminated by a plane wave at normal incidence as shown in 
Figure 4.1. They are all made by perfect electric conductor with zero thickness and have 
only one rectangular aperture at the center of their front faces.  Electric field polarization 
of the incident plane wave is in y-direction. In order to verify the method boxes with 
different sizes and with different aperture dimensions are analyzed. 

At  the  end  of  the  chapter,  simulations  of  the  boxes  are  also  performed  in  CST 
MICROWAVE STUDIO® and outputs are compared with the analysis results. 

4.1. Analysis by EMT based on BLT equation

As mentioned in previous chapters,  BLT equation is  basically  used for  multiconductor 
network systems. However, it  can be used for all  systems that can be modeled as a  
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Figure 4.1 Geometry of rectangular shielding box with rectangular 
aperture illuminated  by a plane wave at normal incidence  



multiconductor network system. This  can be done by using electromagnetic  topology 
which divides the system into smaller  parts  as junctions and tubes connecting these 
junctions. After modeling the system as a network consisting of junction and tubes, it can 
be reconstructed and all outgoing and incoming waves at the junctions can be solved by 
BLT equation system (4.1). Then, one can calculate the total  waves by summing the 
incoming and outgoing waves. 

For shielding box analysis, we can write the BLT equation system of (2.20) as below:

[E ref ]=([ I ]−[S ]×[Γ ])−1×[S ]×[ES ] (4.1a)

[E inc]=[Γ ]×[E ref ]+[ES] (4.1b)

[E total ]=[Einc]+[E ref ] (4.1c)

Where,

[ I ] : unit matrix,

[Γ ] : the propagation supermatrix,

[S ] : the scattering supermatrix,

[E S] : the source supervector, 

[E inc] : the incident wave matrix, and

[E ref ] : the reflected wave matrix.

Once incident and reflected fields found, electric field at any point inside and outside the 
shielding box can be calculated. We are only interested in the fields inside the box in this 
thesis.  After  solving the electric  field  at  a  given point  inside,  using the following SE 
formula 

SE=−20log (
∣⃗E int∣
∣⃗E ext∣

) (4.2)

shielding effectiveness can be calculated, where E⃗ int is the electric field at the point 

inside the shielding box and E⃗ext is the electric field at the same point in absence of 
the box. 

In order to analyze a system by EMT based on BLT equation, topological diagram of the 
system  needs  to  be  defined  first.  After  the  definition,  scattering  and  propagating 
supermatrices  of  the  topology  are  constructed  from  the  scattering  and  propagating 
characteristics of the junctions and tubes respectively. 

4.1.1. Modeling of the Topological Diagram

Modeling the topological  diagram of a system is the first step of the electromagnetic 
topology method, which refers to division of the structure of the main system into a set 
of sub-volumes [1].  In our model, a rectangular shielding box is divided into three parts 
as front face, back face and side faces. The front face of the box is an infinite PEC plane 
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with  a  rectangular  aperture,  the  back  face  is  an  infinite  PEC  plane  and  side  faces 
constitute a rectangular waveguide as in Figure 4.2. 

Figure 4.2 Modelling of the shielding box for topological diagram
 

According to this model, topological diagram is formed as in Figure 4.3. In the topological 
diagram,  shielding  box  modeled  as  two  junctions  and  one  tube  connecting  these 
junctions. One of the junctions is  J2  which characterizes the infinite PEC plane with a 
rectangular aperture on it and the other one,  J3, characterizes the infinite PEC plane. 
Then  the  characteristics  of  the  tube  T3  are  same  with  the  characteristics  of  the 
rectangular waveguide. In addition, J1 characterizes the infinity point and S  characterizes 
the source point which radiates plane wave towards the front face of the shielding box. 
Other tubes T1 and T2 have the characteristics of free-space.   

Figure 4.3 The Topological Diagram of the Shielding Box

4.1.2. Propagation Supermatrix at the Tubes

The incident and scattered waves at the tubes are represented as in Figure 4.3 and 
according to this representation Eq. (4.1b) is formed as 
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At infinity

T2 T3J2 J3T1 SJ1

Free Space Free Space Inside the box 
(Waveguide)Source

 Front wall of the box 
with rectangular 

aperture

Back wall 
of the box 

(PEC)

E1,1
inc

E1,1
ref

E2,3
inc

E2,3
ref

E3,2
inc

E3,2
refE1,2

ref

S1

S2

E1,2
inc



[E1,1
inc

E1,2
inc

E2,3
inc

E3,2
inc] = [Γ (T1) 0 0 0

0 Γ (T2) 0 0
0 0 0 Γ (T3)
0 0 Γ (T3) 0 ] [E1,1

ref

E1,2
ref

E2,3
ref

E3,2
ref ] + [S 2

S 1

0
0 ] . (4.3)

In the propagation supermatrix in Eq. (4.3) , both Γ (T1) and d Γ (T2) describes 
the propagation characteristics of free-space, so they can be written as:

Γ (T1)=e± j k0 z

Γ (T2)=e± j k0 z .

where k 0=ω√ μ0 ε0 . 

In  addition,  since  T3 represents  a  rectangular  waveguide  according to  our  model,
Γ (T3) can be written as 

  Γ (T3)=− jωμm π
k c

2b
Amnsin(mπ x

a )cos(nπ y
b )e− jβz z

 (4.4)

which  is  the  characteristics  of  the  electric  field  component  of  the  TEmn mode 
polarized in y-direction and propagating in z-direction in a rectangular waveguide [28] .

4.1.3. Scattering Supermatrix at the Junctions

The scattering supermatrix is created by using the incident and the reflected waves at 
each junction in Figure 4.3. Then Eq.  (4.1a) takes the following form:

[E1,1
ref

E1,2
ref

E2,3
ref

E3,2
ref ] = [S (J1) 0 0 0

0 S (J2) S ( J2) 0
0 S ( J2) S ( J2) 0
0 0 0 S (J3)

] [E1,1
inc

E1,2
inc

E2,3
inc

E3,2
inc] (4.4)

Scattering parameter of a junction is calculated by division of the outgoing waves at that 
junction to the incoming waves. S11 of a junction can be calculated as in Eq. (4.5). 

 S11=
E⃗ ref

E⃗ inc
(4.5)

S(J1) represents the one-port s-parameter of the infinity and S11(J1)=0 since there is 
no reflection from infinity. 

Besides,  S(J3)  represents  the  PEC  plane  and  has  a  one  port  s-parameter 
S11(J3)=−1 .
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Lastly, S(J2) represents the scattering parameters of the aperture on a PEC ground plane. 
Scattered field from the aperture needs to be found in order to calculate the scattering 
parameters of  the junction. It  is  assumed that an incident plane wave with constant 
amplitude  generates  a  sinusoidal  field  distribution  on  the  aperture  which  has  an 
amplitude equal to the amplitude of the incident wave (See Figure 4.4).

Figure 4.4 Electric field distribution on the aperture

If the incident wave is

 E⃗ inc=â yE0 e
− j k0 z , (4.6)

aperture field can be written as  

 E⃗a=â yE0 cos ( π
a
x ')   −a /2⩽ x '⩽a /2

−b/2⩽ y '⩽b /2
. (4.7)

Then an equivalent magnetic current can be written for the aperture:

 M s=−2 n̂×E⃗a
−a /2⩽ x '⩽a /2
−b/2⩽ y '⩽b /2

(4.8)

Due to the equivalent magnetic current in Eq. (4.8), radiated electric field components 
for far-field can be written as follows [29]:

 E r=H r=0 (4.9a)

 Eθ=−π
2
C sinΦ cosX

(X )2−(π
2
)

2
sinY
Y (4.9b)

 EΦ=−π
2
C cosθ cosΦ cosX

(X )2−(π
2
)

2
sinY
Y  (4.9c)
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where 

X=
k 0a
2

sinθ cosΦ

Y=
k 0b
2

sinθ sinΦ

C= j
abk0 E0e

− jk0 r

2π r

Since incident wave is y-polarized and propagating on the z-axis, we need to find the y-
polarized reflected wave on the z-axis and then calculate the S-parameters by using 
Eq. (4.5).  If we take the θ=0 and Φ=90 , electric field will be y-polarized and 
propagating in -z direction. Then reflected wave from aperture on a PEC ground plane 
can be written as

 E⃗ y
ref=EΦe

− jk 0 r= j
abk 0 E0

π2 z
e− jk 0 z . (4.10)

Then using Eq. (4.5),  S 11 of J2 is calculated as following:

 S 11(J2)=
j
abk 0 E0

π2 z
E0

= j
abk 0

π2 z
(4.11)

Since  aperture  radiates  the  field  to  the  both  sides  of  the  PEC  plane, 
S 12(J2)=−S11(J2) and  due  to  the  symmetry  S 22(J2)=S 11( J2) and 
S 21(J2)=S 12( J2) .

4.1.4. BLT equation

After calculation of the propagation and scattering supermatrices, we can write the BLT 
equation as follows:

[E1,1
ref

E1,2
ref

E2,3
ref

E3,2
ref ]=([ I ]−[S 11( J1) 0 0 0

0 S 11(J2) S 12(J2) 0
0 S 21(J2) S 22(J2) 0
0 0 0 S 11( J3)

]×[Γ (T1) 0 0 0
0 Γ (T2) 0 0
0 0 0 Γ (T3)
0 0 Γ (T3) 0 ])

−1

×[S 11(J1) 0 0 0
0 S 11(J2) S 12(J2) 0
0 S 21(J2) S 22(J2) 0
0 0 0 S 11( J3)

]×[S 2

S 1

0
0
] (4.12)

BLT equation in Eq. (4.12) gives all outgoing waves at the junctions. Electric field at 
the center of the shielding box can be calculated by adding up the wave radiated by 
aperture into the box (E2,3

ref )  and the wave reflected from the back wall of the box 

(E3,2
ref ) at the center of the box. 
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When electric field at the center of the shielding box is calculated with respect to the 
frequency, shielding effectiveness of the box can also be calculated. 

4.2. EMT Results and Simulation by CST MICROWAVE STUDIO®  

In  this  section,  EMT  results  of  electric  field  component  at  the  center  of  various 
shielding boxes are introduced and compared with the simulation results obtained by 
CST MICROWAVE STUDIO® . All results are shown above the cutoff frequencies of the 
boxes.

• Shielding Box-1:
Dimensions: 30cm x 12cm x 30cm
Aperture area:  10 x 0.5 cm2

Analysis Frequency Range: 0.5-2.0 GHz

Figure 4.6 CST MICROWAVE STUDIO®  simulation result of E-field at the center of  
30cmx12cmx30cm shielding box with 10x0.5 cm2 aperture located at the  
center of its front face.
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Figure 4.5  EMT analysis result of E-field at the center of 30cmx12cmx30cm shielding  
box with 10x0.5 cm2 aperture located at the center of its front face.
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• Shielding Box-2:

Dimensions: 30cm x 12cm x 30cm
Aperture area:  10 x 3 cm2

Analysis Frequency Range: 0.5-2.0 GHz
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Figure 4.7 EMT analysis result of E-field at the center of 30cmx12cmx30cm shielding     
box with 10x3 cm2 aperture located at the center of its front face.

Figure 4.8 CST MICROWAVE STUDIO®  simulation result of E-field at the center of  
30cmx12cmx30cm shielding box with 10x3 cm2 aperture located at the 

center of its front face.

• HP Branded PC Case:

Dimensions: 17cm x 45cm x 45cm
Aperture area:  10 x 2 cm2

Analysis Frequency Range: 0.9-2.0 GHz
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Figure 4.9 EMT analysis result of E-field at the center of 17cmx45cmx45cm PC case  
with 10x2 cm2 CD driver aperture located at the center of its front face.

Figure 4.10 CST MICROWAVE STUDIO®  simulation result of E-field at the center of  
17cmx45cmx45cm PC case with 10x2 cm2 CD driver aperture located at 

the  center of its front face.

Results of EMT method and CST MICROWAVE STUDIO®  simulations are tabulated in 
Table 4.1 in order to see the comparison better.
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Table 1 Peak positions of the EMT and CST MICROWAVE STUDIO® simulation results 
due to the frequency

As  it  can  be  seen  it  the  Table  4.1  peak  positions  of  both  EMT  method  and  CST 
MICROWAVE STUDIO®  simulations are very close to each other. It is also seen from the 
same  table  that  EMT  solves  the  problem  much  faster  than  the  CST  MICROWAVE 
STUDIO® . 

32

Shieldin Box Peak Number
Peak Positions (GHz) Analysis Duration (sec)

EMT Results CST Results EMT Method CST Simulation

Shielding Box-1
1 0.707 0.705

5 6002 1.109 1.106
3 1.580 1.583

Shielding Box-2
1 0.690 0.700

5 5902 1.098 1.084
3 1.556 1.583

PC Case

1 0.941 0.948

5 370
2 1.102 1.150
3 1.319 1.326
4 1.583 1.511
5 1.875 1.881



CHAPTER 5

CONCLUSION

Shielding  is  of  vital  importance  in  electronics  in  terms of  protection  of  devices  from 
malfunction or damage caused by EMI issues and also the topic of Tempest applications 
in  terms of  information  security.  Usage of  shielding boxes is  one of  the  methods  to 
provide shielding. Assessment of shielding effectiveness of shielding boxes according to 
size,  shape  and  location  of  the  apertures  that  may  exist  on  them  is  an  important 
requirement  to  design  effective  shielding  boxes.  There  are  several  numerical  and 
analytical methods in the literature to calculate SE but they have some drawbacks in  
terms of accuracy, time or memory. 

The main purpose of this thesis was to get an accurate insight of shielding effectiveness 
of a shielding box at different frequencies in the shortest time and with a minimum 
memory requirement. This has been accomplished by using EMT method based on BLT 
equation. Throughout the thesis, EMT method based on BLT equation and its application 
on assessment of shielding effectiveness of shielding boxes is investigated. 

As  a  first  step,  EMT method is  used  for  analysis  of  the  branch-line  coupler  and  its 
application for multiconductor transmission line networks is examined, which is the first 
application area of the BLT equation. It is seen that BLT is an alternative method for such 
a  multiconductor  network  and  can  solve  such  networks  easily,  if  scattering  and 
propagation parameters of the topological elements (junctions and tubes) are known. It 
can be used for all multiconductor transmission line networks and all systems that can be 
modelled as a multiconductor transmission line network consisting of junctions and tubes. 

Secondly,  usage of  EMT method based  on BLT equation  for  assessment  of  shielding 
effectiveness  of  shielding  boxes  is  examined.  In  order  to  perform  the  method, 
topological network of the system modeled as a first step. EM source radiating incident 
plane wave towards shielding box and shielding box itself are taken as a system and all  
EM field interactions in the system modeled by junctions and tubes. Then, scattering and 
propagation parameters of the junctions and tubes are characterized by a new modeling 
approach.  In our model, a rectangular shielding box is divided into three parts as front 
face, back face and side faces. The front face of the box is an infinite PEC plane with a 
rectangular aperture, the back face is an infinite PEC plane and side faces constitute a  
rectangular  waveguide.  So,  scattering  properties  of  the  infinite  PEC  plane  with  a 
rectangular  aperture  and  PEC  plane  with  no  apertures  characterize  the  scattering 
parameters. In addition, propagation properties of free-space and rectangular waveguide 
characterize the propagation parameters of the system. Throughout the analysis only 
electric field interactions are taken in consideration and it is assumed that there is only 
TE10 mode inside the rectangular waveguide. 

After obtaining the scattering and propagation supermatrices, system is reconstructed by 
BLT equation and all incoming and outgoing waves at the junctions are calculated. Since 
interiors of the shielding boxes are modeled as a tube with waveguide characteristics,  
electric  field  distribution  at  the  center  of  the  boxes  is  calculated  by  adding  up  two 
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outgoing waves form both ends and incoming to the center point. Note that the results of 
EMT method are in frequency domain and give information about change in the SE with 
respect to the frequency. 

After  obtaining  the  SE  results  by  EMT  method,  they  are  compared  with  the  CST 
MICROWAVE STUDIO® simulation results. When the results are compared, it is seen that 
they  are  very  close to  each  other.  SE  of  the  boxes  dramatically  decreases  at  some 
resonant frequencies.  It means that at those frequencies, shielding box cannot shield the 
device it  enclosures. The information of  resonant frequencies that SE decreases to a 
critical level is important and enough in some cases for the design of shielding boxes. 
Comparison of the results of EMT method and  CST MICROWAVE STUDIO®  simulation 
validates the accuracy of the EMT results, since they are very close to each other. 

Additionally, response time of EMT method is very short. It solves the electromagnetic 
waves at every junction in only 5 seconds for our examples. On the other hand, CST 
MICROWAVE STUDIO®  simulations take more than 300 seconds for  same boxes.  The 
analysis speed of the EMT method based on BLT equation will be more important for 
more  complex  systems.  It  simplifies  the  complex  systems  by  modeling  them   as 
multiconductor transmission line networks and analyzes the waves at every point on the 
system very fast. 

In conclusion, rectangular shielding boxes with one rectangular aperture are analyzed it 
this thesis by EMT method based on BLT equation with new modeling approach and 
assumptions and compared with the CST MICROWAVE STUDIO®  simulation results. It is 
seen that EMT method provides a  simple, fast and accurate technique to analyze the SE 
of shielding boxes. 

In the future, this modeling approaches and assumptions can be improved using EMT 
method  for  multi-aperture  shielding  boxes  with  various  aperture  shapes,  sizes  and 
positions. In this thesis, shielding boxes are taken as there are no other elements in them 
that may cause extra reflections. As a future research activity, several electrical units can 
be put into shielding boxes such as printed circuit boards, cables, and etc. Then, these 
electrical units and equipments can also be modeled in the topological diagram of the 
system and their scattering and propagating characteristics can be used as a parameter 
in BLT equation. When it is achieved, a general insight of shielding box design will be 
obtained by a simple way and in a shortest time. Besides, an insight for the placement of 
the electrical  units inside the shielding boxes will  also be also acquired.  This is  also 
critical information for also Tempest applications. By this way, locations of the computers 
and other devices that emit EMR can be determined. 

In addition, modeling of the topological diagram can be changed and used for an inverse 
problem. In other words, it can be assumed that EM source is inside the shielding box 
and EM field radiation from the apertures can be calculated.  Application of  the EMT 
method on such a problem will  be  very  useful  for  both  EMI  problems and Tempest 
applications. 
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