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Indeed, in the creation of the heavens and earth, and the
alternation of the night and the day, and the [great] ships
which sail through the sea with that which bene�ts people,
and what Allah has sent down from the heavens of rain,
giving life thereby to the earth after its lifelessness and

dispersing therein every [kind of] moving creature, and [His]
directing of the winds and the clouds controlled between the
heaven and the earth are signs for a people who use reason.

The Glorious Quran, 2:164
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Fourth Generation (4G) and �fth Generation (5G) wireless communication devices

will rely on multiple-input-multiple-output (MIMO) technology for providing en-

hanced data rates. Antenna design for MIMO systems is a challenging task in

any communication system because it depends on past experience and thus lacks

physical explanation and systematic design steps. Some recent theories like an-

tenna current green function (ACGF), theory of characteristic modes (TCM) and

characteristic basis function (CBF) were proposed to provide some insight. This

work focuses on critically evaluating the feasiblity of all these current engineering

methods from a practical antenna design persepctive and in particular in the con-

text of printed MIMO antennas. ACGF, su�ers from the issue that it relies on the

current equation which is mathematically intractable for printed antennas. TCM
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and CBF can be used for any antenna type because they rely on the Method of

Moments (MoM).

With the help of TCM, it was found that the introduction of circular slots on

a chassis does not generate any new modes. The presence of the slot modi�es the

chassis modes. Based on the size, shape and location of the slot di�ernet chasis

modes are a�ected. The e�ect of multiple circular slots on the chassis modes was

investigated for the �rst time. Based on our analysis, a miniaturized frequency

agile annular slot-based MIMO antenna system was designed and analyzed for

mobile sized phones. The antenna exhibits wide tuning range operation by cov-

ering several well known wireless standards. Using TCM analysis, the physical

behavior behind frequency recon�gurability was also investigated.

A systematic method was developed with the help of TCM (current engineer-

ing) to predict whether the isolation can be enhanced between adjacent antenna

elements. The behavior of defected ground structures (DGS) when added to an-

tenna designs was also investigated. A properly designed DGS introduces currents

opposite in direction to the original characteristic modes (CM) currents thus re-

ducing mutual coupling. Using the proposed approach, isolation was improved on

an average by 11 dB for three di�erent antenna design types.

With the help of TCM, the use of the mobile chassis as the main radiating

element for frequencies greater than 2 GHz is shown to be not practical nor real-

istic. For such frequencies, the antenna is the main radiating source. The e�ect

of real antenna elements on rectangular chassis modes was also investigated. For
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the �rst time, we showed that the presence of the antenna generates a completely

new antenna mode (compared to chassis mode modi�cations in other existing

works). The new antenna mode only depends on the shape of the antenna and is

independent of the location of the antenna on the chassis (unlike chassis modes).

Two substrate integrated waveguide (SIW) antennas having a tilt of 100 and

350 (from broad side) with a side lobe level (SLL) of at least 7 dB operating over

a wide frequencyband from 28.75 GHz to 31.2 GHz are presented in a MIMO

con�guration for future 5G handheld terminals. The antennas were optimized

using genetic algortihm (GA) that determines the location of the slots based on

prede�ned SLL and beam tilt.
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مهمة صعبة في أي نظام اتصالات  MIMOلتوفير سرعة نقل بيانات محسنة. تصميم الهوائيات لأنظمة  MIMOالمخرجات 

بعض النظريات الحديثة مثل لأنها تعتمد على الخبرة السابقة وبالتالي تفتقر إلى التفسير الفيزيائي وخطوات التصميم المنظمة. 

تم عرضها  CBFاقتران الأساسات المميزة ، وTCMنظرية الأوضاع المميزة ، ACGFتيار الهوائي الاقتران الأخضر ل

جهة تصميم الهوائيات من  لهندسة التيارلتسليط بعض الضوء. هذا العمل يتركز على التقييم النقدي لجدوى جميع هذه الطرق 

، تعاني من معضلة أنها تعتمد على معادلة التيار التي يصعب ACGFالمطبوعة بالتحديد.  MIMOالعملي وتصميم هوائيات 

طريقة العزوم يمكن استخدامها لأي نوع هوائيات لأنها تعتمد على  CBFو TCMاستخراجها رياضياً من الهوائيات المطبوعة. 

MoM. 

يعدل أوضاع الهيكل.  ، تبين أن ظهور فتحات دائري بهيكل معدني لا ينتج أي أوضاع جديدة. ظهور الفتحةTCMبمساعدة 

وموقع الفتحة، أوضاع مختلفة تتأثر في الهيكل. تأثير فتحات دائرية متعددة في الهيكل تم استكشافه اعتماداً على حجم وشكل 

مصغر مبني على فتحات حلقية تعمد على تحديد  MIMOلأول مرة. اعتماداً على تحليلنا، تم تصميم وتحليل نظام هوائيات 

زة الهاتف. الهوائي يعرض تشغيل طيف واسع من الترددات المضبوطة من خلال تغطية العديد من معايير التردد بحجم أجه

 ، تم أيضاً استكشاف السلوك الفيزيائي خلف خاصية التحكم في التردد.TCMباستخدام تحليل الاتصالات اللاسلكية المعروفة. 
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ادل. باستخدام المقاربة الأصلية مما يعني تقليل التأثير المتب CMالأوضاع المميزة بعناية تنتج تيارات تعاكس اتجاه تيارات 

 لثلاثة أنواع من تصميمات الهوائيات. dB 11المقترحة، تم تحسين العزل بمعدل 

ليس عملي  GHz 2الهيكل المعدني للهاتف كعنصر إشعاع رئيسي للترددات الأكبر من ، تم تبيان أن استخدام TCMبمساعدة 

يسي. تم أيضاً استكشاف تأثير عناصر الهوائيات الحقيقية على ولا واقعي. لتلك الترددات، الهوائي هو مصدر الإشعاع الرئ

أوضاع الهيكل المستطيل الشكل. لأول مرة، أثبتنا أن تواجد الهوائي ينتج وضع جديد تماماً للهوائي )مقارنة بمجرد التعديلات 

هوائي وهو لا يعتمد على موقع على أوضاع الهيكل كما في الأعمال السابقة(. الوضع الجديد للهوائي يعتمد فقط على شكل ال

 الهوائي على الهيكل )على خلاف الحال في أوضاع الهيكل(.

درجة )عن الاتجاه  35و 10بزاوية ميلان  SIWه الموجة المضمن في المادة موج  تم عرض تصميم هوائيين من نوع 

لغاية  GHz 28.75على الأقل تعمل على نطاق ترددات واسع من  SLL 7 dB مستوى إشعاع ثانوي )جانبي(الأساسي( و

31.2 GHz  وفق ضبطMIMO  5لأجهزةG  خوارزمية الجينات اليدوية المستقبلية. تم تحسين الهوائي باستخدامGA  التي

 وزاوية ميلان الإشعاع. SLLفتحات اعتماداً على التحديد المسبق لكل من تحدد موقع ال



CHAPTER 1

INTRODUCTION

�A good beginning makes a good end�

Louis L'Amour

Signi�cant advancements were achieved in the area of antenna design in recent

years due to printed technology and the multitude of wireless standards and strict

requirements of small mobile devices. The use of smart devices is increasing day

by day, and it is predicted that by the end of 2020, around 50 billion devices will

be connected to the Internet, where major portion of the devices will be connected

wirelessly [1]. According to [2], by the end of 2018, more than 50 % of users will

use smart phones or tablets for online activities while WIFI will be speci�ed as

the default connection for all non-mobile devices such as desk phones, desktops,

projectors and conference rooms. The requirement of smart phones in 2017 was

around 2.0 billions as compared to 2013, where it was 1.7 billions. It is expected

that 5G will be launched by the end of 2021. 5G will provide 100 to 1000 times

faster data rates as compared to 4G. Such High data rates can be achieved by
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employing multiple-input-multiple-output (MIMO) systems and the use of wider

bandwidths at the range of millimeter wave (mm-wave).

Beside the need of high data rates, there are other design constraints that an

antenna designer needs to take care of such as compactness, small size, low pro-

�le, light weight and robustness of the design [3]. The antenna shall also provide

broadband operation [4] or recon�gurable capability to address multiple bands [5].

Up to date, there are very limited general guidelines developed for some basic an-

tenna designs [6, 7]. Even after following these guidelines, we still need to apply

parametric sweeps in full wave software packages (computer aided design-CAD)

like FEKO [8], HFSS [9] and CST [10] in order to get the desired response. The

use of numerical and computational methods is also limited because of the huge

amount of complexity involved [11�13]. The use of automatic optimization tech-

niques such as Genetic Algorithms (GA) [14], particle-swarm optimization [15] and

arti�cial neural networks [16] are very limited to speci�c applications and cannot

be generalized because of di�erent behavior and large amount of parameters that

need to be optimized, other wise useful for speci�c applications.

Nowadays, antenna design depends alot on past experience and know-how.

The designers do not look into the physics behind the antenna design process

in alot of cases and only focus on the �nal output. Just on the basis of careful

observations, they design antennas that ful�ll the requirements needed, such as

appropriate bandwidth (BW), highly miniaturized and high e�ciency.

If the antenna current density has a closed form expression, we can easily
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calculate the radiation patterns for a speci�c antenna. As shown in Figure 1.1, we

can calculate the Electric and Magnetic potentials from the current density and

then from these potentials, we can �nd out the radiation patterns of any antenna.

If we have Electric (J) and Magnetic (M) sources then we can calculate the

Magnetic (A) and Electric (F ), vector potentials from (1.1) and (1.2), respectively

[6], where µ and ε are the permeability and permitivity of the medium in which

the wave is propagating and R represents the distance from the source to any

observation point. k represents the propagation constant and is given by k =

ω
√
µε.

A =
µ

4π

∫∫∫
V

J
e−jkR

R
dv′ (1.1)

F =
ε

4π

∫∫∫
V

M
e−jkR

R
dv′ (1.2)

The Electric (E) and Magnetic (H) �elds generated by the Electric source (Mag-

Figure 1.1: Calculating Radiated Field from Sources.

netic vector potential) are given (1.3), and (1.4). where ω is the angular frequency
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at which we want to �nd the EA �eld at.

HA =
1

µ
∇× A (1.3)

EA = −∇φe − jwA = −jwA− j 1

wµε
∇(∇.A) (1.4)

Similarly, the electric and magnetic �elds generated by the magnetic source (elec-

tric vector potential) are given by [6]

EF = −1

ε
∇× F (1.5)

HF = −∇φm − jwF = −jwF − j 1

wµε
∇(∇.F ) (1.6)

The total Fields are thus given by

E = EA + EF

H = HA +HF

(1.7)

For simple wire structures like monopole and dipole antennas, it is easy to calculate

the closed form expressions for the antenna �elds because the current distributions

are well de�ned under ideal condition (i.e. free space without existence of a

dielectric, lossless conductors and small feeding gaps). A problem arises when we

are dealing with complex (i.e. printed) structures. It is very hard to get closed

form expressions for the current distribution (if not impossible) and thus the �elds

cannot be obtained in closed form, but rather using numerical methods. That is
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why less attention has been given to the calculation of the current density in a

closed form fashion in the past.

Recently, some theories were developed such as theory of characteristic modes

(TCM) [17], antenna current green function (ACGF) [34�39] and characteristic

basis function (CBF) [42, 43] to explain the physical behavior of the antennas.

Engineering the current in these methods lead to direct impact on the radiated

�elds and other antenna parameters. The objective of this work is to analyze these

methods and to study whether these methods can be extended to real antenna

designs with MIMO antenna system focus. For these three methods we need

to identify their advantages and disadvantages. TCM will be used to analyze the

behavior of MIMO antenna designs via current engineering. The size constraint of

the MIMO antenna systems causes severe coupling between the antenna elements,

and thus TCM will be also used to develop a systematic approach for isolation

enhancement between the antenna elements via current control. It will be also

used to explain the physics behind frequency recon�gurability in frequency agile

antennas.

Since �elds are directly coupled to the currents, this will be utilized to design

substrate integrated waveguide (SIW) antennas via �eld engineering and opti-

mization using GA for 5G MIMO enabled terminals. SIW's have the advantage

of huge BW, high gain, low pro�le and ease of integration with planar structures.
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1.1 Motivation

Table 1.1 presents the forecast in the demand of wireless devices. In 2015, around

2.9 billions devices were sold while in 2018 it is expected to sell 3.1 billions. We

can observe that the demand of almost all the products increased. The number of

wireless hand held devices had already exceeded the number of people on Earth.

Table 1.1: Market forecast for the number of wireless mobile devices [2]. All values
are in millions.

Device Type 2015 2016 2017 2018

Ultramobiles (Premium) 45 57 73 90
PC Market (Laptops) 289 284 296 306
Ultramobiles (Basic and Utility) 195 188 188 194
Computing Devices Market 484 473 485 500
Mobile Phones 1917 1943 1983 2022
Total Devices Market 2930 2945 3025 3112

It is expected that 5G will be launched by the end of 2021. It will have fea-

tures such as high data rates, higher system capacity, massive device connectivity,

reduced latency, energy saving and cost reduction. Large BW can be achieved

using millimeter wave bands. Antenna design will play a vital role in the per-

formance of the system. Obviously MIMO antenna systems or massive MIMO

antenna systems, will meet these requirements. Thus the design of such antennas

for wireless devices according to 4G/5G standards has alot of importance. Design

requirements for MIMO antenna systems are low cost, compact size, low pro�le

with acceptable amount of isolation between the antenna elements. Also, 4G and

5G antenna coexistence and integration is important.

Antennas are designed normally on the basis of practical experience and �ne
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tuned based on educated parametric sweeps in CAD tools. Systematic antenna

design methods are almost non existent, and developing such methods can reduce

design time and improve performance. Such methods will also predict, whether a

particular performance can be achieved or not.

1.2 Problem Statement

The design of novel antennas with good radiation characteristics is an important

requirement for the 4G/5G MIMO antenna designs. Printed antennas are the

most widely used due to their ease of integration with other microwave electronics

and within the wireless device. Even with current advancements in antenna de-

sign, there is no systematic procedure developed for the design of printed MIMO

antennas in literature. The main problem is that, we do not have closed form

expressions for the current distribution on the surface of the antenna in the �rst

place. If we some how can control or know the current distribution on the sur-

face of antenna and the ground plane, the design procedure can become more

structured.

Recently, few methods (ACGF [19�22], TCM [23�25], CBF [42�44]) were de-

veloped, to provide physical explanation as well as some systematic design pro-

cedures. Although these methods have provided physical explanation to many

problems they still need alot of improvement.

In this work, we are throughly analyzing these methods along with their fea-

sibility in practical designs. After performing a comprehensive literature review,
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the applicability and the extension of these methods to printed antenna designs is

performed. TCM is then extensively used to design printed MIMO antennas sys-

tems and a systematic method for isolation enhancement is provided. Orthogonal

patterns can be obtained from the characteristic modes that is why alot of research

address pattern recon�gurability. As characteristic modes have no direct link with

the frequency recon�gurability, only two research publications are present in the

literature that used TCM without any systematic procedure to get the frequency

recon�gurability for an antenna design via the use of reactive loading.

From a MIMO perspective, isolation is an important performance metric. Nor-

mally the compactness of the terminals may degrade the performance of MIMO

systems due to high port and �eld coupling which a�ect the channel capacity,

BW and e�ciency of the system. Previously, TCM was used only to study the

behavior of chassis to improve the isolation by 5 dB only. Normally for MIMO

designs we need high isolation. Any systematic procedure, if developed with the

help of TCM, that can enhance the isolation will be of great help to designers.

MM-wave band will be used in 5G to provide ultrahigh speeds due to the

large available BW. The design of substrate integrated waveguide (SIW) arrays

with current control can generate uncorrelated beams and is of high interest for

mobile manufacturers. Thus, we provide a 5G mm-wave MIMO antenna solution

utilizing pattern synthesis via �eld and current control using a genetic algorithm

(GA) based optimization procedure.

The objectives of this work are;
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• To critically evaluate ACGF, TCM and CBF current engineering methods in

terms of their up-to-date work and applicability to printed MIMO antenna

design. To evaluate whether these methods can help in antenna designing

process or explain the antenna performance parameters.

• To design a MIMO circular slot antenna design covering frequency Band

from 1.8 to 2.45 GHz with frequency recon�gurable and explain the physical

mechanism of frequency recon�gurability from the perspective of TCM.

• To develop a systematic approach that can predict whether a DGS can

enhance the isolation between MIMO antenna elements or not and to provide

a physical explanation to the physical behaviour of DGS and explain its

mechanism with the help of TCM.

• To design a 5G SIW MIMO based antenna system with optimized pattern

synthesis using GA. The antenna system will work at 28 GHz and at least

2 GHZ of BW with two arrays each behaving as a single MIMO antenna.

1.3 Work Contributions

The contributions of this work are summarized as follows;

1. A comprehensive investigation of the feasibility of ACGF, TCM and CBF

current engineering methods in the design of printed MIMO antennas.

2. The design of a circular slot MIMO antenna system covering the frequency

bands from 1.8 to 2.45 GHz with frequency recon�gurability capability and
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explain for the �rst time the physical mechanism of frequency recon�gurabil-

ity from the perspective of TCM. The average BW is 38 MHz. The measured

maximum e�ciency was 73% while the measured maximum gain was 2.43

dBi. The envelope correlation coe�cient did not exceed 0.186 across the

complete operating BW.

3. The development of a systematic approach that can predict whether a DGS

can enhance the isolation between MIMO antenna elements or not and pro-

viding for the �rst time a physical explanation to the behavior of DGS with

the help of TCM.

4. For frequencies greater than 1 GHz, we show for the �rst time that the

antenna is the element responsible for the radiation and not the mobile

chassis. So, the use of the chassis for frequencies greater than 1 GHz is

unrealistic approach.

5. We show that the presence of the antenna generates a new mode. It depends

on the antenna element geometry and not on the location of the antenna on

the chassis.

6. The design of a novel 5G SIW based MIMO antenna system with optimized

pattern synthesis using GA via engineering the currents. The antenna sys-

tem works at 28 GHz with at least 3 GHz of BW and two arrays each

behaving as a single MIMO antenna.
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1.4 Dissertation Overview

The dissertation is divided into nine chapters. In chapter 2, an overview of the

ACGF, TCM, CBF and SIW is provided. Parameters used to evaluate the perfor-

mance of all these methods are discussed. In chapter 3, a comprehensive literature

review of ACGF, TCM, CBF and SIW is conducted to show the contributions of

this work.

In chapter 4, TCM is applied to study and have better understanding of the

physical e�ect of slots when introduced in mobile chassis. Based on the analysis,

a novel 4 element MIMO frequency recon�gurable slot antenna is proposed. The

physical mechanism behind frequency recon�gurability is analyzed for the �rst

time and explained using TCM.

In chapter 5, a systematic method for the isolation enhancement between

MIMO antennas is presented. The method can predict whether with the help

of DGS we can or we cannot improve the isolation. Using TCM, an explanation

to the physical behavior of DGS is also provided. An average of 11 dB isolation

enhancement was achieved when the systematic method was applied to di�erent

MIMO antenna systems.

In chapter 6, emphasis was made against the use of the chassis as the main

radiator for frequencies greater than 2 GHz, which was normally done in the

literature. It was shown that a 90 % reduction in the mobile chassis did not a�ect

the antenna behaviour in terms of resonance. In chapter 7, it is shown that the

presence of the antenna generates a new mode. As all the modes have current

11



maxima across the antenna element itself, the excitation of a single antenna mode

with the existing available techniques is impossible.

In chapter 8, a GA is used to design a traveling wave SIW slot antenna oper-

ating at 28.5 GHz. The o�set and the location of the slots are determined from

the GA. Two single element designs are presented that are having a tilt of 100 and

350 from the broad side.

Chapter 9, summarizes the research work, gives conclusions and highlights the

future work.
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CHAPTER 2

BACKGROUND

�Life can be only understood backwards; but it must be lived forwards�

Soren Kierkegaard

2.1 Theory Of Characteristic Modes

TCM was developed by Garbacz in 1968 by diagonalizing the scattering matrix

for an arbitrary shape conducting object [17]. This theory was later modi�ed

by Harrington and Mautz in 1971 [18]. They obtained the characteristic modes

by diagonalizing the Impedance matrix for an arbitrary shape conducting object.

Characteristic modes gain importance because of their three important features

[23�25,29�32].

• The Modes obtained are real over the surface on which they exist.

• On the surface, modes are orthogonal with each other.
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• The modes are obtained by diagonalizing the general impedance matrix for

the surface.

2.1.1 Mathematical Formulation

Before giving a mathematical explanation to TCM, one thing should be made

clear that characteristic modes are found for the object and are dependent on the

shape of the object. Characteristic modes are totally independent of the excitation

source. As explained in [33], TCM was developed by de�ning an operator that

relates the current on the surface of a conducting object with the incident electric

�eld (Ei).

[L(J)− Ei]tan = 0 (2.1)

The subscript tan represents the tangential component while L(J) represents the

intensity of the Electric �eld at any point in space due to the current density J

on the surface of an antenna.

The characteristic current Modes for an arbitrary conducting object can be

found according to [33],

[Z]In = (1 + jλn)[R]In (2.2)

Where Z represents the impedance and Z = R + jX, In represents the current

eigen vector and 1+ jλn represents the eigen value. Further simpli�cation of (2.2)

gives

[X]In = λn[R]In (2.3)

14



It can be also represented as

[X]Jn = λn[R]Jn (2.4)

Here Jn represents the current density eigen vector. From Reciprocity we know

that, if Z is a linear symmetric operator then the Hermitian parts of of Z (R and

X) will be also linear symmetric operators [23]. Thus we can conclude that the

eigen values will be always real and we can assume that the eigen vectors will

always be real and equiphasal.

The orthogonal properties of the eigen vector can be explained from the follow-

ing relations following those in [33]. We know that the power radiated from any

source can be represented by the equation as

P = I∗V = I∗RI = 1 (2.5)

For our convenience, we have normalized the power radiated to be 1.

Im
∗[R]In = δmn (2.6)

Where δmn represents Kronecher delta function. This means that all the eigen

vectors are orthogonal to each other. Similarly,

Im
∗[X]In = λnδmn (2.7)
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Summing (2.6) and (2.7) yields

Im
∗[Z]In = (1 + jλn)δmn (2.8)

The following equation's are also represented in eigen current density (Jn) form

as presented in [23] as,

Jm
∗[R]Jn = δmn (2.9)

Jm
∗[X]Jn = λnδmn (2.10)

Jm
∗[Z]Jn = (1 + jλn)δmn (2.11)

Electric �elds produced by these eigen currents are known as characteristic

�elds [18, 23,33]. These Characteristic �elds can be calculated as

E(Jn) = Z(Jn) = R(Jn) + jX(Jn) = R(Jn)(1 + jλn) (2.12)

Based on eqs. (2.6) to (2.8) or eqs. (2.9) to (2.11), we can observe that due to the

orthogonality property of eigen vectors, each characteristic mode or eigen vector

radiates power independently. Due to this feature, total current on the surface of

a conducting body can be expanded as

J =
∑
n

αnJn (2.13)

where αn are the coe�cients of the eigen current distribution, now putting (2.13)
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in (2.1) we get ∑
n

[αnZ(Jn)− Ei]tan = 0 (2.14)

We multiply it by an eigen vector Jm we get

∑
n

αn 〈Jm, ZJn〉 −
〈
Jm, E

i
〉

= 0 (2.15)

Due to the orthogonality property, we know that for m 6= n , the term

αn 〈Jm, ZJn〉 = 0. Only for m = n the term JnZJn = (1 + jλn) thus

αn(1 + jλn) =
〈
Jm, E

i
〉

(2.16)

The right hand term of (2.16) is called the modal excitation coe�cient [23] and is

represented by Vi, thus (2.16) can be written as

αn =
Vni

(1 + jλn)
(2.17)

Putting (2.17) in (2.13) we get,

J =
∑
n

V i
nJn

(1 + jλn)
(2.18)

Equation (2.18) is of great importance. V i
n represents the applied voltage magni-

tude and phase. The numerator of (2.18) decides which particular characteristic

mode will be excited on the surface of the conductor. Remember that the eigen
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value is of great importance because it decides whether the mode should radiate

or store energy in Electrical or Magnetic forms. The frequencies for which the

corresponding eigen value is zero are the resonance frequencies of the conducting

object. For frequencies having positive eigen values, they mean that the object

will not radiate e�ectively and will store energy in magnetic form. Similarly, neg-

ative eigen values mean that they will store energy in electric energy form. For a

dipole of length 0.5m and diameter of 1 mm the �rst four eigen values associated

with the �rst four characteristic modes are plotted in Figure 2.1. Note the reso-

nance of the various modes. If the antenna is a λ/2 dipole, its resonance is at 300

MHz.

Figure 2.1: Eigen Values variation with frequency for a dipole of length 0.5 m and
wire diameter of 1 mm [23].
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2.1.2 Modal Signi�cance

Modal Signi�cance (MS) can be obtained by normalizing equation (2.18) as

MSn =

∣∣∣∣ 1

1 + jλn

∣∣∣∣ (2.19)

MS depends on one parameter that is the eigen value, thus the MS gives us

a physical insight of the behavior of a conducting object. It tells us about its

resonance and radiating BW.

At the resonance frequency we know that λn = 0 so MS = 1. The Half power

bandwidth (HPBW) is the point, whereMS = 0.707 or MS = 1/
√

2. This value

of HPBW is obtained for eigen values of λn = ±1. The HPBW can be calculated

from Figure 2.2 using (2.20) as follows,

BWn =
fu − fL
fres

(2.20)

The Modal Quality factor is also used to �nd out the radiating Bandwidth of

the antenna. The Modal Quality Factor (Qrad,n) basically de�nes the sharpness

of the resonance frequency and is inversely proportional to the BW, that is

Qrad,n =
1

BWn

(2.21)
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Figure 2.2: Modal Signi�cance associated with the �rst four characteristic modes
(or eigen values) for a dipole of length 0.5 m and wire diameter of 1 mm [23].

The Modal Quality factor can be also calculated as [23],

[
ω
dx

dω

]
[Jn] = Qn[R][Jn] (2.22)

In terms of eigen values, the modal quality factor can be expressed as,

Qrad,n =
ω

2

dλn
dω

(2.23)

2.1.3 Characteristic Angle

The characteristic angle is the angle between the characteristic mode (Jn) and

the associated characteristic �eld. Mathematically, the characteristic angle can

be expressed as

αn = 180o − tan−1(λn) (2.24)
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The BW of an element can be also calculated from the characteristic angle plots as

shown in Figure 2.3. At the resonance frequency λn = 0, thus the characteristic

angle at resonance frequency will be equal to 180o. From equation (2.24) we

know that, at the highest and lowest frequencies of a bandwidth, the maximum

and minimum eigen values are λn = +1 and −1 respectively. For λn = +1 the

characteristic angle is 135o and for λn = −1 the characteristic angle is 225o.

Figure 2.3: Characteristic angle associated with the �rst four characteristic modes
(or eigen values) for a dipole of length 0.5 m and wire diameter of 1 mm [23].

2.1.4 Reactive Loading

We know that the basic equation for obtaining characteristic modes is (2.4) but

for the sake of comparison we will repeat it over here.

[X]Jn = λn[R]Jn (2.25)
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Now if the surface of the conducting object is loaded with continuous reactive

loads, the new characteristic modes can be expressed from the following equation.

[XL +X]Jn = λn[R]Jn (2.26)

Due to the addition of this continuous reactive load the characteristic modes of

the conducting body will change. Characteristic modes will be a�ected in terms

of resonance frequency and radiating BW.

2.1.5 Computer Simulation Technology (CST)

CST was used as the simulation tool to �nd the CM of any geometry [10]. CST is

a simulation software that can solve a problem using many numerical approaches

like �nite element method (FEM), multilevel fast multipole method (MLFMM),

method of moments (MoM) and and shooting boundary ray (SBR) method. De-

pending upon the application, di�erent solvers can be used. TCM analysis is

o�ered by the integral equation solver as well as the Multilayer solver. For the

case of TCM analysis for metallic structures i.e. in the absence of any dielectric

material the integral equation solver is used. When ever we have multi layers

geometry consisting of metal and dielectric layers then the Multilayer solver is

used for TCM analysis.
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2.2 The Antenna Current Green's Function

(ACGF)

In signal processing the behavior of the system is represented by its impulse re-

sponse, In the same way the behavior of an Electromagnetic system is represented

by the Green's Function (GF) [34�39]. For an electromagnetic system if we know

the GF we can calculate or predict the behavior of the system for any excitation.

By using the Wilcox and Weyl expansions (Section A.1) the �elds behavior

was studied from a perspective that has got much resemblance to reality. Section

A.3, shows that the Electric �eld radiated by an antenna can be represented

in terms of a GF. In [19] and [20], the new concept of ACGF was introduced.

An Electromagnetic system was framed into three modes. Mode A, B and C.

Mode A, deals with the antenna excitation by an external excitation source and

shows how the current is induced into the antenna surface. Mode B relates the

radiation pattern produced by the currents on the surface of antenna and, Mode

C is linked with the receiving antenna, how currents are induced into antenna,

from the �elds present in the near �eld of the antenna. Mode A and B are linked

with the transmitting antenna while mode C is linked with the receiving antenna.

Collectively all these modes cover a transmission and reception process and is

shown in the Figure 2.4.

As Mode A refers to the relation between the current excitation on the surface

of antenna (J) and the external Electric �eld (Eex(r′)) applied at position r′ in
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Figure 2.4: Transmission and Reception of the antenna divided into three modes
[19].

space then the current induced in the antenna at point r will be given by

J(r) =

∫
s

F (r, r′)ds′.[n̂× Eex(r′)] (2.27)

Here F (r, r′) represents the ACGF. This current that is induced in the antenna will

radiate �elds in the external environment. After few mathematical manipulations,

it was found that the �elds radiated are related to the current density through

free space green function (FSGF),

E(r) =

∫
s

G(r, r′)ds′.J(r′) (2.28)
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Mode C, which is a receiving mode. Due to the linearity of the problem the

current induced on the antenna by the surrounding electric �eld is also governed

by another GF known as L(r, r
′′
). Mode C can be taken as similar to Mode A,

Jrx(r) =

∫
s

L(r, r′)ds′.Etr(r
′) (2.29)

Based on these formulations the system can be generalized. Now for any geometry

if we know the excitation, based on the Green function we can calculate the current

density that will be induced on the antenna surface, and from the current density

we can calculate the vector potentials and �nally the radiation pattern. The

tangential component of the Electric �eld generated by the current on the surface

of antenna can be written in terms of an electric �eld integral equation (EFIE) [37]

as,

Eex
t (r) = −iωµn̂×

∫
s

ds′

[
Î +

1

k2o
∇∇.

]
eiko|r−r

′|

4π|r − r′|
.J(r) (2.30)

In simpli�ed form, (2.30) can be represented as

Eex
t (r) = £J(r) (2.31)

Since £ is a linear operator, its inverse is possible, thus

J(r) = £−1Eex
t (r). (2.32)

(2.32) resembles (2.27), so for any impulse input the response will be the GF and
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for this particular case it will be known as the ACGF. ACGF of mode A and C

is a 3D tensor and in terms of a 3D coordinate system where x̂p = x̂1 + x̂2 + x̂3,

it is given by,

F (r, r
′
) =

3∑
p=1

3∑
q=1

Fxpxq(r, r
′
)x̂px̂q (2.33)

As antenna surfaces are normally in 2D space, modes A and C can be simpli�ed

to a 2D tensor. In both cases, only the tangential component of the electric �eld

is active. Due to the far�eld radiation pattern, mode B GF shall be represented

by a 3D tensor.

2.3 Characteristic Basis Function (CBF)

The normal practice to solve a method of moments (MoM) based problem is to

use the Rao, Wilton and Glisson (RWG) basis functions. The discretization range

using RWG approach is from
λ

10
to

λ

20
. This causes the object size electrically

large and the MoM matrix increases in size very rapidly [42,43].

CM are the natural modes as already discussed in section 2.1. CM are devel-

oped in the absence of excitation source. To overcome these problems, CBF were

developed. The CBF method has alot of advantages such as [42�46]

• It is a general technique and can be applied to any arbitrary design.

• CBF also accounts for mutual coupling between antenna elements in a de-

sign.

• CBF reduces the matrix size dimension of the impedance matrix by creat-
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ing sub-blocks and solving them separately. The matrices created are well

conditioned and sparse.

• Direct solvers can be used instead of iterative solvers.

The MoM equation for a general design is given by,

Z.J = V (2.34)

where, Z represents the generalized impedance matrix of dimensions N × N , J

represents the unknown eigen current distribution matrix and is of the dimension

N × 1, while V represents the excitation source, which is a known quantity. Thus

(2.34) has N number of unknowns for which we need to solve. The complexity of

the problem can be reduced, if the antenna is divided into M number of blocks.

Let Nb, be the number of unknowns in each block. For a single block, (2.34) can

be solved by exciting it via plane wave (PW) with di�erent incident angles. Let

say the total number of incident angles are NPWS = NθNφ. The measurements

are taken deliberately overestimated so that the CBF should be invariant with

respect to shape and size of the geometry under consideration.

To make CBF, count for coupling the idea of extended blocks was introduced.

Figure 2.5(a) shows the blocking of any antenna to M number of block, here M is

equal to 16 while Figure 2.5(b) shows the introduction of extended block on the

antenna surface.

The extended block impedance matrix (Zii) dimensions can be represented

by Nbc × Nbc. Zii can be extracted by s matrix segmentation procedure from
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Figure 2.5: CBF application on antenna (a) Surface of a geometry divided into
16 blocks, (b) Extended blocks introduction in the geometry [42,43].

the impedance matrix. When PW are impinged on the extended block from the

(NPWS) incident angles, (2.34) can be written as

Zii × JCBFii = V PWS
ii (2.35)

The dimensions of JCBFii is Nbc × NPWS while that of the applied voltage in the

extended block region will be also Nbc×NPWS. If we compare (2.35) with (2.34),

we can observe that the number of unknowns have been signi�cantly reduced

from N to Nbc. The size of the M block is manageable and user dependent, we can

increase and decrease the size without any restriction. As the matrix dimension of

(2.35) are smaller, we can solve them by using LU decomposition. Typically CBFs

exceed the number of degrees of freedom (DoF) associated with the block and it is

desirable to remove the redundancy by using singular value decomposition (SVD)

method.
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JCBFii = UDV t (2.36)

where U and V are orthogonal matrices with dimensions of Nbc × NPWS and

NPWS × Nbc. D is a diagonal matrix with dimensions NPWS × NPWS and the

elements of the matrix are singular values of Jii. A new set of CBFs is constructed

via SVD approach. For the sake of simplicity, all the blocks contain the same

number of CBF after SVD. Assume, k represents the number of remaining or

selected CBF and is smaller than NPWS.

To get the solution for the whole design, we will construct KM primary basis

functions. K, for each of the M block. The linear combination of the CBFs will

be the solution to entire problem.

J =
K∑
k=1

α
(1)
k



[J1
k ]

0

...

0


+

K∑
k=1

α
(2)
k



0

[J2
k ]

...

0


+ · · ·+

K∑
k=1

α
(M)
k



0

0

...[
JMk
]


(2.37)

where, α represents the weighting coe�cient. The reason of all this analysis is to

solve (2.34) with the least number of unknowns, after this whole procedure the

number of unknowns have reduced to N = KM . The original matrix in (2.34)

dimensions are reduced from N ×N to KM ×KM .

29



2.4 Substrate Integrated Waveguide (SIW) Tech-

nology

The deployment of mm-wave technology is essential for 5G technology. Huge

BW, high gain and low pro�le are essential for mm-wave antennas. The idea

of SIW to be used at mm wave, originated from the concept of cavity backed

antennas (CBA) and slot antennas. The depth of a CBA is roughly quarter

guided wavelength. The bulky volumes and big sizes make CBA not suitable

for many practical applications. Thus SIW was introduced to overcome all these

problems. SIW have small size, light weight, low cost, low pro�le and has the

ability to be easily integrated with planar structures. Beside such features, SIW

based antennas have the feature of high gain, high Front to Back (FBR) ratio and

low cross polarization level like metallic waveguide ones [47�49]. Figure 2.6(a)

shows a very basic SIW geometry. Substrates that are backed at top and bottom

by metallic conductors and at the sides, via holes are used to direct the energy in

one direction. The diameter as well as the distance between vias plays signi�cant

role in frequency adjustment as well as the leaky wave radiation mechanism. The

width of the SIW determines the cuto� frequency of the fundamental mode. The

BW provided is similar to a rectangular waveguide case but with a reduction

factor of ε
− 1

2
r [47]. Figure 2.6(b) shows a slot based SIW antenna.

Like other techniques, SIW also su�ers from three major losses which are

conductor losses, dielectric losses and radiation losses due to energy leakage. The

conductor losses and dielectric losses are similar to other technologies but they can
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Figure 2.6: SIW technology (a) SIW resemblance to Metallic Rectangular waveg-
uide and (b) Basic SIW antenna Geometry [48].

be reduced. Conductor losses can be reduced by increasing the substrate thickness.

Dielectric losses can be reduced by selecting e�cient dielectrics. Radiation losses

can be minimized if the spacing to the diameter ratio of the vias is less than

2.5 [47].

Passive components such as �lters and couplers were designed in SIW tech-

nology. Active circuits were also implemented as well as transition methods were

used to excite SIW designs either through microstrip line or coplanar feeding [47].

To reduce the size of the SIW further, Half Modes Substrate integrated waveguide

(HMSIW) were introduced [50, 51]. HMSIW reduced the size of SIW by cutting

the SIW in half. The open edge (after cutting) acts as a radiator because the �eld

can be radiated from the open slot.
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CHAPTER 3

LITERATURE REVIEW

�Research is to see what everybody else has seen, and to think what nobody else has

thought�

�Albert Szent-Györgi

A comprehensive literature review covering all the works conducted utilizing

the ACGF, TCM and CBF was conducted to identify the contribution areas as well

as examine their practical use. A literature review on SIW was also conducted to

highlight the contribution of the work presented. The generic tree of the literature

is shown in Figure 3.1. The detailed Literature review will be presented in the

following sections.

3.1 Cross-Correlation Green Function

The envelope correlation coe�cient (ρe) is an important multiple-input-multiple-

output (MIMO) parameter that can severely a�ect MIMO antenna system perfor-

mance. It measures how much the antenna radiation patterns are isolated from
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each other. ρe values can be computed using the radiation patterns in an isotropic

multi-path environment using [57]:

ρe =
|
∫ ∫

4π
[~F1(θ, ϕ) ∗ ~F2(θ, ϕ)dΩ]|2∫ ∫

4π
|~F1(θ, ϕ)|2dΩ

∫ ∫
4π
|~F2(θ, ϕ)|2dΩ

(3.1)

where ~Fi(θ, ϕ) is the �eld radiation pattern of the antenna when port i is excited

and ∗ denotes the Hermitian product and dΩ represents the solid angle. The

square root of ρe is called the correlation coe�cient (ρ), given by,

ρ =
|
∫∫

4π
dΩE1(θ, φ).E∗2(θ, φ)|√∫∫

4π
dΩ|E1(θ, φ)|2

√∫∫
4π
dΩ|E2(θ, φ)|2

(3.2)

The Cross-correlation green function (CCGF) was introduced to relate ρ to the

currents on the antenna surface [58�60]. After few mathematical derivations (3.2)

can be written in terms of the CCGF as

∫∫
4π

dΩE1(r̂).E
∗
2(r̂) =

∫
V 1

d3r
′
∫
V 2

d3r
′′
J1(r

′
).C̄(r

′
, r

′′
).J∗2 (r

′′
) (3.3)

where J1(r
′
) represents the current on the surface of the antenna 1 placed at

location r
′
and similarly J2(r

′′
) represents the current on the surface of antenna

2 placed at location r
′′
. V 1 and V 2 represents the volumes of antenna 1 and 2

respectively. The C̄(r
′
, r

′′
) represents the CCGF and is given by

Ĉ(r
′
, r

′′
) =

∫
4π

dΩ[Ī − r̂r̂]eik(r
′−r′′ ).r̂ (3.4)
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∫
4π

dΩ | E1(r
′
) |2=

∫
V 1

d3r
′
∫
V 2

d3r
′′
J1(r

′
).C̄(r

′
, r

′′
).J∗1 (r

′′
) (3.5)

∫
4π

dΩ | E2(r
′
) |2=

∫
V 1

d3r
′
∫
V 2

d3r
′′
J2(r

′
).C̄(r

′
, r

′′
).J∗2 (r

′′
) (3.6)

Comparing CCGF with FSGF, it can be found that the CCGF integration is

smooth and �nite but at the same time both of them are shift invariant, that is

they depend on the distance between the two sources. The study was tested on two

in�nitesimal dipoles, it was found that the minimum value for ρ can be achieved

when both the dipoles lie on the same line and are positioned orthogonally. The

study can be extended to dipoles having greater length than in�nitesimal dipole

case. The current distribution on the antenna was assumed to be summation of

in�nitesimal dipoles [59].

The main problem with this approach is that the possible current distribution

that we will get as an output for ρminimum case cannot be excited because for real

designs we have a single excitation source. Genetic Algorithms (GA) were used

to �nd the optimum locations to place the in�nitesimal dipoles [58]. The mutual

coupling estimate between antenna arrays was also addressed in [61, 62] utilizing

near �eld theory and ACGF respectively. In [60], a full array electromagnetic

operation is decomposed into a sum of interaction and isolation element operators.

Perturbation series was used to expand the full array element operator and after

few mathematical operations the e�ect of mutual coupling was estimated.
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3.2 TCM

3.2.1 BW Enhancement

TCM has been used for BW enhancement purposes. The tree summarizes the

literature review of TCM use for the BW enhancement, shown in Figure 3.2. The

impedance bandwidth of the antenna in general can be improved in many ways,

some of them are

• Pure excitation of a single wideband Characteristic mode.

• Excitation of multiple characteristic modes.

• Designing a matching network at the feeding terminal for the whole band of

interest.

• Loading the antenna on its surface with reactive components such that the

impedance at the input terminals remains in a desirable range for the whole

band of interest.

A BW of 1 to 6 GHz on a 6 dB return loss scale was achieved by using

the rectangular chassis as the main radiating element [63]. In [64] an antenna

was designed by utilizing the mobile chassis. A feeding network was designed

in [65�68] to excite chassis modes. A 2-port MIMO antenna system was designed

for a laptop using its chassis with the help of TCM in the frequency range from

704 MHz to 960 MHz [69].
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Figure 3.3: (a) Antenna geometry, (b) characteristic currents of mode 1 (left) and
mode 4 (right) at 850 MHz [73].

Planar antennas can have their BW enhanced via geometrical changes [70,71].

In [72], a metallic strip was connected with the chassis to increase its BW. A

rectangular metallic plate with 130×66 mm2 area was connected in parallel with

chassis and cause the antenna to resonate at 850 MHz [73]. There is only one

mode for mobile chassis below 1 GHz so a metallic strip was connected across the

chassis to create a new or lower the resonance frequency of mode (already existing

mode) as shown in Figure 3.3. The modes can be excited by the use of single

source. Both of the modes have got di�erent current distribution at the chassis

but the current maxima lies at the same location i.e. shorting post. To make

the antenna as multi band, another two modes were excited at higher frequency

band (1.3-2.0 GHz). Such excitation of 4 modes helps in making the antenna as

multiband antenna [74�78].

In [79, 80], a planar monopole was modi�ed to support the excitation of a

single mode, such modi�cation enhanced the BW of the antenna. In [82], it was

demonstrated that the impedance BW of a monopole is extremely dependent on

the feeding gap structure. A rectangular monopole feed via two feeding points

provided optimum performance. In [83], it was demonstrated that beveling the
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monopole along with shorting, signi�cantly reduces the size of the antenna as well

as improves its BW.

In [84], the main focus was on the e�ect of the ground plane, on the perfor-

mance (in terms of BW) of a PIFA antenna. The e�ect of the ground plane was

studied, ignoring the design of PIFA antenna. The paper demonstrated 4 di�erent

PIFA examples. 3 of the examples of PIFA elements used are shown in the Figure

3.4. TCM was applied such that the ground plane and the feeding gap were mod-

eled while the PIFA element was replaced by an In�nite ground plane. The length

of the ground plane was varied and it e�ected the BW. The BW of the antenna

was varying when changing the length of the ground plane. The main reason

behind the changing BW was the number of dominant modes available near the

resonating frequency. For a particular length if we have a single dominant mode

then we have small BW, but for another length if we have two dominant modes

then our BW increases. It was also observed that a defected ground plane can

alter the BW of the antenna as well.

Figure 3.4: PIFA designs where (a) shows the PIFA with the ground plane, (b)
zoomed element, (c) second PIFA design with di�erent feeding and shorting loca-
tion (c) third PIFA design [84].

The use of capacitive coupled element (CCE) enables simultaneous excitation
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of modes while inductive coupling elements (ICE) provide an advantage of selective

excitation of a mode. For Broad-band and multiband antennas, normally the aim

is to excite as many modes as possible within the desired frequency range. CCE

are best suited because they can be placed at common voltage maxima [85�87].

The impedance BW of the antenna can be also improved by reactive loading

on the antenna surface. In [88] the antenna was loaded with reactance at di�erent

antenna points. The value of the reactances is measured by solving the eigen

function problem at di�erent frequency points and then the reactance (calculated)

were loaded in the form of Foster and Non-Foster elements. In [89], the general

current pattern on the surface of antenna is known for few antennas like dipole.

To resonate the antenna at a di�erent frequency, we need to excite the same

current distribution on the surface of antenna at that particular frequency. A new

method was proposed to come up with the desired current pattern on the surface

of the antenna to resonate it at the desired frequency which was represented by a

variable (Idi). Using TCM calculations for scatterers, the value of the reactances

is calculated for the desired current distribution Id, When these reactances are

installed on antenna surface the antenna resonates at the desired band of interest.

For both papers [88,89] there is no systematic way to �nd the number of reactance

ports needed as well as the location of these reactance on the antenna surface.
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3.2.2 Correlation Coe�cient

Correlation coe�cient was de�ned in (5.1) and (3.2). The value of correlation

depends on the following parameters [90].

1. Phase (Complex �eld)

2. Angular dependency (Shape of Pattern)

3. Polarization

For two antennas located on the same ground plane, the maximum cross corre-

lation between them occurs if both of them are exciting same mode on the ground

plane and minimum cross correlation occurs if both of the antennas excite modes

that are out of phase with one another. If only one mode can be excited, then the

location of the antennas shall be chosen such that the modal current distribution

at the location of both antennas get out of phase [91]. In [92] it was demonstrated

that the best position for placing the antenna on chassis is the point of maximum

Electric �eld. Similarly in case of loop antennas the best positions are location of

maxima of Magnetic �eld [93].

In [94], a 2-port MIMO antenna is presented. Two orthogonal modes of the

chassis are excited via CCE's. Orthogonal mode excitation helps in providing

highly uncorrelated radiation patterns. Similarly in [95], ICE's were used for the

selective excitation of modes. In [96], from the known radiation pattern of a

complex structure, a tool was developed to �nd out the modes from the far�eld

and then comparison was made based on the power radiated.
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3.2.3 Recon�gurability

Recon�gurability is the property of the antenna system design that can switch

either its frequency band of operation or the direction of radiation or the polar-

ization. A detailed tree summarizing the literature review from the perspective of

empirical design model (EDM) and TCM analysis is presented in Figure 3.5.

Pattern Recon�gurability from EDM

Two types of pattern recon�gurable antennas are reported in literature,

1. Fixed Beam Shape [97�99].

2. Variable Beam Shape [100�102]

In [97], a frequency and pattern recon�gurable antenna is presented, working

at 2 frequency bands which are 3.7 GHz behaving as a patch antenna and at

6 GHz behaving as a broad side radiator. The total size of the antenna was

25× 25 mm2. PIN diodes were used to make the antenna pattern recon�gurable

in [98,99]. In [100,101] antennas were proposed that can work as omni-directional

and directional in two di�erent states. In [102], the beam was steered using RF

switch. In [103], a 2×1 dipole MIMO antenna with variable length was presented

to achieve the recon�gurability using PIN diode. A fractal recon�gurable antenna

was presented in [104]. In all these designs, the locations of reactive loading were

optimized based on parametric sweeps.
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Frequency Recon�gurability from EDM

Frequency recon�gurable MIMO antenna systems combine the advantages of high

throughput capability and several bands/standard coverage, that is why they

are considered a good solution for next generation cognitive radio (CR) front-

ends [105]. There is a need to switch the operating bands in CR platforms and

hence frequency agile MIMO antennas are required to serve this purpose. Slot

recon�gurable antennas are simple in structure and highly suitable to be easily

integrated in CR platforms.

Several frequency recon�gurable slot based antennas appeared recently in lit-

erature. Single element antennas were presented in [106�113]. In [106], microstrip-

fed based frequency recon�gurable half annular ring slot antenna was presented.

The frequency bands covered were 2.43 GHz, 2.85 GHz, 3.42 GHz and 4.40 GHz.

The half annular ring slot antenna had a radius of 12.5 mm on a ground (GND)

plane size of 50×50 mm2. In [107], a dual-band recon�gurable slot antenna was

presented. The antenna was a combination of a folded slot with multiple strips

branch edges loaded with lumped components. Varactor diodes were used for re-

con�gurability and it covered S-band applications at 2.45 GHz (WLAN) as well

as 1.227/1.381/1.575 GHz (GPS). The antenna was designed on 30×70×0.8 mm3

board.

Few MIMO slot based antennas were presented in [114, 115] while very few

MIMO slot based frequency recon�gurable antennas appeared in literature. A

compact 4-element MIMO slot antenna system was presented for ultra wideband
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(UWB) applications in [114]. It covered the frequency band between 3.1 to 12

GHz. The MIMO antenna was realized on a board size of 49×25×1.6 mm3 with

single element area of 21×8 mm2. In [115], 2-element F-shaped microstrip MIMO

slot antenna for WLAN and WiMAX bands was presented. The antenna was

tuned to operate at four di�erent bands at center frequencies of 2.4 GHz, 3.5 GHz,

5.2 GHz, and 5.8 GHz. The board used was with dimensions 33×36×1.524 mm3.

The geometry of the antenna is shown in the Figure 3.6. None of the antennas

in [114,115] had frequency recon�gurability ability. In [116], a port recon�gurable

MIMO slot antenna was presented that covered three frequency bands. (2.4, 5,

5.5 GHz). The overall antenna dimensions were 46×20×1.6 mm3.

Figure 3.6: PIFA Antenna, where (a) Front view. (b) Side view. (c) Back view
[115].

Pattern Recon�gurability from TCM

Until now, frequency recon�gurability mechanism has not been explained with

the help of TCM, although few researchers have revisited recon�gurability from
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di�erent perspectives. In [118], [119] parasitic elements were used to operate

the antenna in a pattern recon�gurable fashion by using TCM. The value of the

parasitic elements were chosen such that they cause the port coupling (Z12) zero.

The problem was solved graphically and two results were obtained. The values

obtained were such that they provide orthogonal like modes same as CM. It was

demonstrated in [120] that coupled elements used for the excitation of the chassis

modes, a�ects the chassis modes current distribution. In the presence of the

coupled elements the characteristic modes shall be evaluated again.

Pattern recon�gurability was obtained for a 2 element design by non-

degenerate modes whose resonance frequency were near to one another. 180 Hy-

brid decoupler was used for the excitation. When ports were excited in phase,

one mode was excited on the surface of the antenna but when ports were excited

out of phase, another mode was excited. In [121], a triangle is selected as an

antenna element. Triangles have degenerate modes because of their geometry.

The �rst two degenerate modes are selected for excitation. The two modes can

be excited by placing the feeds at the two edges (sides) of the triangle. Both of

the modes have orthogonal radiation patterns with respect to one another thus

pattern recon�gurability was achieved.

In [31], [122] pattern recon�gurability was obtained by using pin diodes that

connect a metallic strip to the chassis. Using TCM two modes were de�ned; the

fundamental chassis mode and the bezel mode. In [23�25] pattern recon�gurability

was obtained by using multiple sources to excite di�erent modes of the antenna
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chassis.

CM (eigen currents) for an antenna are orthogonal. The radiation patterns of

the modes are orthogonal in nature. If we can excite multiple modes, we will get

�elds in di�erent directions thus we can achieve pattern MIMO recon�gurability

behavior [123]. Two di�erent approaches can be used for feeding. Feeding Induc-

tively and Feeding Capacitively. The main purpose of Inductive and capacitive

should be in excitation of a particular mode, they should not a�ect the radiating

properties of an antenna [124]. Inductive excitation (ICE) of a particular mode is

applied at a position where we have maxima for the current. Capacitive coupling

(CCE) is applied at a place where we have Voltage or Electric �eld maxima and

current minima. Figure 3.7(a) shows the current distribution of rectangular chas-

sis, We can observe in Figure 3.7(b) that the ICE's are installed at the current

maxima of modes. Capacitve coupled elements are placed at current minima or

voltage maxima, Figure 3.7 (c) shows the current distribution on the surface of

chassis for the three modes.

ICE's and CCE's can be introduced in the geometry after some modi�cations

in the chassis geometry as shown in Figure 3.8(a) and 3.8(b) respectively.

The excitation of such modes on the chassis is not an easy task. A systematic

procedure was shown in [125]. Where a Feed Network (FN) was designed that

consists of Matching Network (MN), Power dividers (PD) and Phase shifters (PS).

The proposed method is shown in the Figure 3.9.
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Figure 3.7: Characteristic modes excitation, (a) First 3 Modes characteristic
modes current distribution patterns, (b) ICE's location for the excitation of 3
modes, and (c) CCE's location for the excitation of 3 modes [124].

Frequency Recon�gurability from TCM

Frequency recon�gurability design from the perspective of TCM is very limited

and almost no work was found in this research area. In [126, 127], frequency

recon�gurability was achieved with the help of TCM. We know the general current

pattern on the surface of antenna for few basic antenna designs like wire dipoles.

To resonate the antenna at any frequency, we need to know how to excite the

same current distribution on the surface of the antenna. Di�erent combinations

of the reactance were used for the antenna investigated to resonate it at di�erent

frequency. Two designs were analyzed using the proposed method, dipole and
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Figure 3.8: Geometry Modi�cation of chassis to introduce (a) Inductive Coupled
Elements (b) Capacitive Coupled Elements [124].

PIFA.

Limitations of the proposed method in [126] is that it cannot be generalized.

The number of load ports as well as their location were taken empirically. Ports

were tried to be placed at the point of maximum current density but in case of

a dipole this assumption was not followed and the two ports were placed at the

corners to create a current pattern similar to the dipole. In case of dipole 5 ports

were used while in case of a PIFA, 7 ports were used. The main contribution from

TCM perspective was to �nd the value of reactance needed that will be used to

create the desired current pattern. The whole process depends on the prediction

of the current distribution of the respective antenna, which is not possible in case

of many complex designs. An extended version of this approach was used for

obtaining enhanced BW [88].
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Figure 3.9: Feed Network for the selective excitation of modes [125].

3.2.4 Slot Antennas

We know that the inclusion of slots in antennas has demonstrated to be really help-

ful for creating extra resonances [128], band-notch e�ect [129], reducing size [130],

or provide circular or dual polarization [131, 132]. Recently a wide variety of

printed slot antennas have been proposed for wideband or ultra wideband oper-

ation [133�135]. A lot of slot antennas with di�erent shapes such as rectangle,

arc, triangle, circle and square have been reported in [135�139]. Empirical design

guidelines for a slot antenna are presented in [140�142]. A summary of these

guidelines has been also presented in [133].
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Slot Antennas in TCM

TCM was used for the analysis of a slot separating two media [143], a slot in a

cylinder [144, 145] and multiple slots [146]. In [129], it was demonstrated that

frequency notching is achieved by the generation of a new slot mode.The Selective

excitation of circular slot modes by using multiple sources to achieve broadband

behavior was discussed in [147]. It focused on the excitation of the modes while

the e�ect of the circular slot modes on the chassis as well as whether the presence

of the circular slot has generated some new modes or it has only modi�ed the

chassis modes was not shown.

In [148], the generation of a new slot mode was shown to depend on the size

and location of the slot on the chassis. The response of various ground plane sizes

on a slit line was discussed in [149]. No relationship between the slit and the

chassis modes was provided. In [150], the e�ect of various ground plane sizes on a

U-slot antenna was studied. It was observed that it is not only the parameters of

the U-slot that determines its resonance frequency but the resonance frequency is

also a�ected by the size of the ground plane. In [151�153], di�erent slot shapes

such as U, L, E, T and circle were investigated. It was observed that as the size of

the slot increases the modes get a�ected. Analysis were performed for two modes

only. No relationship was provided between the slot shape and the chassis modes

as well as the slots were compared when they were present at di�erent locations

on the chassis.

In [154], unsymmetrical U and E slot antennas were analyzed in order to have
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them radiate with circular polarization. In [155], three U slot antenna designs that

were designed with Dimensional invariance (DI), Resonance frequency (ResF) and

DIResF methods were analyzed with TCM. The e�ect of dielectric thickness, feed

position variation, slot thickness and slot width variation on the performance

of these methods were discussed. Orthogonal mode generation can improve the

cross polarization while a slit introduction can reduce the mutual coupling [156]. A

Diamond shaped meta material analyzed using TCM achieved better performance

when fed using a slot [157]. A crossed slot antenna and a notched antenna were

presented in [158,159]. In [129,148,150,158], it was concluded that the new mode

that appeared was actually a new slot mode, while in [147, 149] it was claimed

that the slot mode did not appear independently, but a new set of modes that are

the combination of the slot and chassis modes appeared coherently.

3.2.5 Isolation Enhancement

The compactness of the terminals in MIMO antenna system may degrade the

performance of the system due to high port and �eld coupling which a�ect the

channel capacity, Bandwidth (BW) and e�ciency of the system [57]. Many meth-

ods are proposed in literature to improve port isolation with minimal e�ect on

the channel capacity, BW and e�ciency of the system. The tree in 3.10 summa-

rizes the literature review for the isolation enhancement using EMD and TCM

approach.
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Isolation Enhancement Using EMD

Isolation can be improved by the use of electromagnetic bandgap structures and

meta surfaces [163�165], decoupling networks [166], neutralization line technique

[167, 168], parasitic elements [169, 170], optimization of the antenna system con-

�guration [171, 172] and the use of Defected ground structures (DGS) [175�185].

Among all the aforementioned port isolation enhancement methods, DGS is the

least complex and expensive.

In [175] a periodic S shaped DGS was used to improve the isolation between

two patch antennas to 23 dB. An isolation was improved to 17 dB for a 2 element,

4 shaped dual band design, where the length of the rectangular slot and spirals in

the DGS were used to tune the frequency band in [178]. Isolation enhancement

for a MIMO antenna system for more than 2 elements is di�cult. Isolation was

enhanced to 12dB for a very closely packed 4-element MIMO design, where they

used four wideband DGS with multi objective fractional factorial design [180].

A slitted pattern was etched between 2-element PIFA and wire monopole design

that enhanced the isolation to reach 20 dB [181]. Moreover the study was ex-

tended to 4-element PIFA (aligned along a line) to get an isolation of 12 dB. Two

DGS were used in [182] to improve isolation of a 4-element MIMO design. For

an 8-element MIMO design a very complicated DGS that consist of closed loop

frequency selective surfaces and quad strips connected with a circular arc were

used to improve isolation to 15 dB respectively [185].

The main problem in the DGS method to enhance isolation is the shape, size,
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number of DGS, position and the huge amount of optimization involved in the

placement of DGS.

Isolation Enhancement using TCM

TCM was used in [186�190] to enhance the isolation between the MIMO antenna

designs. It was demonstrated in [186], that for frequencies below 1GHz, severe

coupling is observed in MIMO con�gurations because all antennas are coupled via

the chassis. From TCM, the �rst mode has electric �eld maximas at the edges

of the chassis, while minimas at the center. Any electrical antenna located at

the edge will excite the chassis e�ectively while those located at the center will

not. For a Monopole located at the edge and a PIFA located at the center, an

isolation enhancement of 5 dB was achieved without using any isolation scheme as

compared to placing them at the edges of the chassis [186]. The placement of the

antenna at the center of the chassis is impractical, that is why it was observed that

instead of placing two electrical antennas at the edges of the chassis, an electric

and magnetic ones will have better isolation. At the edge, the magnetic �elds

have minimas that is why electric and magnetic antennas placed at the edge will

have better isolation [187]. Co-located antennas were introduced in [187], to have

very compact MIMO antenna design.

The selective excitation of characteristic modes that have orthogonal behavior

can enhance the isolation [191�195]. In [196], out-of-band interference was im-

proved by the use of TCM. In [197], designs made with the application of TCM

were compared with the empirically made designs. It was observed that designs
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made with the help of TCM were performing better.

3.3 SIW

Waveguides are classi�ed into two types (a) Standing wave type and (b) traveling

wave type. The standing-wave arrays have elements spaced by λg/2 and radiate

a beam broadside to the waveguide. The �elds repeat in a waveguide every λg/2

but are of opposite phase. Therefore the slots are placed in a +/− con�guration

so that they are all fed in phase. Because of dispersion in a waveguide, the

bandwidth around the center operating frequency cannot deviate by more than a

few percent without causing rapid deterioration of the beam pattern and sidelobe

levels, especially for the standing-wave array. Standing wave arrays can be fed

either at one end of the waveguide with the other end terminated in a matched load

or short circuit, or at the center of the waveguide with matched load or short circuit

terminations at the waveguide ends. Short circuit terminations provide for a more

e�cient array since the re�ected wave from the waveguide ends can be phased with

the incident wave. This allows for a higher power handling capability. If a slightly

larger bandwidth is desired, matched terminations minimize re�ected waves that

potentially could cause the array to radiate another beam in the opposite direction.

Traveling-wave arrays are used in applications where the direction of the main

beam is pointed at angles that are not broadside to the waveguide wall or where

frequency scanning is desired. Inter-element spacing does not have to be the same

between the elements, and λg /2 spacing is particularly avoided. In designing these
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arrays it is important to have wideband terminations with a very low VSWR to

prevent the formation of re�ected or backward waves. Backward waves appear to

originate from the opposite end of the waveguide and excite the slots to produce

unwanted beams in the backward direction. Traveling-wave arrays can only be

fed from the ends of the waveguide. To maximize the impedance bandwidth of

the array, the slot elements are designed to be resonant at their center operating

frequency, hence they are called resonant slots.

Waveguides are not planar in structure thats why they cannot be easily inte-

grated with the planar structures. SIW's due to its small size, light weight, low

cost, low pro�le and the ability to easily integrate with planar structures, SIW's

are widely used in literature. Beside such features, SIW has the feature of high

gain, high Front to Back (FBR) ratio and low cross polarization level like metallic

waveguide antennas. SIW are normally used in array fashion. In [43], a 4× 4 slot

array is presented at frequency of 10 GHz with BW of 600 MHz. The directivity

o�ered was 17.4 dB with a gain of 15.7 dB. The concept of double resonant prop-

erty was presented in [44]. A two layer substrate, where the lower substrate act

as SIW and the upper substrate acts as a Substrate integrated cavity (SIC). A

slot is introduced in SIC so that the energy can coupled to outside. The energy

in SIW passes through Longitudinal slot coupled cavity slot (LSCS) to the upper

substrate. From the coupled energy, some of energy goes directly through the slot

while the rest excite TE210 mode of the cavity and ultimately also radiated from

the slot. The geometry is shown in the Figure 3.11.
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Figure 3.11: Double resonant SIW antenna [200].

The structure parameter of LSCS cause it to resonate it at 9.9 GHz, while

the upper cavity resonate it at 10.8 GHz. The targeted center frequency was 10.4

GHz. Side lobe level (SLL) of -20dB is achieved with a impedance BW of 6.7%.

Radiating Match Load (RML) was used at the end of the array to avoid wasting

of the power at the end of the array. A nonlinear spaced sub array was introduced

that consist of 13 elements, the array was made planar by implementing 4 sub

arrays. A measured gain of 20.25 dB was obtained.

In [201], a compact circularly polarized mono pulse cavity backed dual mode

SIW antenna is presented. The antenna consist of two planar ring slot cavity

backed circularly polarized antenna, two transitions of microstrip to SIW and

180o hybrid coupler. A BW of 4.4%, with an axial ratio of 1.9% and a gain of 9.2

dBi was obtained. Two slots were engraved in SIW to create dual band resonance

at 28 GHz and 38 GHz respectively [202]. At 28 GHz the impedance BW was 0.45

GHz with gain of 5.2 dBi while at 38 GHz an impedance BW and gain of 2.20
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GHz and 5.91 dBi was obtained respectively. To achieve high gain a linear area

of 4 elements (1 × 4) was designed that increase the gain to 11.5 dBi on average

in both bands. Wilkinson power divider (1 × 4) was used to feed the array. To

improve the radiation characteristic an EBG structure was used in the ground

plane. The geometry of the design is shown in Figure 3.12.

Figure 3.12: Double resonant SIW antenna [202].

HMSIW are also widely used because of its reduced size by 50% as compared

to SIW [50,51]. Open face of the HMSIW can be treated as a magnetic wall and

thus can be used as a radiating slot. In [51], HMSIW was designed at frequency

of 8.5 GHz on a rogers duroid 5880 board with relative dielectric constant of 2.2,

and substrate thickness of 0.78 mm. The thickness of the cavity was λd
45
, which is

much less than the thickness of the metallic cavity λd
4
. A BW of 420 MHz ranging

from 8.37 to 8.79 GHz with a measured gain of 6.5 dB and measured FBR of 13.8

dB was achieved.

A HMSIW was designed on a cork material substrate so that it can be easily
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integrated in walls or �oors [203]. A non-resonant slot was introduced further

to split the HMSIW cavity into two Hybrid cavity modes, this will enlarge the

impedance BW. The cavity was fed through an SMA connector. An impedance

BW of 1.30 GHz with radiation e�ciency of 85 % and a gain of 4.3 dBi at 5.50

GHz was obtained.

3.3.1 Polarization

Polarized antennas are normally designed by using multiple layers of substrate.

Normally in one layer the antenna geometry is designed while the other layers

are used to design the feeding mechanism. In [204], an 8x8 planar dual circularly

polarized (CP) patch antenna array was designed at 60 GHz. In [205], a circularly

polarized (LP) 4x4 helical antenna is designed at 60 GHz. Circular polarization

was achieved by properly adjusting the arm lengths of the spiral antenna. In [206],

a dual linearly polarized (LP) 16x16 planar slot antenna is designed at 60 GHz.

For dual LP, it uses the same radiating element but rely on di�erent feeding

network. A 4x4 microstrip antenna planar array left hand circularly polarized

resonating at 60 GHz is presented in [207]. A 4x4 helical antenna array right

hand circularly polarized and an 8x8 magneto electric dipole antenna array left

hand circularly polarized operating at 60 GHz is presented in [208,209]
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3.3.2 Beam Scanning

A lot of SIW based designs were proposed to tune the beam. Majority of the

literature focused on discrete tunning (shifting the beam to �xed angles) while

some focused on the continuous tunning. The focus was either on the input

matching network or on the geometry selection (Leaky wave antennas or placement

of diodes). In [210], a ferrite substrate based 2x3 SIW antenna array resonating

at 13 GHz is presented. A ferrite material when magnetically biased, produces

a phase shift in the wave. In [211], a leaky wave antenna is designed by placing

transverse stubs in the PCB. These stubs are made of di�erent substrates and the

stub is having di�erent height.

Multi beam antennas can generate multiple beams pointing in di�erent direc-

tions but they share the same antenna aperture. This switching between multiple

beams takes place by playing with the input feeding. Normally wide beam width

antenna is good for moving devices (not losing connectivity) but it su�ers from

gain issue. Narrow beam width antenna have high gain and they are good for

satellite communication but perform poor for moving devices. Di�erent type of

feeding methods can be adopted, one of them is Rotman lens [212,213]. In [214],

a slot is etched on the surface of the patch antenna. This etched slot acts as a

radiating element as well as a capacitor (Left handed capacitor). Due to this pres-

ence of the Left-handed capacitor negative resonance occurs which means that all

frequencies below the cuto� frequency will propagate. In [215], four pin diodes

were used to switch the beam of the four slots, by properly adjusting the on and
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o� state of the diodes.

3.3.3 Slot Antenna Arrays

In [216], a 2x2 wide-band multilayer cavity backed antenna array with air vias

having a wide BW from 18 GHz to 30 GHz is presented. A linear array of 8

patches on a multilayer substrate on unequal T-junction divider was designed

in [217]. A total fo 4 layers substrate were used. In [218], an 8x8 multilayer slot

antenna array excited by a 4x4 substrate integrated cavity (SIC) operating at 82

GHz-104 GHz is proposed.

Waveguide Slot Antenna Arrays

A low cost multilayer antenna operating at 8.8 GHz with very low Average SLL

is designed with the help of GA [219]. The AF equation was transformed into

Schelkuno� polynomial and was optimized using GA to �nd the optimum roots

that can give us an Average SLL less than -45 dB.

SIW Slot Antenna Array

In [225], a multilayer SIW antenna with cavity was proposed. This con�guration

greatly enhanced the bandwidth performance of the system. It is a 4x13 planar

array i.e. having 4 uniform spaced array by 18 mm and then each array contains

13 non-uniformly spaced array elements. In [226], Elliot's design procedure was

used �rst to design the slot antenna and then the linear array but the design was

optimized using the simulation tool. The slots in the array depends on the follow-
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Figure 3.14: 16x16 planar slot array [226].

ing inputs; waveguide feeding, the coupling of the slot to the outer environment

and the coupling of the slots to one another, this was the reason that they have

to optimize the design further and the Elliot's design strategy was not good. The

geometry of the 16x16 array is shown in the Figure 3.14. In [227], number of slots

needed inside a single array are determined on the basis of required Gain and

SLL. A Taylor distribution (25 dB) was used to measure or calculate the radiated

power from a single slot.

3.4 Summary

In this chapter, we covered di�erent aspects of the ACGF, TCM, CBF and SIW.

TCM has been widely used for the analysis of chassis based radiators (chassis
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acting as the main radiating element) while the e�ect of the real antenna ele-

ments was totally ignored. So, the e�ect of the real antenna elements shall be

investigated.

As we know that the modes obtained using TCM are orthogonal to one an-

other. So, if di�erent modes are excited we can achieve pattern recon�gurability

very easily thats why many researchers focused on the use of TCM for pattern

recon�gurability as shown in the Figure 3.5. The use of the TCM to achieve fre-

quency recon�gurability is very limited thats why a complete study shall be made

in this area.

From Figure 3.10, we can observe that TCM was used to enhance the isolation

by observing the chassis modes. The techniques that are normally used for the

enhancement of the isolation such as DGS e.t.c none were investigated.

In SIW alot of focus was made on the designs of standing wave and multilayer

SIW while very limited literature is available for the traveling wave SIW. The

radiation pattern of the standing wave SIW is always broad side while the traveling

wave SIW can produce a tilt in the main beam. Currently, researches tried to

introduce tilt in the beam with the help of feeding network while very limited

work is done in the area of traveling wave SIW.
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CHAPTER 4

FREQUENCY

RECONFIGURABILITY AND

SLOT CURRENT MODES USING

TCM

�The most exciting phrase to hear in science, the one that heralds new discoveries, is

not 'Eureka!' (I found it!) but 'That's funny...�

Isaac Asimov

It was clear from the detailed literature review that, no one investigated

whether the slot mode is actually a new or a modi�ed chassis mode. How does

the size, shape and location of a slot a�ect the chassis modes radiating bandwidth

(BW). For a slot based MIMO antenna system, what is the e�ect of multiple slots

on chassis modes? In addition to answering the aforementioned questions, we also
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investigated whether reactive loading helps in the feed matching or it is some how

altering the radiating BW of a mode thus investigating frequency recon�gurability

for the �rst time using TCM.

The main contribution of this chapter are as follows:

• We have shown that the introduction of circular slots does not generate

any new modes but the obtained modes are the original chassis modes that

are a�ected (concentrated/ rerouted) by the presence of the slot. Di�erent

chassis modes are a�ected based on the location of the slot. For a �xed

location, the radiating BW of the mode is a�ected based on the slot to

chassis size ratio.

• The e�ect of di�erent slot shapes (circle, triangle, rectangle and square) was

investigated on a mobile phone chassis size. The size of the slot was varied

and its size was increased such that it starts resonating at 2.0 GHz. The

e�ect of the slot is observed on two locations, i.e. center and corner of the

chassis.

• The e�ect of multiple (MIMO antenna) circular slots on chassis modes is

investigated in detail for the �rst time. It was observed that a 2-element

MIMO circular slot a�ects the modes signi�cantly as compared to single

and 4-element MIMO ones. With reference to ground modes, the 4-element

MIMO antenna modes were the least a�ected as compared to single and

2-element cases. The main reason was the symmetry of the design that did

not shift or alter the current distribution (current maxima or minima).
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• A novel 4-port frequency recon�gurable MIMO antenna is designed and

fabricated. The proposed design is annular slot-based MIMO frequency

recon�gurable antenna structure. Moreover, the slot based MIMO antenna

is a compact, low pro�le one that is realized on a 60×120 mm2 area of a

typical smart phone. The proposed antenna covers a wide frequency band

from 1.8 GHz to 2.45 GHz and thus supporting several well known wireless

standards bands including GSM1800/LTE/UMTS/WLAN. The proposed

antenna design was 50% miniaturized as compared to normal slot antennas

• All analysis and models were conducted in the presence of a dielectric sub-

strate (unlike most of the literature that uses perfect metallic sheets with

air).

• The physical mechanism behind frequency recon�gurability was investigated

on a 4-element slot based MIMO antenna for the �rst time. It is shown that

the varactors used to continuously tune the impedance BW do not a�ect

the CM current distributions or Modal Signi�cance (MS) curves, thus they

only contribute to the input matching.

The rest of the chapter is organized as follows. Section 4.1 describes the

generation and e�ects of the slot shape, location and size on the chassis modes.

The antenna system design for MIMO antenna system as well as the simulation

and measurement results are described in section 4.2. The analysis of multiple

slots on a chassis and frequency recon�gurability is described in section 4.3 and

4.4, respectively. While the conclusions are provided in section 4.5.
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4.1 Slot E�ect on Chassis Modes

TCM analysis will be used to investigate the e�ect of a slot on the chassis modes.

CM current distributions (eigen functions) and the eigen values are used for com-

parison. The Impedance BW is calculated in the presence of the excitation sources

and is the range of frequencies for which the antenna has good impedance match-

ing (VSWR<2.0). In this section, we will observe the behavior of di�erent shaped

slots so that we can design a better slot antenna.

4.1.1 Slot Mode Generation

Whenever a slot is introduced in the chassis, previous works in [129,148,150,158]

mentioned that new slot modes are created. Are these slot modes generated due to

the slot or they are modi�ed chassis modes? To investigate this issue we consider

a ground plane size of 80 × 80 mm2 following that in [147]. The antenna was

simulated in CST to get its CM. The CM current distribution and the MS of the

ground plane are shown in Figure 4.1 and 4.3(a) respectively. To compare it fairly

with the modes in [147], a substrate was not used for this analysis. Due to the

symmetry of the structure, some modes are degenerate. They resonate exactly

at the same frequency, such pairs are M1-M2, M7-M8 and M9-M10. A circular

slot having a radius of 15 mm is introduced at the center of the chassis. The

circular slot will resonate at 3.182 GHz (circumference is equal to 94.25 mm, it

corresponds to one wavelength at 3.182 GHz). The CM current distribution and

the MS curves are shown in Figure 4.2 and 4.3(b) respectively. The introduction
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of the slot did not a�ect the symmetry. So, the degenerate pairs are not a�ected.

Modes 3 to 10 current maximas and even the current distribution (current maxima

and current minimas or nulls) are totally undisturbed because of the introduction

of such a slot. The only two modes that seems to be disturbed are modes 1 and

2.

We can observe a current maxima or concentration across the slot, such modes

in the literature were denoted as new modes that are generated because of the

slot. If these are new modes then what happened to the �rst two modes of the

chassis and why the MS of these two modes is so much resembling the MS of

modes 1 and 2? We investigated further and we observed the current distribution

�ow of the modes. The current �ow of the �rst four modes on the chassis alone are

shown in Figure 4.4(a1) to 4.4(a4) respectively (for brevity, only four modes are

shown). We can observe that for modes 1 and 2 the current is �owing continuously

across the center while for all other modes we are having a current null or current

minima at the center. If any sort of discontinuity (slot) is introduced at the center

of the chassis, it will e�ect the CM current distribution of modes 1 and 2 only

while all the other modes will be una�ected. We can observe in Figure 4.4(b1)

to 4.4(b4) that when the circular slot is introduced in the center of the chassis,

for the current to �ow continuously it will concentrate at the sides of the circular

slot. Due to this current concentration we got a current maxima at the sides of

the slot. The di�erent current maxima for both the modes 1 and 2 is due to the

di�erent current �ow in both modes.
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Figure 4.1: Current distribution of the �rst 10 modes of the chassis at 3.182 GHz,
where (a) Mode 1 (b) Mode 2 (c) Mode 3 (d) Mode 4 (e) Mode 5 (f) Mode 6 (g)
Mode 7 (h) Mode 8 (i) Mode 9 (j) Mode 10.

Figure 4.2: Current distribution of �rst 10 modes of a circular slot of radius 15
mm at the center of the chassis at 3.182 GHz, where (a)-(j) represents Mode 1 to
11 respectively.
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To further validate our study, we introduced a slot of the same dimensions

at the two corners of the chassis. The e�ective area of the slot is the same as

the center one. From Figures 4.1 and 4.4(a) to 4.4(d), we can observe that the

introduction of the slot at the edges will disturb the current �ow in modes 1, 3

and 4, while all other modes will be una�ected. Modes 9 and 10 might be also

a�ected but as they are not contributing to the radiating BW in our desired region

of interest that is why we can ignore them (Figure 4.3(a)). Observe that in Figure

4.4(c1) to 4.4(c4) the current maxima are across the slot for modes 1, 3 and 4

while mode 2 current distribution is not a�ected that is why its current pattern

is not a�ected signi�cantly. When the slot was introduced at the center, modes 1

and 2 were modi�ed while when the slot was introduced at the edge modes 1, 3

and 4 are a�ected. This means that the slot modes are not new modes but they

are the modi�ed chassis ones and the modes are a�ected based on the location of

the slot.

We further investigated the e�ect of the size of the slot on the radiating BW

of the chassis modes. For a �xed location of the circular slot we increased the

size of the slot w.r.t a �xed chassis size. The e�ect was studied by observing the

CM current distribution and the MS curves. Two locations were chosen, one at

the center of the chassis and the other at the edge of the chassis. The size of

the circular slot was varied between 15 mm and 30 mm. The summary of the

analysis is shown in Table 4.1. The study was conducted for 15 modes between 1

GHz to 4 GHz. Only 10 modes are shown because all the higher order modes were
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not contributing to the radiating BW in the desired region. We observed that the

size and the location of the slot plays a signi�cant role in its e�ect on the MS

curve (radiating BW). We can observe that for a slot located at the center, the

MS curves are not a�ected signi�cantly until the size of the circular slot reaches

up to 15 mm. The modes have similar behavior as chassis modes.

For a �xed location, the radiating BW of the modes is not a�ected for circular

slots having small size as compared to the size of chassis, that is why we did not

observe any signi�cant di�erence between the modes of the chassis and a circular

slot of radius 15 mm present at the center as shown in Figure 4.3(a) and 4.3(b)

respectively. As the size of the slot increases, it will a�ect the current distribution

more signi�cantly because it will now start interacting (disturbing) the current

maxima of other modes and thus the MS curves will be a�ected. Consider the

circular slot of radius 20 mm and 30 mm placed at the center of the chassis, the MS

curves are a�ected signi�cantly as shown in Figures 4.3(c) and 4.3(d) respectively.

The analysis was also performed for a 22.5 mm, 25 mm, 27.5 mm cases but for

brevity purposes the results are not shown here.

So, if we take the size ratio of the circular slot w.r.t to chassis, we can conclude

that for a circular slot located at the center, if the size ratio of the circular slot

w.r.t the ground is less than 1
9
it will not a�ect the radiating BW. This ratio is

taken in correspondence to a 15 mm circular slot. The interesting part is that

this ratio is valid only for a circular slot introduced at the center of the chassis.

For a circular slot at the corner this ratio is not valid and even with this ratio the
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modes radiating BW is a�ected. For a 15 mm circular slot at the edge we can

observe that modes 1,3 are slightly a�ected and mode 4 is signi�cantly a�ected as

shown in Table 4.1. All the values represent the starting frequency of the MS curve

except frequencies with † represents that the mode is contributing to the radiating

BW before 1 GHz and stops contributing to the radiating BW at the respective

frequency. NC means, Not Contributing to the radiating BW. All frequencies

are in GHz. Mode 4 is no longer contributing in the desired BW of interest.

When the size of the slot placed at the corner increases, the modes radiating BW

gets a�ected signi�cantly that is why for a 30 mm circular slot 6 modes are not

contributing (NC) in the desired BW of interest as shown in Figure 4.3(f). By

comparing Figure 4.3(c) and 4.3(d) with 4.3(e) and 4.3(f) we can observe that

the same size circular slot placed at di�erent locations a�ected the radiating BW

di�erently. The study was also extended for a circular slot having radii of 20

mm on a ground plane of 60× 60 mm2 dimension and the same conclusions were

found. For brevity purposes, the results are not shown here.

For all these cases we observed that the introduction of a slot in a chassis

does not create any new modes. The slot modi�es the chassis modes based on its

location. The radiating BW of the mode for a �xed location slot is a�ected based

on its size in comparison to the chassis size.
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Figure 4.3: Modal Signi�cance curves: (a) Ground plane or chassis, (b) Circular
slot at center having radius of 15 mm, (c) Circular slot at center having radius of
20 mm, (d) Circular slot at center having radius of 30 mm, (e) Circular slot at
corner having radius of 20 mm, (f) Circular slot at corner having radius of 30 mm
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Figure 4.4: (1)-(4) represents the �rst four modes of (a) Chassis (b) Circular slot
of radius 15 mm at center of chassis (c) Circular slot of radius 15 mm at both
edges of chassis (d) Circular slot of radius 15 mm at both edges of chassis with
continuous current �ow.
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Table 4.1: MS curve comparison of circular slot when introduced at the center
and corner of the chassis.

Chassis
Circular slot at center Circular slot at corner

15mm 20mm 30mm 15mm 20mm 30mm

M1 1.27 1.25 1.24-3.21 1.13-1.92 1.13 1.12 1.344†,3.03

M2 1.27 1.25 1.28-3.21 1.13-1.92 1.34 1.4 1.59

M3 1.97 1.97 1.97 1.92-3.62 1.8 1.74 1.63

M4 2.94 2.93 2.94 3.05 NC NC NC

M5 3.06 3.05 3 2.78-3.94 3.29 3.06 2.77-3.51

M6 3.26 3.4 3.27 3.79 3.18 3.32 NC

M7 3.39 3.32 3.53 3.25 3.49 3.72 NC

M8 3.39 3.32 3.27 3.25 3.84 NC NC

M9 NC NC NC NC NC NC NC

M10 NC NC NC NC NC NC NC

4.1.2 Slot Shape E�ects on Chassis modes

The e�ect of di�erent shaped slots such as circle, triangle, rectangle and square

placed at two di�erent locations; center and corner of the chassis are investigated.

The size of the slot was varied (for all the cases) such that its size resonates around

2 GHz. The analysis was done in the presence of an RO4350 substrate having a

dielectric constant of 3.48. Slot perimeters were chosen between 47 mm to 78.5

mm. Three cases were considered for all the slots from the prescribed range C1=47

mm, C2=63 mm and C3=78.5 mm. The cases are equivalent to a circular slot

having radii of 7.5 mm, 10 mm and 12.5 mm respectively. The BW of interest

was from 1 to 4 GHz. The total number of modes contributing to the radiating

BW in this region were 10 but to be on the safe side we extended our study to

15 modes. For brevity, only 11 modes will be shown because all the higher order

modes are not contributing to the radiating BW in the BW of interest.

We considered a standard chassis size of 120×60 mm2 used for mobile phones.
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Figure 4.5: Current distribution of the �rst 11 modes of the chassis, where (a)-(k)
represents Mode 1 to 11 respectively.

The CM and the MS curves are shown in Figure 4.5 and 4.15(a), respectively.

When all slots were introduced at the center of the chassis, the current gets con-

centrated around the slot for modes 2, 5 and 9 irrespective of their shape while

for all other modes, we did not get any current concentration across the slots.

The amount of concentration varied for di�erent shapes. The circular slot was the

one having signi�cant current concentration as compared to triangular, rectangu-

lar and square slots as shown in Figure 4.6. We can observe that we have good

current concentration across the slot for the circular case. This means that the

excitation of this mode (modi�ed chassis modes) can be a bit easier as compared

to other slot cases.

The analysis summary on the e�ect of slots having di�erent shape and size
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Figure 4.6: The rows represent mode 2, 5 and 9 respectively, where (a) Circular
slot (b) Triangular slot (c) Rectangular slot (d) Square slot.
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on the MS curves (radiating BW) is shown in Table 4.2. All the value represents

the starting frequency of the MS curve i.e. when it starts contributing to the

radiating BW. NC represent Not Contributing to the radiating BW. C2 and C3

refers to the cases when the parameter of the slot is equal to 63 mm and 78.5

mm respectively. All frequencies are in GHz. For brevity reasons the analysis

of C1 are not shown. From our previous �ndings and as well as from Table 4.2

we can observe that the size of the slot is small as compared to the chassis size

(less than 1
9
), so the radiating BW will not be a�ected signi�cantly that is why

we can observe for all the cases of slot shapes circular, triangular, rectangular

and square slot, the modes starting frequency are not a�ected and they follow

the same pattern or remain in the radiating BW region till 4 GHz except for the

square slot case C3 where its mode 1 starting frequency and for rectangular case

C3 mode 5 stoping frequency are slightly a�ected.

For a slot introduced at the corner of the chassis, we got current concentration

across it for all the modes because now the slot is placed near a current maxima

(observe the current maxima of chassis in Figure 4.5). For brevity reasons, the

CM distribution of a slot placed at the corner of chassis are not shown here. In

the next section we will observe that whenever a slot is introduced at the corner

of the chassis, for almost all modes we get a current concentration across the slot.

The radiating BW is not a�ected because the size of slot is small as compared

to the chassis size (because for mobile phones we cannot use large cuts in the

chassis) and also the slot is not placed at the edge of the chassis. From all the
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cases we observed that the current concentration of circular slots was uniform and

more concentrated as compared to other slot shapes. So, designing a circular slot

antenna will be a better option because it can be easily excited.
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4.2 Antenna System Design

The geometry of the proposed 4-element miniaturized slot antenna system is

shown in Figure 4.7. The antenna was designed on an RO4350 substrate with

a relative permittivity (εr) of 3.48, loss tangent of 0.0036 and thickness of 0.76

mm. The total design area was 60×120 mm2. The radius and width of the annular

slot were 10.1 mm and 0.5mm, respectively while the radius of the center circular

slot was 8.5mm. The top layer of the antenna shown in Figure 4.7(a) contained

the micorstrip feed-line and the biasing circuitry for the varactor diodes. The bot-

tom layer is shown in Figure 4.7(b). It contained the four slot antennas that were

etched out from the GND plane. The varactor diodes were placed on the outer

annular slot and used to load the antenna by their reactive capacitance. The pro-

posed MIMO antenna design is suitable to be used in wireless handheld devices.

Most of these devices have their antennas systems on the top or bottom edges, to

minimize the hand interference, avoid LCD blockage, improve port isolation and

�eld correlation. That is why, the slots are placed on the top and bottom edges.

The proposed MIMO antenna was simulated using HFSS and fabricated using

an LPKF S103 machine. Figure 4.7(c) shows the top view of the fabricated design

having feeding lines and biasing circuitry while Figure 4.7(d) shows the bottom

layer containing all the antenna elements.

A single antenna element consisted of annular and circular slots of radii 10.1mm

and 8.5mm, respectively. The two slots were separated by an annular copper ring

of radius 9.65mm. Varactor diodes (D1, D2, D3 and D4) connect the inner and
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Figure 4.7: Proposed slot MIMO antenna system (a) Top layer (b) GND plane
(c) Fabricated model top layer (d) Fabricated model GND plane- All dimensions
are in milimeters (mm).

Figure 4.8: (a) Detailed view of proposed design (b) Biasing circuitry.
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outer parts of the annular slot and thus bridging the slot with capacitive reactance.

The varactor diode terminals, on the GND plane, were connected with the biasing

circuit using two shorting pins (sp)/vias as shown on the bottom layer of Figure

4.7(b). The GND plane layer is also acting as a co-planar re�ector for the MIMO

antenna elements enabling beam tilting and thus lowering the �eld coupling for

better MIMO performance.

To understand the antenna design better, an enlarged view of 2-elements of

the proposed design is shown in Figure 4.8(a) while the biasing circuit is shown

in Figure 4.8(b). The top and bottom layers, biasing circuit and feed lines are

shown on the same �gure to get more insight about the feeding mechanism and

operation of the biasing circuit. The biasing circuitry consisted of 1 µH RF chokes

(L1 and L2) and 2.1 kΩ resistors (R1 and R2) connected to the two terminals of

the varactor diode. The varactor diodes used were SMV 1233 [117].

4.2.1 Simulation and Measurement Results

The proposed slot recon�gurable MIMO antenna was modeled and simulated us-

ing HFSSTM . The antenna dimensions were optimized to maximize the number

of covered bands for the given realizable capacitance values. Multiple parametric

sweeps were performed to optimally place the antenna elements and select the

positions of the varactor diodes to enhance MIMO performance metrics and im-

prove isolation. The fabrication, development of the antenna prototype and port

measurements were performed at the Antennas and Microwave Structure Design

Lab (AMSDL) at King Fahd University of Petroleum and Minerals (KFUPM)
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using an Agilent N9918A VNA. The gain patterns and e�ciencies were measured

using a SATIMO Starlab anechoic chamber at MVG-Italy.

4.2.2 MIMO Antenna Scattering Parameters

The simulated re�ection coe�cient curves for Ant-1 and Ant-2 are shown in Fig-

ure 4.9(a). The resonance frequency bands were smoothly varied over a wide

range, as shown by the simulated re�ection coe�cient curves. The varactor diode

was modeled as a variable capacitance with values ranging between 0.84pF to

5.08pF. The capacitance values used were C1=0.84pF, C2=1.47pF, C3=1.33pF,

C4=2.09pF and C5=5.08pF. The corresponding sweep in frequency bands ob-

tained were from 1.8∼2.45 GHz. The particular position of the varactor diode

had the maximum e�ect on the resonance while the other positions did not e�ect

the resonance frequency sweep. The antenna was also simulated with and without

the biasing circuitry and it was clear that the presence of the biasing circuit will

have negligible e�ect on the resonance performance of the antennas.

The measured re�ection coe�cient curves for Ant-1 and Ant-2 are given in

Figure 4.9(b). The curves were obtained by applying variable reverse bias voltages

(0∼15 volts) across the varactor diodes. The measured frequency bands obtained

were from 1.82∼2.475 GHz. The average -10 dB bandwidth (BW) is 38 MHz

and minimum -6dB BW is 46 MHz at 1.82 GHz. The simulated and measured

sii results are in good agreement. As all the antenna elements are identical and

placed symmetrically on the substrate, the same results were obtained from all
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ports.

The simulated and measured re�ection coe�cient curves for Ant-1 and Ant-2

are given in Figures 4.9(c) and 4.9(d), respectively, to get a better understanding

to compare the simulated and measured results. A slight shift about 30MHz

was observed. The di�erence in the simulated and measured Sxx results were

mainly due to the di�erence in the substrate properties of the fabricated antenna,

fabrication tolerances and modeling of varactor diodes. The connectors were hand

soldered and placed. In addition, the varactor diode was modeled as a variable

capacitance. The modeling did not take into account the losses and packaging

e�ects which might lead to some shift in the resonating bands. Moreover, any

shift observed between simulated and measured values can be easily compensated

for as we have a continuous sweep of antennas resonances from 1.8 GHz to 2.45

GHz.

The proposed slot antenna design was also evaluated for mutual coupling be-

tween all antenna elements. The simulated and measured isolation curves for

Ant-1 and Ant-2 are shown in Figures 4.9(e) and 4.9(f), respectively. The closely

spaced antenna elements, Ant-1 and Ant-2, showed relatively high coupling at

1.82 GHz of 9.5 dB while it improved to 13 dB at 2.4 GHz band. Similarly, the

simulated and measured isolation curves for Ant-1 and Ant-3 are shown in Fig-

ures 4.9(g) and 4.9(h), respectively. The isolation between Ant-1 & Ant-3 and

Ant-1 & Ant-4 was more than 10 dB in all operating bands. These values shows

good isolation with minimal coupling between various antenna elements. Also,
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Figure 4.9: (a) |s11| and |s22|-simulated (b) |s11| and |s22|-measured (c) |s11| simu-
lated and measured (d) |s22|-simulated and measured (e) |s12|-simulated (f) |s12|-
measured (g) |s13|-simulated (h) |s13|- measured.
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the measurements and simulations results are in good agreement.

In order to understand the coupling between various antenna elements, the

surface current distribution is shown in Figure 4.10. Ant-2 was active while all

other ports were terminated with 50Ω impedance. It is clear from the given �gure

that most of the current distribution was around Ant-2 and the coupling with

other ports was insigni�cant.

4.2.3 MIMO Antenna Gain Patterns

The gain pattern of an individual antenna element was obtained while the other

ports were terminated with 50 Ω loads. The simulated and measured normalized

2D radiation patterns in terms of the total E-�led (Etotal), for antennas 1-4 at

1.86 GHz are given in Figure 4.11. The patterns show the x-y and y-z planes for

all the antenna elements. The simulated and measured θ-cut curves for all four

antenna elements for φ = 0, at 1.86 GHz are shown in Figures 4.11(a), 4.11(c),

while the φ-cut curves for all four antenna elements for θ = 90, at 1.86 GHz are

shown in Figures 4.11(b), 4.11(d). The gain pattern measurement setup is shown

in Figure 4.11(e).

The presence of a metallic object (i.e. wire, lumped components) near to an

antenna might tilt the pattern a little bit. The wires were bent to the level of

the antennas to minimize their e�ect. Good agreement between simulated and

measured results is obtained.
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Figure 4.10: Surface current distribution at 1.820 GHz (a) Top view (b) Bottom
view.

Figure 4.11: Measured and simulated normalized radiation patterns at 1.86 GHz
(Etotal) (a) (θ-cuts) Ant-1 and Ant-2 at φ = 0o (b) (φ-cuts) Ant-1 and Ant-2 at
θ = 90o (c) (θ-cuts) Ant-3 and Ant-4 at φ = 0o (d) (φ-cuts) Ant-3 and Ant-4 at
θ = 90o (e) Radiation pattern measurement setup.
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4.2.4 MIMO Antenna Characterization

The envelope correlation coe�cient (ECC) is a measure to show how MIMO chan-

nels are correlated. ECC values were computed using the radiation patterns in

an isotropic multi-path environment. For good MIMO performance, ECC value

should be less than 0.5 [57]. For the given MIMO antenna system, ECC values

were calculated at �ve distinct frequencies. The details of simulated and measured

values are given in Table 4.4. It is clear that the given MIMO antenna system

satis�es the requirement for good MIMO operation.

The measured peak gain values at resonance frequencies of 1.86 GHz, 2.1

GHz, 2.317 GHz, 2.405 GHz and 2.430 GHz were -2.6 dBi, 0.5 dBi, 2.1 dBi, 2.36

dBi and 2.43 dBi, respectively. The maxima of the radiation pattern of each

element is tilted by the GND plane re�ector. This helps in reducing the �eld

coupling between various antenna elements. The radiation e�ciencies (η) were

also measured for the given MIMO antenna system. The η were measured at

resonance frequencies of 1.86 GHz, 2.1 GHz, 2.317 GHz, 2.405 GHz and 2.430

GHz with corresponding values, 51%, 67%, 71.5%, 72% and 73%.

Table-4.3 compares the features of the proposed antenna with other works.

It is clear that the proposed design has the minimum number of diodes with a

continuous turning range, good gain and e�ciency, smallest radius, and maximum

number of elements in a small GND size.
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Table 4.4: Simulated and measured ECC

Simulated ECC Measured ECC

f(GHz) ECC12 ECC13 ECC14 f(GHz) ECC12 ECC13 ECC14

1.84 0.009 0.093 0.025 1.86 0.079 0.053 0.045

2.0 0.035 0.248 0.035 2.10 0.061 0.131 0.014

2.12 0.062 0.186 0.075 2.317 0.013 0.123 0.022

2.25 0.11 0.16 0.036 2.405 0.045 0.114 0.098

2.41 0.095 0.171 0.091 2.430 0.082 0.081 0.038

4.3 Circular Slot (Single/MIMO) Antenna TCM

Analysis

The e�ect of single, 2-element and 4-element MIMO circular slots was investigated

on the chassis modes. For this purpose circular slot antenna in Figure 4.10 is

considered. The study was done from 1 GHz to 4 GHz. 10 modes were contributing

to the radiating BW in this region. To be on the safe side the study was done for

15 modes. All the analysis were done in the presence of RO4350 substrate and

the feeding lines. Single slot case is similar to the circular slot case placed at the

corner but the design here is complex and consists of two concentric circles. The

CM and the MS plots are shown in Figure 4.12 and 4.15(b), respectively. For all

the modes we can observe that their is no signi�cant shift in the current maxima

distribution of the mode even the current nulls are located at their original places

but the current patterns across the whole chassis is little disturbed, observe mode 2

current null. Due to this slight disturbance in the current distribution we observed

a little shift in the starting frequencies of the MS curve. We can observe a current

concentration across the circular slot for all the modes. Observe the di�erence in
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Figure 4.12: Current distribution of the �rst 11 modes of single circular slot
antenna when introduced on chassis, where (a) Mode 1 (b) Mode 2 (c) Mode 3
(d) Mode 4 (e) Mode 5 (f) Mode 6 (g) Mode 7 (h) Mode 8 (i) Mode 9 (j) Mode
10 (k) Mode 11.

the starting frequency of the radiating BW in Figure 4.15 and Table 4.5.

For the two element case, as both slots are located at one edge of the chassis,

this will disturb the modal current distribution a lot. The CM current distribution

and MS curves are shown in the Figure 4.13 and 4.15(c) respectively. Comparing

the CM current distribution with the chassis modes, we can observe that the modes

maxima are concentrated across the slot for modes 1 and 2. The nulls in modes 1

and 2 has greatly enhanced and they have a�ected the current distribution in the

lower half of the chassis. For mode 3 the current is concentrated across the slot

and the null is shifted towards the slot. Modes 4 to 11 are not a�ected that much

except that their current maximas are little reduced. As expected, the MS curves
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Figure 4.13: Current distribution of the �rst 11 modes of 2-element circular slot
antenna when introduced on chassis, where (a) Mode 1 (b) Mode 2 (c) Mode 3
(d) Mode 4 (e) Mode 5 (f) Mode 6 (g) Mode 7 (h) Mode 8 (i) Mode 9 (j) Mode
10 (k) Mode 11.

were shifted noticeably as compared to chassis only modes as shown in Figure

4.15(c) and Table 4.5.

For the 4-element design case it was expected that as more slots were intro-

duced, the MS curves and the current distribution will be a�ected signi�cantly.

But surprisingly the, 4-element slot case was the least a�ected. If we observe the

CM current distribution in Figure 4.14, we can observe that due to the symmetry

of the slots, the current pattern (current maxima and minima location) in gen-

eral remains the same as compared to chassis only ones. Although the current is

concentrated across the slot, but the location of the current maxima and null are

not shifted except for M2 (Here the maxima is distributed uniformly across the
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edge). Mode 2 is a wideband mode and this shift did not a�ect its radiating BW.

The current maxima concentration seems little reduced but the current pattern

is the same as the chassis and by increasing the scale, exactly the same current

pattern with similar maxima size can be obtained. The antenna is resonating at

2.45 GHz, so the modes present at 2.45 GHz in the radiating BW are modes 1,

2, 3 and 5. The radiating BW of these modes is totally una�ected as observed

in Figure 4.15(d) and Table 4.5. From Table 4.5, we can observe that for a sym-

metrical design (4-element) case the chassis modes are not a�ected signi�cantly

as compared to the single and 2-element MIMO slot case. For higher order modes

we can observe that they are little a�ected and this can be due to the generation

of some higher order resonances.

From all the modes, mode 2 seems to be more preferable because of its wide

radiating BW and its coverage of lower band frequencies. If we observe the CM

current distribution across the slot (not chassis) of mode 2 in Figure 4.14(b), we

have a current null on the top and bottom sides of the circular slot and current

maxima across its right and left edges. Remember that in real designs, chassis

excitation is not possible and we need to excite the antenna element itself. The

excitation of the CM can be done either through capacitive coupling elements

(CCE) or inductive coupling elements (ICE). ICE's are placed at the current

maxima while the CCE are placed at the electric �eld maxima (current null or

minima). We used CCE excitation via a microstrip beneath the slots that will

not alter the geometry as well. Modes 3 and 4 current minima (across the slot)
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are exactly at the same location as mode 2. So such CCE excitation of mode 2

will also excite modes 3 and 4. The excitation of multiple modes will deteriorate

the performance of the system. Its better to excite single mode of the antenna.

Instead of CCE, let us consider ICE excitation of mode 2 but the problem still

persists because modes 2, 3 and 4 current maxima also lies at the same location.

Now we need to search for another preferable mode. Mode 1, can be a viable

option because of its presence of its radiating BW at lower frequencies but mode

5 and 9 have current maxima and null are present at the same location as mode

1. So we stick to the CCE excitation of mode 2. This method of excitation

generates a combination of modes on the surface of the antenna and the GND

thus it degrades the system performance in terms of good matching and cause

narrow BW antennas. That is why slot antennas are narrow band.

From the CM current distribution of the single element and 4-element MIMO

cases shown in Figures 4.12 and 4.14, respectively, we can observe that the current

concentration lies across the slot and we have to deal with more modes in our

desired BW. ECC evaluation from TCM perspective will be more involved due

to the excitation of multiple modes that will contribute to the radiated �elds

(all previous works used single chassis modes and thus were easily able to map

the mode currents to a single radiated �eld pattern). Here we have used the

normal MIMO antenna designing concept that is to place the antenna as far as

possible form one another on the chassis so that we can get acceptable isolation

and envelope correlation coe�cient (ECC). So, the best possible locations are the
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Figure 4.14: Current distribution of the �rst 11 modes of 4-element circular slot
antenna when introduced on chassis, where (a) Mode 1 (b) Mode 2 (c) Mode 3
(d) Mode 4 (e) Mode 5 (f) Mode 6 (g) Mode 7 (h) Mode 8 (i) Mode 9 (j) Mode
10 (k) Mode 11.

corners of the chassis.

4.4 Recon�gurability using TCM

An annular ring was introduced to install the capacitor that can make the an-

tenna frequency recon�gurable.To analyze the mechanism behind the frequency

recon�gurability with the help of TCM, we analyzed the circular slot antenna in

Figure 4.7 with di�erent capacitor values. Initially we started with single slot an-

tenna with a varactor installed. TCM analysis were performed for di�erent values

of capacitance and conclusions were drawn. There is no di�erence in frequency
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Figure 4.15: Modal Signi�cance curves: (a) Ground plane or chassis, (b) Single
circular slot antenna, (c) 2-element circular slot antenna, (d) 4-element circular
slot antenna.
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Table 4.5: Comparison of MS curves to observe the e�ect of multiple slots on
chassis modes. WB refers to whole BW, which is from 1 to 4 GHz.

Chassis modes

Circular slot Antenna

Single element 2 element 4 element

Mode F_start F_start F_start F_start

GHz GHz GHz GHz

M1 1.86 1.86 1.86 1.86

M2 WB WB WB WB

M3 1.9 1.921 1.89 1.89

M4 2.63 2.6 2.55 2.56

M5 1.72 1.71 1.71 1.71

M6 3.09 3.04 3 2.91

M7 3.26 3.24 3.28 3.36

M8 3.77 3.95 >4 >4

M9 >4 3.82 3.96 3.65

M10 3.93 3.54 3.67 3.67

M11 3.57 3.95 3.48 3.36
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recon�gurability for a single or MIMO antenna cases, but to validate our results

for a single slot antenna regarding frequency recon�gurability and to explain the

frequency recon�gurability in a MIMO con�guration, we used the same procedure

for the MIMO case as well by taking di�erent values of capacitors and performing

TCM analysis step by step.

The modal characteristic currents and the MS plots of the chassis shown in

Figures 4.5 and 4.15(a) are taken as a reference. All the cases for single or MIMO

con�gurations with di�erent values of capacitance are compared against them.

The MS curves of single/ 4-element MIMO circular slot antenna with 2.0 pF and

5.0 pF capacitor installed are shown in Figure 4.16.

We can observe from Figure 4.16, that modes 4, 6 and 7 start contributing

to the radiating BW after 2.45 GHz, which is out of our desired BW of interest

that is why modes 4, 6 and 7 if not studied will not a�ect our analysis but we

included them in order to observe the e�ect of this changing capacitance on the

higher order modes. We can observe from Figure 4.16 that Mode 2 is contributing

in the whole band of interest; all other modes contribute in speci�c other bands.

After 1.96 GHz, 4 modes are contributing to the radiating BW. Between 1.73 and

1.86 GHz only 2 modes are contributing while below 1.73 GHz only one mode

(mode 2) is contributing to the radiating BW. From the MS plots we observe that

the �rst four modes have wide (> 100%) radiating BW as shown in Figure 4.16.

Wide BW antennas can be obtained if we are able to excite a single mode purely.

The summary of analysis with di�erent capacitor values for single and 4-
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Figure 4.16: Modal Signi�cance curves: (a) Single Circular slot antenna with 2.0
pF capacitor, (b) Single Circular slot antenna with 5.0 pF capacitor, (c) 4-element
MIMO Circular slot antenna with 2.0 pF capacitor, (d) 4-element MIMO Circular
slot antenna with 5.0 pF capacitor.
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element MIMO designs is shown in Table 4.6. In the Table 4.6, Table 4.6, Cap

and Mx : refers to capacitance of capacitor and mode-x respectively. Starting

Frequency refers to the frequency at which mode x starts contributing to the ra-

diating BW, WB refers to whole bandwidth that is assumed to be from 1 GHz

to 4 GHz. To be brief, the results of the 2-element MIMO design are not shown.

If we look at the modes (M1,...,M7) in Table 4.6, we can observe that the instal-

lation of di�erent values of capacitance have not a�ected the modes signi�cantly.

As the CM have wide BW, these little variations do not a�ect the radiating BW.
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We already observed that with changing the capacitance, there is no change

in the MS plots as shown in Table 4.6 and Figure 4.16, but in a real designs, with

changing capacitance we are able to sweep the frequency. CM are calculated using

the Method of moments (MoM). We can observe that the modes depend on the

impedance operator, the addition of a single lumped component (discrete reactive

loading) basically changes the impedance at a single point (very few entries in

the impedance matrix) on the antenna and does not a�ect the impedance matrix

in general, that is why we didn't observe any signi�cant change in the MS plots.

Frequency recon�gurability from our extensive observations is nothing new, but

the operation of the antenna in the same mode with the varactor speci�c value is

only a�ecting the input matching at the di�erent frequency portions of the same

mode. The conclusions in [87] are only applicable to wire antennas and the mode

changes were mainly due to the change (cut) in the wire structure and not only

the reactive loading.

The main reason behind having narrow band slots is the high mismatch at

the feeding. The changing value of the capacitance only improves in matching

at di�erent frequency bands of the same mode and that is why frequency recon-

�gurability is achieved. So, we are basically looking at the same mode but with

di�erent feeding/matching values. We can also conclude that if a mode is excited

purely and the input matching circuit is de�ned properly then the same antenna

will be able to provide very large BW.
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4.5 Conclusions

In this chapter, it was found that the introduction of circular slots do not generate

any new modes but the obtained ones are the chassis modes that are slightly

modi�ed due to the presence of the slot. Di�erent chassis modes are a�ected

based on the location of slot on the chassis. The size of a slot plays an important

role in a�ecting the radiating BW of the chassis modes. Di�erent slot shapes

were also investigated. It was found out that a circular slot (at the center of the

chassis) size to ground ratio below 1
9
will not cause any signi�cant changes in the

radiating BW.

Based on the analysis, a 4-element MIMO annular slot antenna is proposed.

The proposed design is a low pro�le compact antenna design with very wide

frequency tuning. Frequency recon�gurability is achieved by optimally placing

varactor diodes on one side of each annular slot. The proposed design is tuned

over a wide-band from 1.8 GHz to 2.45 GHz, covering several well-known wire-

less standards. Only single varactor diode is utilized in achieving this wide band

operation. Moreover, the proposed design is suitable to be used for wireless hand-

held devices and mobile terminals in cognitive radio applications. The e�ect of

multiple circular slot radiators was investigated and it was observed that as long

as there is symmetry in the antenna design (4-element MIMO slot) the MS plots

are not a�ected signi�cantly when compared to a pure chassis case, single element

and 2-element cases.

The physical principle behind frequency recon�gurability was also investigated.
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It is found that varactor diodes used did not alter the MS plots but helped in

improving the impedance matching at di�erent frequency bands of the same mode.
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CHAPTER 5

ISOLATION ENHANCEMENT

BETWEEN MIMO ANTENNAS

USING TCM

�The world which you create (through your e�orts and ideas) is yours

Not these stones and bricks (the existing world) which you are aiming at.�

� Allama Iqbal

High data rates in current and future generations of wireless terminals (with-

out increasing the frequency or power levels) can be achieved by installing multiple

antennas at the base station and terminal sides. The compactness of the terminals

may degrade the performance of MIMO systems due to high port and �eld coupling

which a�ect the channel capacity, BW and e�ciency of the system [57]. Many

methods are proposed in literature to improve port isolation with minimal e�ect on

the channel capacity, BW and e�ciency of the system. Isolation can be improved

108



by the use of electromagnetic band-gap structures and meta-surfaces [163�165],

decoupling networks [166], neutralization line technique [167, 168], parasitic el-

ements [169, 170], optimization of the antenna system con�guration [171, 172],

introducing planar modi�ed mushroom structures [173, 174] and the use of de-

fected ground structures (DGS) [175�185]. Among all the aforementioned port

isolation enhancement methods, DGS is the least complex and expensive.

Several DGS shapes were used between 2 and sometimes 4-element MIMO

antenna systems to improve isolation such as using periodic S-shapes [175], T-

shapes and slot lines [176], rectangular rings and slots [177, 178], ground (GND)

slits [179�183] and arcs [184, 185]. The main problem in the DGS method for

enhancing isolation is determining its shape, size and position along with the

large amount of optimization time involved, and until now, no systematic design

method is available.

For frequencies below 1 GHz, the chassis (GND plane) acts as the main radia-

tor. That is why severe coupling is observed in MIMO con�gurations because all

antennas are coupled via the chassis. Isolation enhancement was also addressed

from the perspective of TCM. From TCM analysis, the �rst mode has electric

�eld maximas at the edges of the chassis, while minimas are at the center. Any

electrical antenna located at the edge will excite the chassis e�ectively while those

located at the center will not. For a monopole located at the edge and a planar

inverted-F antenna (PIFA) located at the center an isolation enhancement of 5

dB was achieved without using any isolation scheme as compared to placing them
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at the edges of the chassis [186]. The placement of the antenna at the center of

the chassis is impractical, that is why it was observed that instead of placing two

electrical antennas at the edges of the chassis, an electric and magnetic ones will

have better isolation. At the edge, the magnetic �elds have minimas that is why

electric and magnetic antennas placed at the edge will have better isolation [187].

In [186, 187], only the behavior of the �rst mode using TCM was examined (low

frequencies i.e. less than 1GHz) and the analysis were based on it and no DGS

behavior was investigated.

In this chapter, We have used TCM to analyze the behavior of a DGS (never

done before in the literature) in order to give an insight into the physical phe-

nomena of isolation enhancement in MIMO antennas and to develop a systematic

approach that can predict whether a DGS for a particular design can enhance the

isolation or not. Our major contributions in this chapter are:

• Using TCM, an explanation to the physical behavior of DGS is provided.

CM current distribution and MS curves are used for the comparison of

modes. All modes present in the impedance BW region are considered for

comparison while previously in [186, 187] the comparison was performed

only for one mode. In addition the DGS behavior or its placement were not

investigated before.

• To develop a systematic approach that can predict whether a DGS can en-

hance the isolation between MIMO antenna elements or not. We consider

three real antenna designs from the literature with di�erent element types
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and characteristic (i.e. PIFA and monopole like) while previous works fo-

cused on chassis modes and their excitation.

• An average of 11 dB of isolation enhancement is achieved in three di�erent

designs considered.

• The e�ect of small antenna elements on the chassis modes is also investi-

gated. It is observed that di�erent antenna types a�ect the CM and MS

di�erently which is usually overlooked in literature.

• For the �rst time, we compare the real/total currents on the surface of

antennas with the CM currents and it is veri�ed that real currents are ap-

proximately the weighted sum of the modal currents, which means that it

is di�cult to have isolated modes excited with real antenna elements. In

the presence of real antenna elements, the chassis modes are signi�cantly

a�ected and we cannot rely only on the CM of the chassis.

• The two printed designs investigated include the e�ect of the dielectric sub-

strate when TCM was performed.

The rest of the chapter is organized as follows. Section 5.1 describes the

antenna designs and their analysis using TCM. Section 5.2 describes the behavior

of DGS as well as discusses the method developed for isolation enhancement.

MIMO antenna parameters are analyzed in section 5.3, while in section 5.4 the

chapter is concluded.

111



5.1 Antenna Design And Analysis Cases

For the analysis purposes of the DGS using TCM, we have considered one wire

[181] and two printed [183, 184] based MIMO antenna designs of di�erent types:

PIFA and monopole. Performing the analysis on di�erent designs will help us

in generalizing our �ndings. For a fair comparison, the chassis size is the same

for the printed antenna designs, that is 100 × 60 mm2, also the targeted BW is

150 MHz (2.15− 2.33 GHz).

TCM analysis was performed with a series of cases, starting from a rectangular

chassis representing the GND plane of a standard smart phone, chassis with a

single cut (the cut below the antenna), chassis with double cuts and four cuts

in the ground plane (for 2 and 4-element MIMO designs), chassis with a single

antenna, 2-element MIMO connected along the width and then along the length

of the chassis and �nally the 4-element MIMO design. The isolation between the

antennas was enhanced by properly studying the modal behavior. First, modes

were identi�ed in the desired band of interest and then a DGS was placed to block

the modes that were causing high coupling. After the placement of the DGS,

the antennas were again analyzed using TCM and we observed that the modes

(causing high coupling) were not contributing in the desired BW of interest.

To be brief, we will present the main cases from our TCM analysis which are:

the rectangular chassis, 4-element PIFA and Monopole based MIMO designs as

well as the cases when the DGS was introduced. All the analysis was conducted

using CST electromagnetics package.
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Since the chassis is the same in both designs, the CM current distributions

at 2.2 GHz on its surface as well as the MS curves for the �rst 6-modes on the

rectangular chassis are plotted in Figures 5.1 and 5.2, respectively. Figure 5.1

shows the modes on the chassis, where high current locations are marked with

big red arrows. The black circular dots show the current null or current minima

location while the thin violet arrows represent the current distribution on the

surface of the chassis. The MS is an important �gure of merit that represents the

normalized amplitude of current modes and determines the radiation performance

of modes. It depends on the size and shape of the object. The range of frequencies

for which the power radiated is not less than one half the power radiated by the

mode at resonance is known as the radiating BW and it is marked by the 0.707

point on the MS curves [23]. The impedance BW is calculated in the presence of

the excitation sources and is the range of frequencies for which the antenna has

good impedance matching (VSWR<2.0). Only 4 modes (1-4) are contributing

in the desired impedance BW. These modes are the ones that we will compare

against in the analysis to come.

5.1.1 PIFA based 4-element MIMO Antenna Design

The geometry of the 4-element MIMO PIFA like design is shown in Figures 5.3(a)

and 5.3(b). The antenna was designed on an FR4 substrate with a relative per-

mittivity (εr) of 4.0, loss tangent of 0.02 and thickness of 0.8 mm. The total

design area was 100×60 mm2. Figure 5.3(c) shows the top view of the fabricated
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Figure 5.1: Current distribution of the �rst six modes of the chassis in the pres-
ence of an FR-4 substrate at 2.20 GHz, where (a)-(f) represents mode 1 to 6
respectively.
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Figure 5.2: Modal Signi�cance curves of the ground plane or chassis.
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design containing the 4-elements PIFA like MIMO antenna system while Figure

5.3(d) shows the bottom layer containing the ground for all the antenna elements.

The 3D view of the PIFA is shown in the Figure 5.4(a), where SP represents the

shorting post. Three prototypes were made, without DGS, with one DGS and

with 2 DGS structures. Only the �nal prototype is shown for brevity.

The fabrication, development of the antenna prototype and port measurements

were performed at the Antennas and Microwave Structure Design Lab (AMSDL)

at King Fahd University of Petroleum and Minerals (KFUPM) using an LPKF

S103 machine and an Agilent N9918A Vector Network Analyzer (VNA). The

gain patterns and e�ciencies were measured using a SATIMO Starlab anechoic

chamber at Microwave Vision Group (MVG), Italy.

The measured impedance BW (VSWR<2,-10 dB) of the design without DGS

slots was 180 MHz ranging from 2.153 to 2.333 GHz (Figure 5.3(e)) while a mea-

sured isolation of 16.25 dB was achieved between Ant-1 and Ant-3 as shown in

Figure 5.3(f). To improve the performance of the system we need to enhance the

isolation.

TCM was applied to the 4-element PIFA like MIMO design including its sub-

strate as shown in Figure 5.3. The modal current distribution on the surface of

the chassis at 2.2 GHz and the MS curves are shown in Figures 5.5 and 5.6, re-

spectively. One can clearly observe from Figures 5.5 and 5.6 that it is not only

the chassis that decides the CM behavior. If we observe the current distribu-

tion we can see that the current maximas are now shifted towards the antenna
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Figure 5.3: Geometry of the 4-element MIMO PIFA deisgn (a) top view, (b)
bottom view with DGS, all dimensions are in mm (c) fabricated prototype top
view, (d) fabricated prototype bottom view with DGS, (e) measured re�ection
coe�cient without DGS, (f) measured isolation without DGS.
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Figure 5.4: 3D view of single element (a) PIFA, (b) monopole.

elements, but the general pattern of chassis modes are not a�ected signi�cantly

except modes 1 and 4 where the null position has shifted. The CM current dis-

tribution was signi�cantly reduced on the chassis that is why we showed it on a

50 dB scale. The current reduction on the chassis and the shifting of the current

maxima to the antenna elements shows that the antennas are playing a major

role in the radiation mechanism. If we look at the MS curves, we observe that

the addition of these antennas has signi�cantly a�ected the modes in terms of the

radiating BW as observed in Figure 5.6. The antennas have limited radiating BW

of modes 1 and 3 to 3.2 GHz. Modes 2 and 4 start contributing to the radiating

BW at around 2.18 GHz which is exactly the same point where our measured BW

starts, this is an indication that one or both can be excited on the surface of the

antenna by the real excitation/source.

5.1.2 Monopole Based 4-element MIMO Design

The geometry of the 4-element MIMO Monopole like design is shown in Figures

5.7(a) and 5.7(b). The 3D view of the Monopole is shown in the Figure 5.4(b),

where SP represents the shorting post. The antenna was designed with the same

substrate properties as the PIFA one. The fabricated prototype with the DGS is
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Figure 5.5: Current distribution of the �rst six modes of the 4-element MIMO
PIFA in the presence of an FR-4 substrate at 2.20 GHz, where (a)-(f) represents
mode 1 to 6 respectively.
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Figure 5.6: Modal signi�cance curves of the 4-element PIFA based MIMO in the
presence of the FR-4 substrate.
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shown in Figures 5.7(c) and 5.7(d) for the top and bottom views respectively.

The measured impedance BW without the DGS was 165 MHz ranging from

2.085 to 2.25 GHz as shown in Figure 5.7(e), while the minimum measured isola-

tion was 15.5 dB as shown in Figure 5.7(f) between Ant-1 and Ant-3. To improve

the isolation we will use a DGS.

Like the PIFA design, TCM was also applied to the 4-element MIMOMonopole

like design including the substrate. The modal current distribution at 2.2 GHz and

MS curves are shown in Figure 5.8 and 5.9, respectively. We can clearly observe

that the antennas in both designs a�ected the CM and MS curves di�erently.

This veri�es that small antenna elements have a noticeable e�ect on the CM. For

the 4-element MIMO Monopole like antenna system, the CM are a�ected except

for mode 2 current distribution which seems to be totally una�ected. Mode 3 is

severely a�ected and is no longer contributing to the radiating BW in the desired

impedance BW of interest while mode 6 is contributing at lower frequencies. Mode

1 has now a limited radiating BW. Only modes 1 and 2 are contributing to the

radiating BW in the desired impedance BW of interest.

5.2 Defected Ground Structure Analysis

5.2.1 PIFA based MIMO Design

We can observe from Figure 5.6 that modes 1, 2, 3 and 4 are contributing to the

radiating BW in the desired impedance BW of interest while modes 5 and 6 are
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Figure 5.7: Geometry of the 4-element MIMO PIFA deisgn (a) top view, (b)
bottom view with DGS, all dimensions are in mm (c) fabricated prototype top
view, (d) fabricated prototype bottom view with DGS, (e) measured re�ection
coe�cient without DGS, (f) measured isolation without DGS.
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Figure 5.8: Current distribution of the �rst six modes of the 4-element MIMO
monopole in the presence of an FR-4 substrate at 2.20 GHz, where (a)-(f) repre-
sents mode 1 to 6 respectively.
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Figure 5.9: Modal signi�cance curves of the 4-element MIMO monopole in the
presence of FR-4 substrate.
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not contributing at all. Moreover based on the current directions, we can observe

that mode 1 is neither contributing to the coupling between the horizontal or

vertical antennas (due to the presence of current nulls) while mode 3 is causing

the coupling between the antennas connected on the longitudinal side (Ant1-

Ant3) as well as the horizontal side (Ant1-Ant2) and modes 2 and 4 are causing

the coupling between Ant-1 and Ant-2. Modes 2 and 4 are not contributing to

the coupling between the Ant1 and Ant3.

The total current on the surface of the antenna and chassis is shown in Figure

5.10(a). It can be clearly observed that the total current on the surface of the

antenna seems to be the combination of modes 1 and 4 in particular, that is why

we observe a current null (blue spot) near the antennas (representing mode 1

because other modes do not have such a null at this location) and in the middle

of the chassis (representing mode 4 because other modes do not have such a null

at this location) while modes 2 and 3 seem to be excited less e�ectively because

mode 2 current is uniform (Figure 5.5(b)) and there is no uniformity in Figure

5.10(a).

From the isolation plot shown in Figure 5.3(f) the isolation is worst between

the antennas 1 and 3, so we need to improve it. The concept of placing the slots

is simple and straight forward. The slot should be placed at a location such that

it blocks the coupling modes, but at the same time it should not a�ect or block

the non-coupling modes. The idea is simple if we have two modes in the desired

impedance BW where one is a coupling mode and the other is a non-coupling one
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Figure 5.10: Current distribution on the surface of the 4 element MIMO PIFA
antenna at 2.2 GHz when all antenna's are excited (a) without any DGS, (b) DGS
between Ant-1 and 3.

and they can be separated where one can be blocked without a�ecting the other.

But it gets complicated whenever we have to deal with more modes.

The only mode that is contributing to the coupling between Ant1 and Ant3 is

mode 3. Mode 3 is behaving as a coupling mode so we need to block it in order to

improve the isolation but at the same time we should be careful that the DGS to

be introduced does not a�ect the non-coupling modes (mode 1 and 4) signi�cantly.

Both modes 1 and 4 have got di�erent current distributions, so we need to place

the DGS at a location with minimum non-coupling mode disturbance. There can

be three possibilities, current null location of mode 4 (will not a�ect mode 4 but

will a�ect mode 1), or mode 1 (will not a�ect mode 1 but will a�ect mode 4), or

any other location (will a�ect modes 1 and 4) on the chassis. The current null

location of mode 1 is very close to the edge of the chassis so placing any slot at this

location will completely isolate the antennas and it will seem that the antennas
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are operating with di�erent ground planes which is not acceptable. If we place

the slot at any other location, it will a�ect both the non-coupling modes of mode

1 and 4 and it will severely a�ect the impedance BW. So, the optimum position

to block mode 3 seems to be the current null location of mode 4 (which is at

the middle of chassis), placing a DGS at this location will block mode 3 but will

not a�ect modes 4 and 2, while mode 1 will be slightly a�ected. For mode 1, its

radiating BW covers up to 3.2 GHz, so introducing a discontinuity in the current

path will a�ect its radiating BW.

A DGS structure consisting of single slit line could not meet the criteria that

is why a simple DGS structure consisting of three slit lines was chosen so that

the concept can be proved and can be generalized to any design irrespective of its

antenna type. In general, the width, length and inter-slot separation are optimized

for a certain center frequency of interest. This will also help the designer to spend

minimum time on optimization. The DGS was introduced in the center of the

chassis between Ant 1 and 3 (Figure 5.3(b)). The total size of the DGS was

28.5 × 3.5 mm2 with an arm length of 28.5 mm, slit width of 0.5 mm and slit

separation of 1 mm.

Before showing the improvement in S-parameters, let us discuss how the DGS

a�ects the CM. The CM current distribution at 2.2 GHz and the MS plots are

shown in Figures 5.11 and 5.12, respectively. The green thin arrows show the

current distribution created due to the introduction of DGS. The black dots show

the current null or current minima location while the violet thin arrows repre-
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sent the current distribution on the surface of chassis. Modes 2 and 4 current

distributions are totally una�ected because the DGS structure is parallel to the

current direction (mode 2) or its lying at the current null (mode 4). Modes 1 and

3 current patterns are a�ected. The DGS generates a current distribution that is

opposite to the original current �ow as shown in modes 1, 3 and 5, thus reducing

the coupling between the antenna elements. The interesting part is that mode 3

is no longer contributing in the desired radiating BW of interest and is shifted to

lower frequencies with very narrow radiating BW as shown in Figure 5.12. Mode

1 has greater than 100 % radiating BW starting at 1.87 GHz. In the desired BW

of interest, it is not a�ected. Mode 1 radiating BW was a�ected (compared to

Figure 5.6) but in our BW of interest its not a�ected signi�cantly. Modes 5 and 6

are also a�ected. Mode 6 radiating BW is shifted to lower frequencies while mode

5 is contributing to the radiating BW after 2.42 GHz. The isolation between the

antenna elements was improved by 12.75 dB.

The second objective is to improve the isolation between the Ant1 and Ant2.

Modes 1,2 and 4 are contributing to the radiating BW in the desired band as shown

in Figure 5.12. Modes 2 and 4 seem to be contributing to the coupling between

antennas 1 and 2. The total current on the surface of the antenna and chassis

in the presence of the �rst DGS was shown in Figure 5.10(b). It can be clearly

observed that the addition of the DGS has con�ned the current distribution more

towards the antenna elements. The total current on the surface of the antenna

and chassis seems to be the combination of modes 1 and 4. Mode 2 has uniform
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Figure 5.11: Current distribution of the �rst six modes of the 4-element PIFA like
MIMO in the presence of the DGS at 2.20 GHz, where (a)-(f) represents the mode
1 to 6 respectively.
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Figure 5.12: Modal signi�cance curves of the 4-element PIFA like MIMO in the
presence of DGS.
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current distribution so it seems that either mode 2 is not excited or it is excited

with minimum contribution. The only mode left that can cause the coupling seems

to be the mode 4 as mode 1 has a current null between the antennas connected

on the horizontal side.

If we place a DGS between Ant1 and Ant2 this will help us in separating the

current direction of mode 4 as well as it will not a�ect the current distribution

of mode 1 signi�cantly. Again the simplest DGS structure consisting of three slit

lines was chosen. After few parametric sweeps the DGS was tuned with a the total

size of 20×3.1 mm2 with an arm length of 20 mm, width of the slit is 0.7 mm and

slit separation of 0.5 mm. The geometry of the proposed two DGS structures on

the 4-element PIFA like MIMO design are shown in Figure 5.3(b), while Figure

5.3(d) shows the fabricated bottom layer containing the DGS on the ground.

The CM current distribution at 2.2 GHz and the MS plots are shown in Figure

5.13 and 5.14, respectively, for the design in Figure 5.3 with the two DGS struc-

tures. From the MS curves we can observe that only modes 1 and 2 are present

in the radiating BW region while mode 4 is blocked in the desired band. We can

conclude that either mode 1 or mode 2 or a combination of them are responsible

for the radiation. The radiating BW of mode 1 and the impedance BW of the

real design stops exactly at the same point, as shown in Figure 5.15, this means

that mode 1 is playing a signi�cant role. Modes 3, 5 and 6 are not contributing

in the desired impedance BW of interest.

The re�ection coe�cient and the isolation curves of the PIFA MIMO antenna
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Figure 5.13: Current distribution of the �rst six modes of the 4-element MIMO
PIFA in the presence of two DGS at 2.20 GHz, where (a)-(f) represents mode 1
to 6 respectively.
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Figure 5.14: Modal signi�cance curves of the 4-element MIMO in the presence of
two DGS. The vertical blue lines represent the impedance BW.
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with DGS is shown in Figure 5.15(a) and 5.15(b). We can observe that a measured

isolation of 30 dB is achieved between Antenna 1 and 2 while 29 dB was achieved

between Antenna 1 and 3. An isolation improvement of 12 dB was obtained on

average. There was a slight reduction of 30 MHz in the frequency BW and the

main reason in our opinion seems to be the blockage of mode 4. Figure 5.15(c) and

5.15(d) show the current distribution on the surface of the antenna in the presence

and absence of the DGS when only Ant-1 is excited. A signi�cant improvement

is obtained in isolation.

5.2.2 Monopole Based MIMO Design

We will extend our study now to the 4-element MIMO monopole design. We can

observe from Figure 5.9 that only modes 1 and 2 are contributing in the desired

impedance BW while modes 3, 4, 5 and 6 are not contributing at all. From Figure

5.8 we can observe that mode 1 is not causing signi�cant coupling between the

antennas connected on the longitudinal or horizontal sides. Mode 2 is causing the

coupling between the antennas connected on the horizontal side.

The total current on the surface of the antenna and chassis is shown in Figure

5.16. The total current seems to be a combination of modes 1 and 2 but mode

1 seems to be more dominant because if mode 2 was dominant then the current

distribution will be uniform and secondly the position where we have applied

sources are more likely to enforce the excitation of longitudinal modes (i.e mode

1).
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Figure 5.15: 4-element PIFA design, (a) measured re�ection coe�cient with DGS,
(b) measured isolation curve with DGS, (c) current distribution without DGS
when Ant-1 is excited, (d) current distribution with DGS when Ant-1 is excited.
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Figure 5.16: Current distribution on the surface of the 4-element MIMO monopole
antenna and chassis at 2.2 GHz when all antennas are excited.

To enhance the isolation between Ant1 and Ant2, mode 2 seems to be the

coupling mode, so it should be blocked but the position/location of the DGS

should not a�ect mode 1 signi�cantly. So we place the DGS at the horizontal

center between Ant-1 and 2 as shown in Figure 5.7(b). It is the point where mode

1 has the current minima. The size of the DGS was optimized by having a length

of 21 mm, width of the slit was 0.7 mm while separation was 1 mm. The total

size of the DGS was 21× 4.1 mm2.

The CM current distribution at 2.2 GHz and the MS plots after introducing

the DGS are shown in Figure 5.17 and 5.18, respectively. The CM current distri-

bution of mode 2 is signi�cantly a�ected and the DGS is producing currents in the

direction opposite to the direction of mode 2 �ow. Although mode 2 is blocked,

it still appears in the middle of the impedance BW. But due to the current oppo-
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Figure 5.17: Current distribution of the �rst six modes of the 4-element Monopole
based MIMO in the presence of DGS at 2.20 GHz, where (a)-(f) represents mode
1 to 6 respectively.

sition by the DGS, even if it is present in the radiating BW region it will not be

excited e�ectively. Since the addition of a DGS a�ects the geometry, now another

mode is contributing in the band of interest i.e mode 3.

The re�ection and isolation curves of the 4-element monopole design with

DGS are shown in Figure 5.19(a) and 5.19(b) respectively. We can observe an

improvement of 14.5 dB in the measured isolation between Ant-1 and 2 (S12).

Figure 5.19(c) and 5.19(d) show the current distribution on the surface of the

antenna with and without DGS when Ant-1 is excited. A signi�cant isolation

improvement is obtained.
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Figure 5.18: Modal signi�cance curves of the 4-element MIMO Monopole in the
presence of FR-4 substrate in the presence of DGS. The vertical blue lines repre-
sent the impedance BW.

The second objective is to improve the isolation between the antennas con-

nected on the longitudinal side. From the MS plot and the impedance BW in

Figures 5.18 and 5.19(a), Mode 1 and the impedance BW nearly have the same

radiating and impedance BW. That is mode 1 radiation BW is from 2.112 to 2.265

GHz while the impedance BW is from 2.138 to 2.257 GHz. Mode 3 is contributing

from 1.952 to 2.209 GHz. Mode 3 decays in the middle of the impedance BW.

From these two observations we can conclude that mode 1 is the non-coupling

mode and mode 3 is the coupling mode.

To enhance the isolation, we need to block mode 3. But the current patterns

on the edge and side of the chassis are nearly the same for both modes. Mode 1

has a current null nearly at the same location as mode 3 so placing a slot at this

location will create two problems. First, it will not meet the purpose because the

slot will not a�ect the coupling mode signi�cantly and second, placing a slot at

such a location is not a realistic because it can completely isolate the antennas.

The other strategy to improve the isolation will be to place the slot at such a
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Figure 5.19: 4-element Monopole design, (a) measured re�ection coe�cient with
DGS, (b) measured isolation curve with DGS, (c) current distribution without
DGS when Ant-1 is excited, (d) current distribution with DGS when Ant-1 is
excited.
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location that it a�ects the coupling mode signi�cantly while non-coupling mode

is a�ected less severely. The optimum position seems to be the center of the

chassis, but we cannot place the slot at the center of the chassis again due to two

reasons. First, mode 1 current distribution seems stronger as compared to mode

3 (Figure 5.17) at the center so it will greatly a�ect mode 1 and will thus a�ect

the impedance BW. Second, mode 1 radiating BW is very limited and introducing

any discontinuity in the path will severely a�ect it. In such scenarios, using a DGS

for isolation enhancement cannot be used and will not provide the improvement

anticipated. We tried several parametric studies but we were not able to improve

the isolation, thus it veri�ed our conclusion.

5.2.3 Wire Monopole 2-element MIMO Design

A Wire Monopole antenna of length 32.5 mm and wire diameter of 1 mm was

placed on a ground plane of 40 × 25 mm2 size [181]. The center to center sep-

aration between the two antennas is 0.093λo. The antennas are resonating with

an impedance BW covering 2.2 − 2.45 GHz while the isolation between the two

antenna elements was 5.5 dB at 2.2 GHz as shown in Figure 5.20(a) and 5.20(b)

respectively. To enhance the isolation, our proposed method was used, and for

brevity purposes only the MS curves are shown in Figure 5.20(c). In our desired

impedance BW region only two modes are contributing to the radiating BW they

are mode 1 and 4. Mode 1 is having a current null between the antennas while

mode 4 current was coupling the antennas. So, mode 1 is a non-coupling mode
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while mode 4 is a coupling mode. To block mode 4, we introduce a slitted DGS

at the current null location of mode 1. The addition of the DGS signi�cantly

improved the isolation as shown in Figure 5.20(b) and mode 4 is no longer con-

tributing in the desired BW as shown in Figure 5.20(d). We can observe a 20 dB

improvement in the isolation at 2.45 GHz while in the BW of interest (the BW

which we have initially from Figure 5.20(a) is 2.2 GHz to 2.45 GHz) the mini-

mum isolation was 12.5 dB, which represents a 7-dB improvement. Comparing

the isolation improvement using our method to the isolation improvement in [18],

we observe that at 2.2 GHz the improvement in isolation is only 2.5 dB in [181],

and it is not meeting the impedance matching criteria (VSWR<2.0) at 2.2 GHz

(frequency shift) while in our case it is 12.5 dB and thus it is meeting the criteria.

5.2.4 Systematic Approach to isolation enhancement in

MIMO antennas

In the above sections we have provided a physical explanation to the operation

of a DGS with the help of TCM, as well we have proposed a method that can

directly help the designer use such structures in a systematic way and in identifying

whether isolation can be improved or not.

The Block diagram of the proposed method is shown in Figure 5.21. After

analyzing three di�erent designs we developed steps for improving the isolation

between antenna elements of monopole or PIFA like structures. For the system

under consideration, �rst we need to perform TCM analysis to identify the modes
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Figure 5.20: 2-element wire monopole design, (a) re�ection coe�cient, (b) cou-
pling coe�cient, (c) modal signi�cance curves of the 2-element MIMO wire
monopole (mo DGS), and (d) modal signi�cance curves of the 2-element MIMO
wire monopole in the presence of DGS.
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present in the band of interest. Then we need to check the current patterns on

the surface of the antenna and identify coupling and non-coupling modes visually.

Based on the current patterns, the DGS shall be placed at certain locations so

that the non-coupling modes are una�ected while the coupling modes are blocked.

After observing the CM current distribution, if there is no such point on the chassis

or the current pattern of the coupling and non-coupling modes is almost same on

the chassis, then isolation cannot be enhanced further.

Isolation enhancement that was achieved by our proposed TCM based method

was compared against the isolation achieved by other speci�c DGS based struc-

tures that appeared in literature. Table 5.1 shows that our proposed scheme is

providing the highest isolation improvement and at the same time is the lowest in

complexity and more generalized as compared to other methods. In other tech-

niques, we need to apply several methods and parametric studies but still we are

not sure whether the system can provide the desired isolation. In the proposed

TCM based systematic method just by studying the �rst few modes we can deduce

for a particular system, whether isolation can be achieved or not.

For isolation enhancement most of the works have focused on 2-element designs

and listed the isolation at the best point. In case of [181] the 3 and 4 elements are

placed on one axis (not in rectangular or square fashion), so its the same as a 2

element design extended in one axis. We have achieved the highest improvement

in the isolation for the whole impedance BW with a relatively small DGS size.

The improvement in isolation between Ant1 and Ant3 does not guarantee isolation
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Figure 5.21: Block diagram of the proposed isolation enhanced TCM based
method using DGS
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improvement between Ant2 and Ant4. But to improve the isolation between Ant2

and Ant4, the same DGS (with little modi�cation) shall be also placed between

Ant 2 and 4. This is the shortcoming of DGS approach in general. Here our

focus was to develop a systematic approach with the help of TCM and verify its

e�ectiveness.
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5.3 MIMO Antenna Parameter Evaluation

MIMO antenna systems shall be evaluated for parameters such as Envelope cor-

relation coe�cient (ECC), Gain, e�ciency and 2D/3D radiation patterns. ECC

(ρe) values are computed using the 3D measured radiation patterns in an isotropic

multi-path environment [57]:

ρe =
|
∫ ∫

4π
[~F1(θ, ϕ) ∗ ~F2(θ, ϕ)dΩ]|2∫ ∫

4π
|~F1(θ, ϕ)|2dΩ

∫ ∫
4π
|~F2(θ, ϕ)|2dΩ

(5.1)

where ~Fi(θ, ϕ) is the �eld radiation pattern of the antenna when port i is excited

and ∗ denotes the Hermitian product. For the given MIMO antenna systems,

ECC was calculated at four distinct frequencies for the printed designs. The

gain pattern and e�ciency measurement setup is shown in Figure 5.22. The gain

pattern of an individual antenna element was obtained while the other ports were

terminated with 50 Ω loads.

5.3.1 PIFA Based MIMO Design

The simulated and measured normalized 2D radiation patterns in terms of the

total E-�eld (Etotal) at 2.20 GHz are shown in Figure 5.23. The patterns show

the x-y and y-z planes for all the antenna elements. Good agreement is obtained

between the simulated and measured results. The measured gain and e�ciency

curves for Ant1 are shown in the Figure 5.24(a) (other elements have similar

values). The measured highest gain of 6.45 dB was obtained with an e�ciency
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Figure 5.22: Radiation pattern measurement setup (a) 4-element MIMO PIFA
(b) 4-element MIMO Monopole.

Table 5.2: Measured ECC(ρe) . All frequencies are in GHz

Freq
(GHz)

ρe12 ρe13 ρe14 ρe23 ρe24 ρe34

2.20 0.175 0.040 0.041 0.012 0.123 0.132

2.22 0.165 0.037 0.040 0.013 0.134 0.122

2.24 0.160 0.033 0.039 0.014 0.146 0.116

2.26 0.160 0.028 0.038 0.015 0.159 0.113

of around 97 % at 2.257 GHz. ECC values are shown in the Table 5.2. We can

observe that the worst ECC value is 0.175 which is far below the threshold value

of 0.5.

5.3.2 Monopole Based MIMO Design

The simulated and measured normalized 2D radiation patterns in terms of the

total E-�eld (Etotal), at 2.20 GHz are shown in Figure 5.25. The patterns show

the x-y and x-z planes for all the antenna elements. Good agreement is obtained
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Figure 5.23: PIFA-based MIMO antenna measured and simulated normalized
radiation patterns at 2.20 GHz (Etotal) (a) (φ cut) Ant 1 and 2 at θ = 90, (b) (θ
cut) Ant 1 and 2 at φ = 90,(c) (φ cut) Ant 3 and 4 at θ = 90, (b) (θ cut) Ant 3
and 4 at φ = 90.

Figure 5.24: Measured Gain and e�ciency curves for (a) 4-element MIMO PIFA,
(b) 4-element MIMO Monopole.
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Figure 5.25: Monopole-based MIMO antenna measured and simulated normalized
radiation patterns at 2.20 GHz (Etotal) (a) (φ cut) Ant 1 and 2 at θ = 90, (b) (θ
cut) Ant 1 and 2 at φ = 0,(c) (φ cut) Ant 3 and 4 at θ = 90, (b) (θ cut) Ant 3
and 4 at φ = 0.

between the simulated and measured results. Measured gain and e�ciency curves

for Ant1 are shown in the Figure 5.24(b). The measured highest gain of 6.55 dB

was obtained with an e�ciency of around 89 % at 2.24 GHz. ECC values are

shown in the Table 5.3. We can observe that the worst ECC value is 0.256.

5.4 Conclusions

In this work, TCM was used to analyze the behavior as well as development of a

systematic approach for the placement of DGS in MIMO antenna con�gurations.
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Table 5.3: Measured ECC(ρe) . All frequencies are in GHz

Freq
(GHz)

ρe12 ρe13 ρe14 ρe23 ρe24 ρe34

2.20 0.193 0.098 0.068 0.029 0.126 0.256

2.22 0.203 0.109 0.075 0.033 0.135 0.250

2.24 0.211 0.118 0.083 0.036 0.143 0.246

2.26 0.216 0.124 0.091 0.036 0.149 0.244

We considered one 2-element wire and two 4-element printed MIMO antenna de-

signs in the analysis. The presence of PIFA and Monopole antennas signi�cantly

a�ect the CM and MS curves. The developed approach was applied to all designs

and an average isolation enhancement of almost 11 dB was achieved. The method

is compared to the already published approaches in which isolation was achieved

by DGS and any other schemes. Our proposed method is simple, achieved more

isolation and can be generalized to di�erent antenna designs. The two MIMO an-

tennas, PIFA and Monopole were fully characterized and showed e�ciency values

higher than 85 % and 75 % and ECC lower then 0.175 and 0.256 respectively. All

the analysis included the e�ect of the dielectric substrate. Very good agreement

between simulated and measured results is obtained.
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CHAPTER 6

EFFECT OF PRACTICAL

ANTENNA ON CHASSIS

CURRENT MODES

�You can see some more dimensions of life

If your enthusiasm is coupled with your vision�

� Allama Iqbal

TCM has proven to be useful because it provides an insight about the behav-

ior of antennas. From the perspective of TCM, Chassis based radiators gained

popularity because of their ease of analysis. Due to the large size of the chassis,

dealing (analysis and excitation) with the modes is easy. TCM was used to an-

alyze the chassis modes of Unmanned Air Vehicle (UAV) [221], Shipboards [222]

and military applications [223]. The chassis in all cases is large and the excitation

of modes was done either through probe feeding or coupling elements. In most
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cases, the targeted frequency band was less than 1 GHz. The idea of the use

of chassis as a radiating element was also extended to the excitation of mobile

chassis modes. Chassis plays an important role in the antenna isolation at lower

frequencies (i.e. below 1 GHz) but for high frequencies it acts as a ground plane.

For frequencies greater than 1 GHz, the contribution of chassis is very negli-

gible and the antenna is the main radiating element. So, the idea of using the

mobile chassis as the main radiating element for frequencies greater than 1 GHz is

highly unrealistic and unacceptable. In [224], antenna designs of some real phones

are shown and none of them are using the complete chassis as the main radiating

element. The use of the chassis as the main radiating element were emphasized in

many recent works because of the ease of characteristic mode analysis of chassis

and also the ease of excitation of the chassis modes.

The main contribution of this chapter is to investigate the e�ect of using

practical antennas on chassis current modes and to show that the use of the chassis

as a main radiating element for frequencies greater than 1 GHz is unrealistic and

unjusti�able from a design perspective. To emphasize this point we consider 2

antenna designs (PIFA and Monopole) operating at two di�erent frequencies, i.e.

2 GHz and 0.9 GHz. So, a total of 4 cases are considered. In order to observe

the e�ect of chassis w.r.t frequency in the presence of the antenna the size of

the chassis was eventually reduced and its e�ect on the resonance was observed.

For frequencies resonating at 2 GHz a chassis reduction of 90 % did not a�ect its

resonance but for antennas resonating less than 1 GHz the e�ect of the chassis was
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signi�cant. This proves that further relying on the chassis for frequencies greater

than 2 GHz is not practical. It was observed that irrespective of frequency and

chassis size, CM current maxima shifts towards the antenna (radiating element)

whenever an antenna is introduced on the chassis and under such scenarios pure

excitation of single CM is nearly impossible.

6.1 Analysis Process

We consider 2 di�erent practical antenna designs, i.e PIFA and Monopole, operat-

ing at two di�erent frequencies each, i.e. 2 GHz and 0.93 GHz. A total of 4 cases

(antennas) will be considered. The antennas are designed on an RO4350 substrate

having a dielectric constant of 3.48 and thickness of 0.8 mm unlike most of other

works that were in air. The geometry of the antennas are shown in Fig. 6.1. TCM

is used to investigate the e�ect of the antenna on chassis modes. CM currents

and MS curves are used in the comparison. The CM currents and the MS curves

of the chassis alone are shown in Figs. 6.2(1)(a)-(f) and 6.4(a), respectively, for

the �rst 6 modes using CST. Note that the small slots below the antenna will not

a�ect the chassis modes much.

6.1.1 Design 1

The Geometry of the PIFA antenna is shown in Fig. 6.1(b). The CM currents

and the MS curves are shown in the Figs 6.2(2)(a)-(f) and 6.4(b) respectively.

We can observe from Fig. 6.2(2)(a) that the introduction of the antenna has
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Figure 6.1: Design Geometries, (a) Antenna element on mobile chassis (b) Design
1, PIFA antenna resonating at 2.2 GHz, (c) Design 2, Monopole antenna resonat-
ing at 2.2 GHz,(d) Design 3, PIFA antenna resonating at 0.93 GHz and (e) Design
4, Monopole antenna resonating at 0.95 GHz. SP and FP represents the shorting
point and the feeding point respectively. All dimensions are in mm.
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Figure 6.2: CM Current distribution, where (a)-(f) represents mode 1 to 6 of (1)
Ground plane/chassis, (2) Design 1, PIFA, (3) Design 2, Monopole. Red arrows
show the location as well as the direction of the maximum current of a mode.

151



strongly a�ected the CM current distribution of mode 1. The radiating BW of

mode 1 is also severely a�ected as shown in Fig. 6.4(b). For almost all the

modes, the current is concentrated around the antenna element. Other modes

radiating BW (Observe the starting frequency of the radiating BW) are slightly

a�ected. From mode 1, we can observe that the current is more concentrated

around the antenna so cutting the chassis from the lower edge should not a�ect

the impedance BW of the antenna. For an antenna placed at the center of the

long/short edges, the MS curves are a�ected di�erently, which shows the location

dependence as well. For a standard smart phone size of 120× 60mm2 the chassis

size was reduced systematically by steps of 10mm and 5mm along the long and

short edges, respectively. This reduction translates to 0% (no reduction),16%,

30%, 44%, 56%, 66%, 75%, 83%, 90% and 94% of the original chassis size. These

percentage reduction are referred to C1 to C10 in Fig. 6.3. The e�ect of this

reduction on the impedance BW was analyzed. For Design 1, whose operating

frequency is around 2 GHz, the impedance BW was not a�ected even when the

size of the chassis was reduced up to 90% as shown in Fig. 6.3(a). We can observe

a slight shift in the impedance BW as the ground size is changed (a maximum

shift of 180 MHz) as shown in Table 6.1. From this analysis we can observe that

the chassis is not the major contributor and all the relevant currents are localized.

The CM and the MS curves of the 90% reduced chassis (40 × 20mm2) are

shown in Fig. 6.5(1)(a)-(f) and 6.4(d), respectively. The CM remains the same

but due to the reduced size, the radiating BW of the modes is shifted to higher
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Table 6.1: E�ect of chassis reduction on the resonance and BW

Design 1 Design 2

f_start f_stop BW f_start f_stop BW

GHz GHz MHz GHz GHz MHz

C1 2.128 2.356 228 2.133 2.391 258

C2 2.128 2.364 236 2.109 2.376 267

C3 2.141 2.341 200 2.122 2.329 207

C4 2.168 2.337 169 2.16 2.31 150

C5 2.207 2.364 157 2.202 2.325 123

C6 2.238 2.425 187 2.233 2.385 152

C7 2.255 2.475 220 2.244 2.441 197

C8 2.255 2.475 220 2.159 2.441 282

C9 2.108 2.295 187 2.042 2.22 178

Figure 6.3: Re�ection Coe�cient Curves for (a) Design 1, (b) Design 2, (c) Design
3 and Design 4. C1 to C10 refers to chassis size reduction by 0%, 16%, 30%, 44%,
56%, 64%, 75%, 83%, 90% and 94%, respectively.
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frequencies. Only one mode is present in the radiating BW region that starts

contributing at 2.32 GHz. If the chassis was the main radiating element, it could

not radiate between 2.1 to 2.3 GHz.

Since in Design 1, the antenna is resonating with a 90% reduced chassis, we

also analyzed this case. From Fig. 6.4(e) we can observe that the introduction of

the antenna had signi�cantly a�ected mode 1 and its radiating BW is shifted to

lower frequencies i.e. 1.85 to 2.32 GHz and this is the region where the antenna

is resonating. This gives a clear indication that the antenna is the main radiating

element. Also observe that mode 1 radiating BW (90% reduced chassis) and

the impedance BW of Design 1 with 90% reduced chassis �nishes at the same

point. This means that mode 1 was the major contributor and mode 1 has a

current maxima across the antenna. If we observe modes 2 to 6 shown in Fig. 6.5

(2)(b)-(f), we can clearly see the current concentration or maxima is across the

antenna itself. To get optimum performance in terms of BW we need to purely

excite these CM separately which seems a nearly impossible task because all of

them have current maximas across the antenna. This is the reason that many

researchers do not investigate the e�ect of real antenna elements and relied on the

excitation of chassis modes. But from our study we have already shown that in

practical scenarios, antenna elements are used. To further validate our study we

will apply the same procedure on three more designs.
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Figure 6.4: Modal Signi�cance curves (a) Chassis (120 × 60mm2), (b) Design 1,
(c) Design 2, (d) 90% reduced chassis (40×20mm2), (e) Design 1 on 90% reduced
chassis, (f) Design 2 on 90% reduced chassis.
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6.1.2 Design 2

The geometry is shown in Fig. 6.1(c), and is for a shorted monopole radiating

around 2.2 GHz. The e�ect of the radiating element on the chassis modes in

terms of CM current distribution and MS is shown in Figs. 6.2 (2)(a)-(f) and

6.4(c), respectively. Comparing Figs. 6.4(a), 6.4(b) to Fig. 6.4(c) we can observe

that these small radiating elements a�ect the CM of the chassis di�erently. The

CM current distributions are concentrated across the antenna (similar to Design-

1). The chassis size was reduced systematically similar to Design 1 and similar

behavior was observed. For a 90% reduction in the chassis, the antenna impedance

BW was not a�ected signi�cantly although a shift in the resonance frequency

(of 220 MHz) was observed as shown in the Fig. 6.3(b) and Table 6.1. The

CM and the MS curves of the antenna on a 90% reduced chassis are shown in

Figs. 6.5(3)(a)-(f) and 6.4(f), respectively. We can observe that the CM current

distribution of mode 2 in 6.5(3)(b) is not uniform. For Design 1 the current is

uniformly spread across the antenna element it self. This means that these small

radiating elements have di�erent e�ects on the chassis modes. It is also observed

that for two designs operating at 2.2 GHz, a 90 % chassis reduction did not a�ect

their resonance behavior other then a slight shift and slightly narrower BW.

6.1.3 Design 3

Fig. 6.1(d) shows the geometry of this case. It is an extended version of design 1

operating at a lower frequency (0.94 GHz). The same methodology is applied. As
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Figure 6.5: CM Current distribution, where (a)-(f) represents mode 1 to 6 of (1)
90% reduced Chassis, (2) Design 1 on 90% reduced Chassis, (3) Design 2 on 90%
reduced Chassis.
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the antenna is resonating at lower frequencies, the analysis was performed from 0.5

GHz to 2.0 GHz. We can observe that the introduction of the antenna element

a�ect the chassis modes di�erently as shown in Fig. 6.6(a) and 6.6(b). The

inclusion of the antenna has introduced mode 5 at 560 MHz which was initially

not present. This means that at lower frequencies the antenna is still the main

radiator but as mentioned earlier the excitation of such modes is not easy. To

observe the e�ect of the chassis size at lower frequencies the same procedure was

applied. The re�ection coe�cient of the antenna with di�erent chassis sizes is

shown in Fig. 6.3(c). We can observe that the antenna is resonating until the

chassis was reduced by 44%. For any reduction in chassis size greater than 44%

the antenna does not resonate according to the VSWR<2 criteria. This is the

reason that at lower frequencies the chassis contributes to isolation and coupling

signi�cantly. If we place 4 antennas on a mobile chassis (120 × 60mm2) then

every antenna needs chassis dimensions of 56% that is why the chassis starts

contributing to the isolation signi�cantly. As observed from Designs 1 and 2, at

higher frequencies an antenna can operate with a 90 % reduced chassis that is

why the chassis does not contribute to coupling signi�cantly.

6.1.4 Design 4

The geometry of this design is shown in Fig. 6.1(e). It is an extended version

of design 2 operating at 0.94 GHz. It was observed that the antenna a�ects the

chassis modes di�erently as shown in Fig. 6.6(c). The chassis size was reduced and
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Figure 6.6: Modal Signi�cance curves (a) Chassis (120 × 60mm2), (b) Design 3,
(c) Design 4.
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similar to design 3 it was observed that beyond 30 % reduction in the chassis the

impedance BW is signi�cantly a�ected. Here one thing shall be noted is that the

chassis is decreasing the matching of the antenna but the current concentration

for all the modes lie across the antenna so it means that the antenna is the main

radiating element while the ground is playing a key role in the matching.

6.2 Conclusions

In this chapter, it was shown that for an antenna and chassis combination at

frequencies > 1 GHz the antenna is the main radiating element and chassis only

plays role in the impedance matching, that is why a 90 % reduction in the chassis

size for two di�erent designs i.e. PIFA and Monopole did not a�ect its resonance

(impedance BW). At lower frequencies the e�ect of chassis was more signi�cant

and the antenna was not signi�cantly dependent on the chassis size until 30 %

reduction in the chassis size. This is the reason that at lower frequencies the chas-

sis contributes to coupling/isolation. Remember by the reduction in the ground

plane we are not claiming that the form-factor shall be reduced but we wanted

to emphasize that the use of mobile chassis as a main radiating element for fre-

quencies greater than 2 GHz is unrealistic and unpractical. Moreover, the e�ect

of practical antenna elements on chassis modes in smart phone backplanes is in-

vestigated. It is observed that di�erent antenna types a�ect the chassis modes

signi�cantly and di�erently and CM current maxima shifts towards the antenna

element, that is why pure excitation of single CM is not possible.
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CHAPTER 7

A NEW CURRENT MODE FOR

PRACTICAL ANTENNAS

�You are not a drop in the ocean

You are the entire ocean, in a drop�

� Jal	al ad-D	�n Muhammad R	um	�

In many existing works [63, 94, 118�120, 123�125, 194] mobile chassis was con-

sidered as the main radiating element for frequencies greater than 1 GHz and

the chassis modes were excited. Remember that all these antennas have di�erent

applications such as MIMO, pattern recon�gurability and wide-band but the com-

mon thing is that all of them rely on the chassis as the main radiator. The main

reason of using the chassis modes was the ease in the excitation of the chassis

modes through an ICE or CCE. In reality (practical scenarios), we do not rely

on the chassis as the main radiating element but instead we rely on the antenna

elements as shown in [224]. In [186], only the placement of the antennas on the
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chassis was investigated to get enhanced isolation. As the antennas were present

at the lower frequency, only one chassis mode was discussed. The method is not

applicable for higher frequency (> 1 GHz) because at higher frequencies more

than one mode is present. Secondly, the e�ect of the antenna behavior on the

chassis mode was not investigated. Does the presence of these antenna elements

e�ect the chassis mode and whether its presence creates any new modes? This

chapter answers all these questions that were not addressed in previous works.

7.1 Analysis Process

To investigate the e�ect of real antenna elements, we consider 3 di�erent practical

printed antenna designs, i.e. PIFA [183], monopole [184] and a loop antenna

all operating at 2.2 GHz. Three di�erent antenna types were used to observe

the behavior of di�erent antenna elements on the chassis. PIFA and monopole

antennas are designed on an RO4350 substrate having a dielectric constant of

3.48 while the loop antenna is designed on an FR4 substrate having a dielectric

constant of 3.8. The thickness of the substrate is 0.8 mm. The chassis size for all

the designs is taken 120 × 60 mm2. The geometries of all the three designs are

shown in Figure 7.1. The impedance BW of the antennas are shown in the Figure

7.2, where we can observe that the antennas are resonating around 2.2 GHz. The

modes of the chassis in a desired BW are identi�ed based on the eigenvalue zero

crossing of the mode. The modal signi�cance (MS) is an alternative representation

of the eigenvalue. The half power radiating BW is represented by an MS value
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Figure 7.1: Design geometries, where (a) Antenna element on chassis showing
di�erent locations for the placement of the antenna. L1, L2 and L3 refers to the
placement of the antenna at the corner, middle of the short edge and middle of
long edge respectively, (b) Design 1, PIFA, (c) Design 2, Monopole and (d) Design
3, Loop antenna. SP and FP represents the shorting point and the feeding point
respectively. All the dimensions are in mm.

of 0.707 (λn = ±1). The impedance BW is calculated in the presence of the

excitation sources and is the range of frequencies for which the antenna has good

impedance matching (VSWR<2.0).
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Figure 7.2: Re�ection Coe�cient curves for the three antennas.

7.2 E�ect on Chassis Modes

We systematically analyzed the design in order to investigate the e�ect of real

antenna elements on chassis modes and also to observe or investigate the e�ect

on the chassis modes when the antenna is placed at di�erent locations on the

chassis. The chassis modes are identi�ed as shown in Figure 7.3. While the CM

current distribution and the MS plot are shown in the Figure B.4(1a-1f) and

B.5(a) respectively.

A total of 9 cases were investigated. Three designs and each design placed at

three distinct locations on the chassis, i.e. corner of the chassis, middle of the

short arm (width arm) and middle of the long arm (longitudinal arm) as shown

in Figure 7.1. From Figure B.4 and B.5, we can observe that di�erent antennas

are e�ecting the chassis modes di�erently. Table 1 shows the e�ect of di�erent
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Figure 7.3: Eigenvalues of the �rst six characteristic modes (J1-J6) of chassis
120×60 mm2

antennas on the radiating BW of the chassis modes. We can observe that for all

the three antenna designs the CM current of mode 1 is severely a�ected and this

is the reason that its radiating BW is also severely a�ected while mode 3 current

distribution is not a�ected for all the three designs, that is why we do not observe

any shift in the radiating BW of mode 3 as shown in Figure B.5 and Table 7.1.

Mx refers to mode-x while NC represents that the modes is not contributing in

the desired BW of interest i.e. from 0.5GHz to 3.0 GHz. Starting Frequency refers

to the frequency at which mode x starts contributing to the radiating BW. WC

refers to width center and LC refers to the Longitudinal center. Modes 2, 4, 5 and

6 are a�ected di�erently for di�erent antenna types. Mode 5 is severely a�ected

in case of Design 1, i.e. PIFA, and is no more contributing in the desired BW of
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Table 7.1: Comparison of MS curves to observe the e�ect of the antenna on the
chassis modes.

Gnd PIFA Monopole Loop PIFA_WC PIFA_LC

Starting Frequency (GHz)

M1 0.84 0.84-2.4 0.84-2.8 0.83-2.52 1.0-2.44 0.97-2.57

M2 1.93 1.89 1.88 1.87 2.22 2.2

M3 1.72 1.72 1.71 1.68 1.56 1.64

M4 1.86 1.78 1.79 1.71 1.9 1.91

M5 2.64 NC 2.35 2.63 2.93 NC

M6 NC NC NC NC NC NC

interest while it is not a�ected in case of Design 3, i.e. loop antenna, as shown in

Figure B.5 and Table 1. We can observe that chassis modes are a�ected in the

presence of the antenna that is why further relying on the chassis modes and then

placing the antenna according to it is not accurate because we already observed

that such placement totally a�ects the CM. The interesting part is that all current

maxima are shifted to the antenna element itself. There are high currents on the

chassis but the current on the antenna is also maximum.

To observe the behavior of the placement of these antennas at di�erent loca-

tions on the chassis we placed the antennas at the prescribed locations as shown

in Figure 7.1 and analyzed them using TCM. We observed that for the same an-

tenna placed at di�erent locations on the chassis, the chassis modes are e�ected

di�erently. Observe Figure B.4 (5a-5f) and B.4(6a-6f) for design 1. Mode 1 CM

current distributions are signi�cantly a�ected that is why we observe a signi�-

cant e�ect on the radiating BW of mode 1. Unlike the previous case (corner case
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Figure 7.4: CM current distribution, where (a)-(f) represents the mode 1 to 6 and
(g) represents the newly generated mode of (1) Ground plane, (2) Design 1, PIFA
located at the corner of the chassis, (3) Design 2, Monopole located at the corner
of the chassis, (4) Design 3, Loop antenna located at the corner of the chassis, (5)
Design 1, PIFA located at the middle of the shorter edge and (6) Design 1, PIFA
located at the middle of the longer edge.
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Figure 7.5: Modal Signi�cance curves (a) Chassis (120×60 mm2), (b) Design 1,
PIFA, (c) Design 2, Monopole, (d) Loop antenna, (e) Design 1, PIFA located at
width (shorter edge) center, (f) PIFA located at longitudinal (longer edge) center.
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i.e. L1), mode 3 CM current distribution and MS curves are a�ected when the

antenna is placed at the shorter edge of the chassis as shown in the Figure B.4

(5c) and B.5(e), respectively. More detailed analysis on the e�ect on the radiating

BW of the antenna is shown in the Table 1. Similar behavior was observed for

designs 2 and 3 where the chassis modes were a�ected di�erently as compared to

the antenna placed at the corner of the chassis (L1) but because of limited page

count the results are not shown here. This study con�rms that di�erent place-

ment locations of the antenna on the chassis a�ect the modes di�erently. One

thing should be noted that irrespective of the location, for all the cases there is a

signi�cant current concentration for all the modes on the surface of the antenna.

This con�rms that further relying on the chassis modes and not investigating the

modes in the presence of the antenna is neither realistic nor a practical approach.

7.3 Antenna Mode Generation

In the previous section, we discussed that the placement of the antenna a�ects the

chassis modes noticeably. Another interesting observation is that the presence of

the antenna generates a new mode that was not present initially as a chassis mode.

It appeared because of the presence of the antenna as shown in Figure B.4 (2g-6g).

The current is concentrated on the antenna only and there is no current present

on the chassis, this has never been identi�ed before. The current distribution for

the new antenna mode is plotted on a di�erent scale because if the current was

plotted on the same scale as was used for modes 1 to 6 in Figure B.4, we would
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have observed current concentration across the antenna element only and there

will be no current present on the chassis which would have been very di�cult for

the reader to observe. Kindly note that the current lower scale is reduced but the

upper scale remains �xed. For the new mode, the current is concentrated across

the antenna element so we can call this mode as an antenna mode. We shall

remind the reader that if we carefully observe the current concentration on all the

modes, we observe that for almost all the modes the currents are maximum across

the antenna element itself.

We already know that the antenna location a�ects the chassis mode di�erently.

So, to observe the e�ect of the antenna location on this new antenna mode, let us

consider all the 9 cases again. We observe that the antenna mode is not location

dependent on the chassis but it is dependent on the antenna geometry only that

is why for a speci�c design the antenna mode always has the same radiating BW

as shown in the Figure B.6. It con�rms that the antenna mode depends on the

antenna element and not on the chassis.

7.4 Antenna Mode Excitation

The new antenna mode is present at very low frequency. If we can purely excite

the newly generated antenna mode, it will help in getting large miniaturization

factors. The excitation of a speci�c mode can be possible either through use of

CCE or ICE excitation. To excite a mode, an ICE is placed at the current maxima

while the CCE is placed at the current minima of the mode. The problem is
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Figure 7.6: MS curve of the new antenna mode. D1 to D3 refers to the PIFA,
Monopole and Loop antenna respectively. LC and WC refers to the cases when
the antenna is placed at the center of the long arm, and short arm respectively.

that if an ICE is placed at the current maxima it will excite the antenna mode

and several other modi�ed chassis modes, as all the modes have current maxima

at same location. This will deteriorate the performance of the system instead of

getting the desired response [23]. If we carefully observe the current concentration

of modes 1 to 6 for any design in Figure B.4, we can observe in all the modes,

the antenna mode has a current maxima across the antenna element itself and the

pure excitation is not possible for a single mode. This is the main reason that the

antenna cannot resonate at lower frequencies. The excitation of such mode can

be made possible by using or designing a new excitation technique. The study of
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such a mode is very important and if we can �nd a method to excite the antenna

mode only, we can achieve enhanced performance.

7.5 Conclusion

In this chapter, it is shown that relying on the chassis modes without considering

the e�ect of the antenna element is not a realistic approach. We observed that dif-

ferent placement of the antennas at the chassis a�ect the chassis modes di�erently.

In the presence of the antenna, all the antenna current maxima shift towards the

antenna element itself. It is also shown that the presence of the antenna generates

a new antenna mode for the �rst time. Remember that this mode is a new mode

and it was not identi�ed before. Also, the chassis modes are modi�ed based on the

location of the antenna on the chassis but the antenna mode depends only on the

antenna element itself and not on the location of the antenna on the chassis. As

the new antenna mode and all the modi�ed chassis modes have current maxima

at the same location that explains that the pure excitation of the antenna mode

by using the existing methods of excitation like CCE or ICE is not possible. The

analysis was conducted on three antennas at 2.2 GHz.
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CHAPTER 8

SIW BASED MIMO ANTENNA

�Raise your words not voice

It is rain that grows �owers not thunder�

� Jal	al ad-D	�n Muhammad R	um	�

Slotted Rectangular waveguide (SRWG) are widely used in radio communica-

tions due to their high gain, directivity, low side lobe level (SLL) and the ability to

operate in harsh environments. The main disadvantage of these antennas is their

large size. But for stationary applications such as base stations or access points

the size is not an issue at all. The design of SRWG is well known in literature

and several systematic methods are present to design such antennas [228,229].

SRWG operates based on the concept that a slot provides a way for radiation

of the internal �elds and coming up with the proper size and combination of these

slots give us a desired radiation pattern. SRWG can be of two types, Standing

wave and traveling wave. Standing wave SRWG have broad side spectrum, the

inter element spacing between the two slots is �xed at λ/2, it can be terminated
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in a short circuit or matched load. Standing wave SRWG can be fed at the center

or at the edge of the waveguide. Traveling wave SRWG can have tilts in the main

beam, the inter-element spacing between the slots is not �xed. These varying

distance between the slots helps in producing tilts in the beam. Desired low

SLL can be achieved through the use of Dolph Tschebysche� distribution or any

other amplitude distribution and based on these amplitude values, o�sets around

the center of the waveguide can be calculated. Approximations are done in the

calculation of these o�sets.

Waveguides cannot be easily integrated with planar structures. Substrate in-

tegrated waveguides (SIW) have small size, light weight, low cost, low pro�le and

the ability to easily integrate with planar structures are becoming widely used in

literature. Beside such features, an SIW has the feature of high gain, high Front

to Back (FBR) ratio and low cross polarization level like metallic waveguide an-

tennas. SIWs are normally used in antenna arrays. An SIW utilizes a dielectric

substrate that is plated on its top and bottom. Vias are used to short the top and

bottom metal coated layers, thus creating the guided waveguide. To feed an SIW

antenna, a connector and a microstrip to SIW transition is used.

8.1 Analysis Process

Genetic Algorithm (GA) optimizers are widely used due to their robustness. So,

a GA [230] was modeled to e�ectively �nd the locations of the slots on the top

wall of the SIW.
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8.1.1 Genetic Algorithm

The stochastic search method of GA works on the concept of natural selection and

evolution. In this work, a GA is applied to the SIW model to �nd the optimized

position of the slots, i.e. o�set and the position along x-axis as well as z-axis on the

waveguide respectively, to achieve a speci�c beam tilt and SLL. The assumption

is that the current on the surface of the slot is of a cosine nature. The inputs

to the GA are the number of slots, the beam shift or tilt and the desired SLL.

The current distribution on the surface of the slot is assumed to be found by the

combination of in�nitesimal dipoles. We started with an initial population of 40

chromosomes. The cost function was de�ned by the mean Square error (MSE)

between the desired pattern to the calculated pattern. The main advantage of the

GA is that it tell us about the feasibility of our design, whether with a particular

number of slots, we can achieve our desired response or not without spending time

with length full wave simulations.

Remember that the GA is not taking into account the e�ect of the mutual

coupling between the slots that's happening because the slots are present in close

proximity to one another. Also, to feed the antenna through a connector, we

need to have a microstrip to SIW transition. Such transition severely a�ects the

antenna performance. So, the GA algorithm gives us a rough estimate about the

location and o�set of the slot via a matlab script and we need to re-optimize the

slots location and o�set whenever we consider a real design, in a full wave model.

The �ow chart of the GA is shown in the Figure 8.1. The desired radiation pattern
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is given as an input to the GA. An initial population of 40 chromosomes is selected.

The 2 parameters that need to be optimized are the o�set (x) and the location

(z) of the slot on the top surface of SIW. The far-�led Electric and Magnetic �eld

components are calculated and the cost function that is the MSE between the

desired pattern and the calculated pattern. If the MSE is minimized, we can get

our optimized output else the chromosomes are ranked according to the least �t

to the best �t criteria. 50% of the chromosomes are discarded. Cross over is done

to create child and then a mutation rate of 0.5 was used. The process is repeated

until and unless the MSE is minimized or the iterations limit is achieved.

8.1.2 Antenna 1 (tilt of 100)

The GA algorithm was optimized for 10 slots at a desired SLL of 15 dB at 28 GHz.

The desired and optimized normalized radiation patterns are shown in Figure 8.2.

We can observe that it was not possible to exactly obtain a -15 dB of SLL. A

traveling wave SIW slot array was designed based on the o�set and location of

the slot from the GA.

A microstrip to SIW transition was introduced to properly feed the antenna.

The presence of the transition greatly a�ected the antenna response. The location

and the o�set of the slots were optimized again to have a better performance and

the desired pattern tilt was achieved. The geometry of the proposed design is

shown in Figure 8.3. The o�set and the location of the slots is shown in Table

8.1. The simulation was very well matching the desired results. The re�ection
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Figure 8.1: Genetic Algorithm (GA) �ow chart.

177



0 20 40 60 80 100 120 140 160 180
theta (degree)

-25

-20

-15

-10

-5

0

N
o

rm
al

iz
ed

 R
ad

ia
ti

o
n

 P
at

te
rn

 (
d

B
)

Desired Pattern
Optimized Pattern

Figure 8.2: The desired normalized radiation pattern and the GA algorithm based
optimized radiation pattern for a θ cut at φ = 2700.
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Figure 8.3: Design geometries, where (a) Top view showing the locations of dif-
ferent slots on the top conductors and (b) bottom view. All the dimensions are
in mm.

coe�cient of the proposed design is shown in the Figure 8.4. We can observe a

very wide -10 dB impedance BW.

The 3D radiation pattern of the proposed design at di�erent frequencies is

shown in the Figure 8.5. We can observe that for all the desired frequencies we

are having a tilt of 100 or is within the HPBW at least. The tilt of 100 over here

is referring to the beam at 1000, because the antenna is lying in the xz plane,

with its width along x-axis and length along z-axis. To be more quantitative, the

2D normalized rectangular radiation pattern plots at di�erent frequencies for a

θ cut at φ = 2700 is shown in Figure 8.6. To more accurately trace the tilt in

the pattern, the scale of the θ is limited between 00 to 1800 as shown in Figure

8.7. We can observe from Figures 8.5 and 8.6 that a SLL of at least 8.5 dB was
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Table 8.1: The o�set and location of the slots on the top conductor of the SIW
in Figure 8.3, for a tilt of 10 degrees in the beam. All numbers are in mm.

Slot Number O�set (x axis) Slot location (z axis)

1 0.98520 0.00000

2 -1.07025 4.82912

3 0.94976 10.03008

4 -0.81509 14.62258

5 1.39629 19.43480

6 -1.11278 25.26113

7 1.20492 29.41418

8 -0.69460 34.86867

9 0.66625 40.35697

10 0.00000 42.88743
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Figure 8.4: Re�ection coe�cient of the SIW antenna in Figure 8.3.
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Figure 8.5: The 3D radiation pattern showing a tilt of 10 degrees at di�erent
frequency band where, (a) 28.75 GHz, (b) 29 GHz, (c) 30 GHz and (d) 31.5 GHz

obtained. At 30 GHz the antenna is pointing at 1000 (100 tilt) but with changing

frequency the tilt is varying. At 28.7 GHz and 32 GHz the radiation main beam

is pointing at 1050 and 940 respectively.

8.1.3 Antenna 1 (tilt of −100)

To get a tilt of −100 (referring to the beam at 800), we just need to change the

direction of the feeding. Our antenna has two ports as shown in the Figure 8.3,

feeding port and matched load. If we inter-change their positions, we can get a

tilt in the negative direction. The 3D radiation patterns are shown in Figure 8.8.

We can observe that now the main beam is having a tilt of −100.

To be more quantitative, the 2D normalized rectangular radiation pattern plots
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Figure 8.6: Normalized radiation pattern showing a tilt of 10 degrees at di�erent
frequency bands for a θ cut at φ = 2700.
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Figure 8.7: Normalized radiation pattern showing a tilt of 10 degrees at di�erent
frequency bands for a θ cut at φ = 2700, limited between 00 ≤ θ ≤ 1800.
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Figure 8.8: The 3D radiation pattern showing a tilt of −10 degrees at di�erent
frequency band where, (a) 28.75 GHz, (b) 29 GHz, (c) 30 GHz and (d) 31.5 GHz
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Figure 8.9: Normalized radiation pattern showing a tilt of −10 degrees at di�erent
frequency bands for a θ cut at φ = 2700.

at di�erent frequencies for a θ cut at φ = 2700 is shown in Figure 8.9. To more

accurately trace the tilt in the pattern, the scale of the θ is limited between 00

to 1800 as shown in Figure 8.10. We can observe from Figures 8.8 and 8.9 that a

SLL of at least 8.5 dB was obtained.

8.1.4 Antenna 2 (tilt of 350)

The GA algorithm was optimized for 14 slots at a desired SLL of 15 dB at 28

GHz. The desired and optimized normalized radiation pattern are shown in Figure

8.11. We can observe that it was not possible to exactly obtain a -15 dB of SLL.

A traveling wave SIW slot array was designed based on the o�set and location of

the slot from the GA. The simulation was very well matching to the results.
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Figure 8.10: Normalized radiation pattern showing a tilt of −10 degrees at di�er-
ent frequency bands for a θ cut at φ = 2700.
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Figure 8.11: The desired normalized radiation pattern and the GA algorithm
based optimized radiation pattern for a 14 element slot SIW with a θ cut at
φ = 2700.
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Figure 8.12: Design geometries, where (a) Top view showing the locations of
di�erent slots on the top conductors and (b) bottom view. All the dimensions are
in mm.

An microstrip to SIW transition was introduced to properly feed the antenna.

The presence of the transition greatly a�ected the antenna response. The location

and the o�set of the slots were optimized again to have a better performance and

the desired pattern tilt was achieved. The geometry of the proposed design is

shown in Figure 8.12. The o�set and the location of the slots are shown in Table

8.2. The re�ection coe�cient of the proposed design is shown in Figure 8.13. We

can observe a very wide impedance BW.

The 2D normalized rectangular radiation pattern plots at di�erent frequencies

for a θ cut at φ = 2700 is shown in Figure 8.14. To more accurately trace the tilt

in the pattern, the scale of the θ is limited between 00 to 1800 as shown in Figure

8.15. We can observe from Figures 8.14 and 8.15 that a SLL of at least 7 dB was
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Table 8.2: The o�set and location of the slots on the top conductor of the SIW
for a tilt of 35 degrees in the beam. All numbers are in mm.

Slot Number O�set (x axis) Slot location (z axis)

1 0.390 0.000

2 -0.737 2.497

3 0.858 5.889

4 -0.886 10.076

5 1.255 13.773

6 -1.106 16.776

7 1.262 20.372

8 -0.886 24.491

9 1.035 27.359

10 -0.787 32.222

11 1.063 35.446

12 -1.283 38.264

13 1.120 42.383

14 -0.007 45.454
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Figure 8.13: Re�ection coe�cient of antenna.

obtained. At 30 GHz the antenna is pointing at 1200 (300 tilt) but with changing

frequency the tilt is varying. At 28.7 GHz and 32 GHz the radiation main beam

is pointing at 1300 and 1170 respectively.

To get a tilt of −350 (referring to the beam at 550), we just need to change

the direction of feeding. The 2D normalized rectangular radiation pattern plots

at di�erent frequencies for a θ cut at φ = 2700 is shown in Figure 8.16. To more

accurately trace the tilt in the pattern, the scale of the θ is limited between 00

to 1800 as shown in the Figure 8.17. We can observe from Figures 8.16 and 8.17

that a SLL of at least 7 dB was obtained.

188



0 50 100 150 200 250 300 350
theta (degree)

-35

-30

-25

-20

-15

-10

-5

0

N
o

rm
al

iz
ed

 R
ad

ia
ti

o
n

 P
at

te
rn

 (
d

B
)

28.7 GHz
29 GHz
30 GHz
31 GHz
31.5 GHz
32 GHz

Figure 8.14: Normalized radiation pattern showing a tilt of 35 degrees at di�erent
frequency bands for a θ cut at φ = 2700.
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Figure 8.15: Normalized radiation pattern showing a tilt of 35 degrees at di�erent
frequency bands for a θ cut at φ = 2700.
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Figure 8.16: Normalized radiation pattern showing a tilt of −35 degrees at di�er-
ent frequency bands for a θ cut at φ = 2700.
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Figure 8.17: Normalized radiation pattern showing a tilt of −35 degrees at di�er-
ent frequency bands for a θ cut at φ = 2700.
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8.1.5 4 element MIMO

The antenna elements were co-located to get a MIMO performance. The geometry

of the proposed design is shown in the Figure 8.18. We can observe that we have 4

slotted SIW arrays. The re�ection and the isolation curves of the array are shown

in Figure 8.19 and 8.20 respectively. We can observe that the antenna is having

very wide impedance BW and although the antennas are co-located but still we

have signi�cant isolation between the antenna elements.

The input feed 1 will produce a tilt of -100 as shown in the Figure 8.21 and

8.22. We can observe that the SLL is a�ected due to the presence of the other

antenna elements. The SLL is now 6 dB. The antennas are placed such that

the adjacent antenna will have maximum spatial separation in terms of radiation

pattern that is why the input feed 2 will produce a tilt of +300 as shown in Figure

8.23 and 8.24. The input feed 3 will produce a tilt of -300 as shown in the Figure

8.25 and 8.26. A tilt of 100 is produce by input feed 4 as shown in the Figure 8.27

and 8.28. The worst SLL is in the case of 300 tilt.
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Figure 8.18: Design geometry of 4 element MIMO case, where (a) Top view show-
ing the 4 antenna array and (b) bottom view. All the dimensions are in mm.
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Figure 8.19: Re�ection coe�cient of 4 element MIMO.
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Figure 8.20: Isolation enhancement of 4 element MIMO.
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Figure 8.21: Normalized radiation pattern showing a tilt of -10 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 1.
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Figure 8.22: Normalized radiation pattern showing a tilt of -10 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 1.
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Figure 8.23: Normalized radiation pattern showing a tilt of 30 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 2.
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Figure 8.24: Normalized radiation pattern showing a tilt of 30 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 2.
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Figure 8.25: Normalized radiation pattern showing a tilt of -30 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 2.
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Figure 8.26: Normalized radiation pattern showing a tilt of -30 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 2.
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Figure 8.27: Normalized radiation pattern showing a tilt of 10 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 4.
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Figure 8.28: Normalized radiation pattern showing a tilt of 10 degrees at di�erent
frequency bands for a θ cut at φ = 2700 by antenna element 4.
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CHAPTER 9

CONCLUSIONS & FUTURE

WORK

�A sunset here is a sunrise on the other end of the world. What appears to be the end

may really be a new beginning�

Anonymous

9.1 Conclusions

Printed MIMO antenna design is a challenging task in any communication system

because till now it lacks alot of explanation to many physical phenomenas. There

are no general guidelines developed for printed antenna design up to now, and

all works depends on past experiences. This work investigated the three methods

ACGF, TCM and CBF and discussed the feasibility and the applicability of these

methods to any printed antenna design. Although some have answered some

issues but they are not feasible to be used for the design of printed antennas
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with this current methods. ACGF, which is an extension to the Electric �eld

integral equation (EFIE), answered many physical process like the transformation

from near-�eld to far �eld radiation, provided optimum response for correlation

coe�cient but it cannot be used for the design of real antennas because it still

relies on a closed form expression for the current (J(r)), thus is intractable.

TCM relies on the MoM, to �nd the real antenna modes of any geometry

under consideration and they are found in the absence of any excitation. The

main problem lies in the proper excitation of the mode. A mode can provide very

good radiating BW and radiation pattern but if not excited properly results in

degraded performance because multiple modes are excited at the same time. For

real printed antenna designs, the current maximas of all modes lie on the antenna

itself, thus pure excitation of a single mode is nearly impossible. This is the reason

that a vast majority of literature have applied TCM analysis to chassis based

radiators because of the ease of excitation of its modes. TCM from any antenna

design approach, lacks signi�cance. But, it can be used to e�ciently enhance the

antenna parameters, like isolation enhancement, pattern recon�gurability e.t.c.

TCM was used for the analysis of the slot antennas and it was found that the

presence of the slot does not generate any new mode (slot mode) but the obtained

ones are the chassis modes that are slightly modi�ed due to the presence of the

slot. The location and the size of the slot on the chassis plays an important role

in a�ecting its modes. Based on the analysis, a 4-element MIMO annular slot

antenna was proposed designed and fabricated, covering 1.8 GHz to 2.45 GHz.
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The e�ect of multiple circular slot radiators was investigated and it was observed

that as long as their is symmetry in the antenna design (4-element MIMO slot)

the MS plots are not a�ected signi�cantly when compared to a pure chassis case,

single element and 2-element cases. The physical principle behind frequency re-

con�gurability was also investigated. It is found that varactor diodes used did not

alter the MS plots but helped in improving the impedance matching at di�erent

frequency bands of the same mode.

TCM was also used to analyze the behavior as well as develop a systematic

approach for the placement of DGS in MIMO antenna con�gurations for port iso-

lation enhancement. For this purpose, 2-element wire and two 4-element printed

MIMO antennas were used. An average isolation enhancement of 11 dB was

achieved using the proposed approach.

Using TCM, it was shown that the use of the chassis alone for radiation for

frequencies greater than 1 GHz is an unrealistic approach. For frequencies greater

than 1 GHz the antenna is the main radiating element and chassis only plays

role in the impedance matching, that is why a 90 % reduction in the chassis size

for two di�erent designs and antenna types. At lower frequencies the e�ect of

chassis was more signi�cant and the antenna was not signi�cantly dependent on

the chassis size until 30 % reduction in the chassis size. This is the reason that at

lower frequencies the chassis contributes to coupling/isolation.

Using TCM, it was also shown that the presence of a practical antenna gener-

ates a new antenna mode. In the presence of the antenna, all the antenna current
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maxima shift towards the antenna element. The chassis modes are modi�ed based

on the location of the antenna on the chassis but the antenna mode depends only

on the antenna element itself and not on the location of the antenna on the chas-

sis. As the new antenna mode and all the modi�ed chassis modes have current

maximas at the same location that explains that the pure excitation of the an-

tenna mode by using the existing methods of excitation like CCE or ICE is not

possible.

A GA algorithm was developed based on the current distribution across the

slot on the surface of SIW to design an antenna at 28 GHz. The GA optimizes the

o�set (from the center) and location of the slots on the SIW. A microstrip to SIW

transition was used to excite the antenna. Two SIW traveling wave slot arrays

having a tilt of 100 and 300 across the broad side are designed. The antenna are

having an overall dimensions of 63 mm designed on a Rohacell substrate having a

dielectric constant and loss tangent of 1.1 and 0.0045, respectively. The antennas

are having a gain of 10 dB. The antenna is having an impedance BW from 28.75

GHz to 31.2 GHz. A 4-element MIMO con�guration was designed for future 5G

mobile terminals.

9.2 Future Work

One of the most appealing aspect of TCM is the reactive (continuous) loading that

signi�cantly a�ects the radiating BW of the mode. As we already know that wire

antennas are signi�cantly a�ected by the presence of the discrete reactive load
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but this was not the case for such printed antennas. So, new loading techniques

shall be developed for such printed antennas that can a�ect the mode attributes.

Remember that the reactive loading can tune the antenna resonance at any desired

frequencies.

Moreover, the main challenge in controlling the behaviour of antennas is the

excitation of a single mode because all modes have current maxima and current

minima almost at the same location. A new feeding technique can be designed that

does not rely on the current maxima or minima location but on other parameters

that can e�ciently excite the mode. This will achieve a huge miniaturization and

we will be also able to �ne tune the antenna at any desired frequencies. Coming

up with general guidelines can be investigated to obtain optimum performance for

di�erent MIMO antenna parameters like envelope correlation coe�cient (ECC).

A new algorithm or technique can be developed that addresses the short com-

ings of the existing TCM method. It should include the e�ect of the feeding

location and the feeding type and then solve for the optimum mode. This will

solve the problem of the possible excitation of the mode. Optimization algorithms

can be integrated with TCM to enable the test of the di�erent feeding methods

and the possible placement of the feed on the chassis or the antenna will achieve

enhanced performance.

We observed that whenever SIW based longitudinal slot arrays are collocated

the SLL degrades due to the presence of the antenna elements. An optimization

technique can be developed for a co-located MIMO case or the same existing
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optimizing code can be used taking into the e�ect of the mutual coupling or

isolation from the neighboring antenna.
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APPENDIX A

DERIVATION OF THE ACGF

�The laws of Nature are written in the language of Mathematics, and its characters are

triangles, circles and other geometrical �gures, without which it is humanly impossible

to understand a single word of it�

�Galileo Galilei.

In normal scenario for every input we had to use the Maxwells equation and

then a complete numerical techniques to �nd the output of the system. Now if

the input is changed, we had to repeat the whole process by �rst using maxwell

and then Numerical Techniques. This is tedious process.

Green Function provided us with a better solution. Green Function is response

of a Electromagnetic system for an impulse input. Once we know the response of

the system then by using convolution we can very easily �nd out the response for

other type of inputs. There are di�erent ways to �nd out the Green Function of

an Electromagnetic system.

1. Direct construction Approach
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2. Eigen Function Expansion

3. Fourier Transform Approach

For Finding the Green Function of 1D problem these methods are used sepa-

rately but for higher dimensions these are used together in order to �nd the green

function easily.

We already know that the region around an antenna can be divided into three

main regions [6],

1. Reactive near �eld

2. Radiating near �eld (Fresenl region)

3. Far �eld (Fraunhofer Region)

Figure A.1 shows the regions around the antenna surface. The Reactive near �eld

region is located at

R < 0.62

√
D3

λ

while the Radiating near �eld region is present between

0.62

√
D3

λ
< R < 2

D2

λ

while the far �eld starts from

R > 2
D2

λ

These de�nitions don't give physical insight on near �eld regions thats why we
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will start addressing these regions and look at them from another perspective. A

perspective which will properly de�ne everything.

Figure A.1: Regions around antenna.

So we are in need of a proper de�nition or expression that can express the �eld

clearly in terms of the near and far �eld components. Also we need such de�nition

that can can clearly explain how the energy transfer takes place between the near

and far-�eld layers. To give this clear picture an idea of representing the �elds by

the wilcox expansion was presented in [21,22]. These expressions were representing

both Near and Far Field.

A.1 Wilcox Expansion

To �nd the Electric and magnetic �elds, the spatial structure around antenna is

divided into many regions as shown in Figure A.2 [21]. The antenna is excited by

current density J . According to the Wilcox expansion the Electric and Magnetic
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Figure A.2: Regions surrounding antenna. Ro is referring to far �eld.
R1, R2, ..., R∞ refers to near �eld [21].

�elds can be represented by the series [40]

E(r) =
ejkr

r

∞∑
n=0

An(θ, ϕ)

rn
(A.1)

H(r) =
ejkr

r

∞∑
n=0

Bn(θ, ϕ)

rn
(A.2)

An and Bn are angular functions that are dependent on the far �eld component.

The layers in Figure A.2 are de�ned with respect to the Wilcox series. Each layer

corresponds to
1

rn+1
term. The far �eld can be represented by Ao and Bo.

E(r) =
ejkr

r
Ao(θ, ϕ) (A.3)

H(r) =
ejkr

r
Bo(θ, ϕ) (A.4)
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The E and H �eld components in the R1 region are

E(r) =
ejkr

r2
A1(θ, ϕ) +

ejkr

r
Ao(θ, ϕ) (A.5)

H(r) =
ejkr

r2
B1(θ, ϕ) +

ejkr

r
Bo(θ, ϕ) (A.6)

The di�erence between the two layers is

E(r) =
ejkr

r2
A1(θ, ϕ) (A.7)

H(r) =
ejkr

r2
B1(θ, ϕ) (A.8)

Thus we �nally got an expression for Electric and Magnetic �eld associated with

R1 layer are given in expression (A.7) and (A.8). These are the �elds that are only

associated with the R1 layer. In the same way we can clearly and easily de�ne

�elds for a near �eld layer. One important point is that Maxwell's equations are

not applicable to just the Electric and magnetic �elds for a single layer but are

applicable to Electric and magnetic �elds when they are taken for all the layers

collectively. Localized and non-localized energies exist in each layer, that is each

layer contains propagating and non-propagating energies. Based on the expres-

sions of the electric and magnetic �elds we will calculate the energy associated

with a near �eld layer and also the energy associated with the far �eld layer.

ωe =
ε

4
E.E∗ =

ε

4

∞∑
n=0

∞∑
n′=0

An.A
∗
n

rn+n′+2
(A.9)
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ωh =
µ

4
H.H∗ =

ε

4

∞∑
n=0

∞∑
n′=0

Bn.B
∗
n

rn+n′+2
(A.10)

Let us rearrange the terms in order to present it in a more suitable manner,

ωe(r) =
ε

4

∞∑
n=0

An.An∗
r2n+2

+
ε

4

∞∑
n=0

Re(An.An∗)
rn+n′+2

(A.11)

ωh(r) =
µ

4

∞∑
n=0

Bn.Bn∗
r2n+2

+
µ

4

∞∑
n=0

Re(Bn.Bn∗)
rn+n′+2

(A.12)

The �rst term on Right hand side represents the interaction of �eld with itself

(non-propagting energy) while the second term represents the interaction of a

layer with other layers (propagating energy).

A.2 Multipole Expansion

Multipole expansion was used to verify the expressions of Electric and magnetic

�elds representing the energies that were obtained by using wilcox expansion A.2

[21]. Multipole expansion is basically a representation of �elds in terms of eigen

vectors. We will start from the far �eld equations and will try to reconstruct

the near �eld equations and it shall match the Wilcox expansion. Electric and

Magnetic �elds in terms of Multipole expansion can be represented as a sum of

vector spherical Harmonics [41],

E(r) = η
ejkr

kr

∞∑
l=0

l∑
m=−l

(−1)l+1[aE(l,m)Xlm − aM(l,m)r̂ ×Xlm] (A.13)
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H(r) =
ejkr

kr

∞∑
l=0

l∑
m=−l

(−1)l+1[aM(l,m)Xlm + aE(l,m)r̂ ×Xlm] (A.14)

Here η represents the free space wave intrinsic impedance. The coe�cients of

TElm and TMlm modes are represented by aE(l,m) and aM(l,m) respectively.

Xlm represents the vector spherical harmonic and is represented by

Xlm =
1√

l(l + 1)
LYlm(θ, ϕ)

where L is teh angular momentum operator and is given by

L = −ir ×∇ (A.15)

and Ylm(θ, φ) is the spherical harmonics of degree l and order m

Ylm(θ, φ) =

√
(2l + 1)(l −m)!

4π(l +m)!
Pm
t (cosθ)ejmϕ (A.16)

After performing mathematical calculation it was proved in [21, 22] that Electro-

magnetic �eld can be represented by Wilcox series.

By using few mathematical derivations the coe�cients were derived as

B0(θ, φ) =
∞∑
l=0

l∑
m=−l

(−i)l+1

k
[aM(l,m)Xlm + aE(l,m)r̂ ×Xlm] (A.17)
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Bn(θ, φ) =
∞∑
l=n

l∑
m=−l

[aM(l,m)blnXlm] −

∞∑
l=n−1

l∑
m=−l

iaE(l,m)

k
(clnr̂Ylm + dlnr̂xXlm), n > 1 (A.18)

Similarly, we can also derive

A0(θ, φ) = η
∞∑
l=0

l∑
m=−l

(−i)l+1

k
[aE(l,m)Xlm − aM(l,m)r̂ ×Xlm] (A.19)

An(θ, φ) = η
∞∑
l=n

l∑
m=−l

[aE(l,m)blnXlm] +

η
∞∑

l=n−1

l∑
m=−l

iaM(l,m)

k
(clnr̂Ylm + dlnr̂xXlm), n > 1 (A.20)

A.3 Weyl Expansion

Weyl Expansion is basically a spectral representation of the Electric �eld. The

main goal was to decompose the �eld into a sum (spectrum) of propagating and

evanescent modes. This will help in providing a clear understanding of the in-

teraction (energy transfer) between the propagating energy and non-propagating

energy. Let us suppose that the antenna is surrounded by a homogeneous and

isotropic medium having magnetic permeability µ and electric permittivity ε . If

the current density on the antenna is J then the Electric �eld produced by this

antenna can be given by the dyadic Greens function theorem [22,37].
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E(r) = jωµ

∫
V

Ḡ(r, r′).J(r′)d3r (A.21)

Where the Free Space Green Function (FSGF) is given by

Ḡ(r, r′) = [1 +
∇∇
k2

]g(r, r′) (A.22)

The scalar green function is given by

g(r, r′) =
ejk|r−r

′|

4π|r − r′|
(A.23)

Using the Weyl expansion identity, the scalar green function can be divided into

propagating and non-propagating parts. After mathematical calculations we get

an expression for the electric �eld as

E(r) =
−wkµ

8π2

∫ +∞

−∞

Īk2 −KK
k2m

.J̄(k)ejk.r (A.24)

here

k = x̂kp+ ŷkq + ẑsgn(z − z′km)

and J(K) is representing the spatial Fourier transform of the current density on

the source (antenna).

J̄(K) =

∫
V

J(r′)e−jk.r
′
d3r
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By using the Wilcox and Weyl expansion the near �eld theory was studied from

a perspective that has got much resemblance to the reality. They give very better

explanation to the near �eld phenomena. Now the study was extended to �nd an

expression for how the currents are excited on antenna surface by a source, how

radiated �elds are related to antenna currents and how currents are excited on

antenna surface by the �elds. As we have seen that Electric �eld can be represented

in terms of green function, so a new transfer function known as Antenna Current

green Function (ACGF) was introduced [19,20].

Due to the complexity involved in the calculation of the current density func-

tion, few researchers have addressed the issue. Recently a few publications ap-

peared in this area and now researchers are trying to dig into the problem more

from a practical point of view.

A.4 ACGF

Wave equation for source free region is given by

(∇2 + k2)E(r) = 0 (A.25)

where ∇2 represents the laplacian operator, k represents the propagation constant

and E represents the Electric �eld, In the presence of any source, it is given by

(∇2 + k2)E(r) = S(r) (A.26)
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Green function is the solution of di�erential equation for an impulse input, so for

any input S(r) the solution will be

E(r) =

∫
v

g(r, r′)S(r) (A.27)

Now to �nd g(r, r′),

(∇2 + k2)g(r) = −δ(r − r′) (A.28)

for an impulse input at r′ = 0, the solution to

g(r) = C
ejkr

r
+D

e−jkr

r
(A.29)

after few mathematical derivations, the solution of the g(r) is

g(r) =
ejkr

4πr
(A.30)

and for any generalized point, where the impulse was not applied at r′ = 0. The

expression for the g(r, r′) is given by

g(r, r′) =
ejk|r−r

′|

4π|r − r′|
(A.31)

This is free space green function. Now from the basic of electromagnetics we know

that ∇× E = −jωµH and ∇×H = J + jωεE, we can get

∇×∇× E(r)− k2E(r) = −jωµJ(r) (A.32)
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Now ∇×∇× E = ∇(∇.E) −∇2E, and from equation of continuity ρ = −∇.J
jw

and from Maxwell's equation ∇.E =
ρ

ε
, we can derive

∇2E(r) + k2E(r) = jωµJ(r)− ∇∇.J
jωε

(A.33)

∇2E(r) + k2E(r) = jωµ(1 +
∇∇
k2

)J(r) (A.34)

Equation (A.34) is similar to (A.26), if

S(r) = jωµ(1 +
∇∇
k2

)J(r) (A.35)

We already know that the solution of (A.26) is given by (A.31). So, using green

function for any input S(r), the solution will be (A.27)

E(r) =

∫
v

dv′
ejk|r−r

′|

4π|r − r′|
.jωµ(I +

∇∇
k2

).J(r) (A.36)

re-arranging the terms

E(r) = jωµ

∫
v

dv′
[
I +
∇∇
k2

]
.
ejk|r−r

′|

4π|r − r′|
J(r) (A.37)

So, the above equation is the Electric �eld integral equation (EFIE) and it was

assumed as an antenna current green function. So ACGF is

E(r) =

∫
v

ds′G(r, r′).J(r′) (A.38)
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APPENDIX B

COMPUTER SIMULATION

TECHNOLOGY (CST)

�The expert in anything was once a beginner.�

�Helen Hayes.

Computer simulation technology (CST) is a simulation software that can solve

an EM problem by using many numerical approaches like �nite element method

(FEM), multilevel fast multipole method (MLFMM), method of moments (MoM)

and and shooting boundary ray (SBR) method depending on the problem nature.

The list of di�erent solvers provided by CST are.

• Transient solver

• Frequency domain solver

• Eigen mode solver

• Resonant solver
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• Integral equation solver

• Asymptotic solver

• Multilayer solver

TCM analysis is o�ered by the Integral equation (IE) solver as well as the

Multilayer solver. For the case of the TCM analysis of metallic structures i.e. in

the absence of any dielectric material, the IE is used. When ever we have multiple

layers of metal and dielectric then the Multilayer solver is used for TCM analysis.

To perform TCM analysis we need to follow some basic steps to get some

fundamental responses, then further analysis can be conducted as needed.

1. Start CST and choose IE solver.

2. Draw the geometry (metallic object) you are interested in �nding the char-

acteristic modes (CM) as shown in the Figure B.1.

3. To assign a frequency sweep go to → simulation → Frequency. Insert the

start and the stop frequencies as shown in the Figure B.2.

4. To plot the current distribution as well as the radiation pattern for modes

at di�erent frequencies. Go to → Simulation → Field Monitor. Enter the

di�erent frequencies for which you want to �nd the current, Electric �eld

e.t.c as shown in the Figure B.3.

5. To specify the number of modes. Go to → Simulation → Setup Solver as

shown in the Figure B.4. You can start the simulation after this step.
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Figure B.1: CST design environment. A metallic chassis of 120×60 mm2 is shown.

6. To check the eigenvalues, characteristic angles or modal signi�cance curves.

Go to → to 1D Results as shown in the Figure B.5.

7. To observe the modal current distribution on the surface of the geometry.

Go to → 2D/3D Results section as shown in the Figure B.6.

8. To observe the radiation pattern of a mode. Go to → Far �elds section as

shown in the Figure B.7
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Figure B.2: CST design environment. Frequency BW on which the CM are need
calculated.

Figure B.3: CST design environment. Frequencies on which the user want to plot
the currents or the far-�eld radiation pattern shall be entered.
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Figure B.4: CST design environment. Enter the number of modes.

Figure B.5: CST design environment. Modal Signi�cance curves.
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Figure B.6: CST design environment. Current distribution on the surface of the
antenna for particular mode.

Figure B.7: CST design environment. Far-�eld radiation pattern of the modes.
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