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PREFACE

The new millennium has begun with a revolution in wireless systems that no

one imagined a decade ago. Dielectric Antenna solutions for Mobile
Telecommunications offer the possibility of drastic size reduction compared to their

conventional counterparts. The Dielectric Resonator Antenna (DRA) is a resonant

antenna fabricated from a low-loss Microwave dielectric material, the resonant

frequency of which is predominantly a function of its size, shape and material

permittivity. DRA’s are very versatile elements that can be adapted to numerous

applications by the appropriate choice of design parameters. Small size, wide
bandwidth and absence of conductor losses make them attractive to antenna

designers. The DRA is available in various geometrical shapes; the hemispherical,

circular cylinder and the rectangular being popular. The greater dimensional degrees

of freedom of the rectangular geometry offer better design flexibility to meet

impedance and radiation requirements.

The thesis relates to the investigations carried out on Rectangular Dielectric

Resonator Antenna configurations suitable for Mobile Communication applications.

The main objectives of the research are to:

- numerically compute the radiation characteristics of a Rectangular DRA

- identify the resonant modes

- validate the numerically predicted data through simulation and experiment

0 ascertain the influence of the geometrical and material parameters upon the

radiation behaviour of the antenna

° develop compact Rectangular DRA configurations suitable for Mobile

Communication applications

Although approximate methods exist to compute the resonant frequency of

Rectangular DRA’s, no rigorous analysis techniques have been developed so far to

evaluate the resonant modes. In this thesis a 3D-FDTD (Finite Difference Time

Domain) Modeller is developed using MATLAB® for the numerical computation of



the radiation characteristics of the Rectangular DRA. The F DTD method is a

powerful yet simple algorithm that involves the discretimtion and solution of the

derivative form of Maxwell’s curl equations in the time domain.

The thesis comprises of six chapters. Chapter one serves as an introductory

chapter, sketching the important milestones in the history of antennas and their

practical applications. The relevance of Dielectric Antenna technology and an

overview of Mobile Communication along with various methods of Computational

Electromagnetics are explained.

The significant works in the field of Microwave Antennas are reviewed in the

Chapter two, with due emphasis on Dielectric Resonator Antennas and the methods

employed for their modelling.

Chapter three describes the characteristic features of the Dielectric Resonator

(DR), the Dielectric Resonator Antenna (DRA), design constraints, excitation

techniques and important applications. The scheme of work and measurement

techniques are also explained in this chapter.

The Numerical Computation of the radiation characteristics of the

Rectangular DRA is described in Chapter four. The fundamentals of FDTD method

and its adaptation to the present problem are explained.

The results of the theoretical and experimental investigations are presented in

Chapter five. Discussions on several DRA configurations suitable for wireless

applications are also carried out in this chapter.

Chapter six presents the conclusions drawn from the outcome of the

Numerical Computation and Experimental Observations. Suggestions for future work

in the field are also provided.

The experimental work done by the author in related fields are incorporated

as appendices in the thesis. Appendix A describes a compact very high permittivity

eye-shaped Dielectric Resonator Antenna for multi-band wireless applications. A

Microstrip Antenna with reduced radiation hazards for Mobile telephone handset

applications is outlined in Appendix B.
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Chapter 1

Introduction

This chapter serves to explore the history of Antennas and introduce the

Dielectric Antenna technology. The practical applications of antennas are discussed

and the important milestones in the evolution of Mobile Communication are

presented. Various methods of Computational Electromagnetics for the numerical

analysis of an tennas are explained.



1.1 Antennas

The historic invention of Heinrich Rudolph Hertz in 1886 remained a

laboratory curiosity until Guglielmo Marconi of Bologna, Italy, startled the world in

mid-December 1901, with his transatlantic transmission. Rarely has an invention

captured the public imagination as Marconi’s wireless did at the tum of the 20"‘

century [1]. Marconi drew inspiration for his invention from the works of Hertz and

the great Indian scientist J .C. Bose, who experimented with the electromagnetic horn

antenna in 1897. The IEEE Standard Definitions of terms for Antennas (IEEE Std

145-1983) defines the antenna or aerial as “a means for radiating or receiving radio

waves”. The antenna serves as a connecting link between a radio system and the

outside world, launching energy into space as electromagnetic waves or, in the

reverse process, extracting energy from an existing electromagnetic field.

A variety of antennas are designed for specific use in the various regions of

the electromagnetic spectrum. For many years since Marconi’s experiment, antennas

operated at low frequencies up to the UHF region and were primarily wire-type

antennas (long wires, dipoles, helices, rhombuses, fans, etc.). The demands for

effective communication systems during World War II, made the centimetre

wavelengths popular and the entire radio spectrum opened up to wide usage. The new

entrants were of the aperture type (open-ended waveguides, slots, horns, reflectors,

lenses, etc.) and were capable of producing highly directive beams. However the

increasing use of radio, particularly the ever-expanding range of cellular, W-LAN,

satellite, and other radio communication systems has led to a recent upsurge of

interest in new approaches to antenna design. Microstrip radiators developed in the

70’s gained popularity by virtue of their lightweight, low profile and structural

conformity [2]. The other novel approaches [3-IO] include Planar- inverted antennas,

antennas based on fractal principles, as well as the use of dielectric materials to

enhance performance or even to act as the radiating element itself (dielectric

antennas).
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1.2 Dielectric antennas

The use of dielectric materials in antennas adds an additional degree of

freedom because both the shape and dielectric pennittivity are important parameters

in trimming the antenna radiation properties [1 1-18]. The tenn ‘dielectric antennas’

encompasses different types of technology [19]. A Venn diagram representation of

the Dielectric Antenna technology is shown in Figure 1.1.

All antenna space

Dielectric Antennas

Narrow band

Dielectric
Excited
Antennas

Broadband
Dielectric
Antennas

Dielectric
Resonator
Antennas

Dielectric
Loaded
Antennas

Figure 1.1 Venn diagram representation of dielectric
antenna technology

The coupling between closely spaced antennas in an array has components

produced by the radiating fields of the element antennas and also by local fields,

which only represent the stored energy. In high dielectric antennas, this local field is

largely contained within the dielectric, so as their spacing is reduced the coupling

between these antennas rises less quickly than for conventional antennas. Therefore,

dielectric antennas are often the solution, when there is a need for antennas that do
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not easily detune, or when high isolation is required between antennas for radio

systems operating at the same frequency but with different protocols [20-25].

0 Dielectric loaded antenna

The primary radiating component in this type of antenna is a conducting element and

the dielectric just modifies the medium, imparting important perfonnance advantages

[26-30].

0 Dielectric Resonator Antenna

The radiating mechanism in a Dielectric Resonator Antenna (DRA) is a displacement

current circulating in a dielectric medium, usually a ceramic pellet. The stored energy

inside the dielectric is extremely high and it is difficult for external objects to detune

the device [31-33]. Unlike patch antennas they can radiate from all surfaces,

rendering high radiation efficiency and low Q factor. Since its birth in the early

1980’s, there has been a steady progress of research in this area over the years, as

reviewed in Chapter two. The Dielectric Resonator Antenna is described in detail in

Chapter three.

0 Broadband dielectric antenna

The bandwidth of a resonant device is a function of its loaded Q, which is controlled

by the manner in which energy is coupled into and out of the resonant device and is

under the control of the designer. The unloaded Q is a measure of the internal losses

in the device. A device with a high unloaded Q may be used to create an antenna

structure with low loaded Q and wide impedance bandwidth. Broadband dielectric

antennas can be obtained by suitably configuring the feed structure [34-36].

6 Dielectric excited antenna

Dielectric antennas can be used to excite parasitic copper antennas or vice versa. In

this class of antennas often the conductor fonns the major radiating part of the
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antenna. There are bandwidth advantages in this dielectric-copper hybrid approach

[37-40].

1.3 Antenna Applications

Antennas enjoy a very large range of applications - both military and

commercial. The selection of the type of antenna to be used for a particular

application is detennined by electrical and mechanical‘ constraints and operating

costs, as listed in Table 1.1.

Electrical Parameters Mechanical Parameters

0 Frequency of operation 9 Size
6 Gain 6 Feed structure
0 Polarization 9 Weight
0 Radiation pattern 0 Reliability
6 Input impedance 9 Manufacturing Process

Table 1.1 Antenna Design Parameters

The applications in the field of communications and broadcasting are well known to

the common man [41]. Today antennas find extensive use in biomedicine, radar,

remote sensing, astronomy, collision avoidance, air traflic control, GPS, W-LANs

etc., and cover a wide range of frequencies as shown in Table 1.2.

1.4 Mobile Communication — a glimpse of history

Mobile communications are being increasingly integrated into both terrestrial

and satellite based radio systems with the impetus being personal voice conversations.

The birth of mobile radio generally is accepted to have occurred in 1897, when

Marconi was credited with the patent for wireless telegraph [42]. The milestones in

the evolution of this ever-growing business [43-44] are listed in Table 1.3.
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Band Frequency Usage
Designation Range

VLF 3 — 30 KHz Long- distance telegraphy,
navigation

LF 30 - 300 KHz Aeronautical navigation services,
long distance communications,

radio broadcasting

MF 300 — 3000 KHZ Regional broadcasting, AM radio
HF 3 — 30 MHz Communications, broadcasting,

surveillance, CB radio

VHF 30 — 300 MHz Surveillance, T V broadcasting,
FM radio

UHF 30 — 1000 MHz Cellular communications

L 1 — 2 GHz Long range surveillance, remote
sensing, Radar

S 2 — 4 GHz Weather, traffic control, tracking,
hypertherrnia, Microwave oven,

W-LAN, Radar

C 4 — 8 GHz Weather detection, long-range
tracking, Satellite communications

X 8 — 12 GHz Satellite communications, missile
guidance, mapping

Ku 12 — 18 GHZ Satellite communications,
altimetry, high resolution mapping

K 18 — 27 GHz Very high resolution mapping
Ka 27 - 40 GHz Airport surveillance

Table 1.2 Frequency bands and general usage of Antennas
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1921

1934

1946

1968

1980’s

l990’s

2000’s

Radio dispatch service initiated for police cars in Detroit

AM (Amplitude modulation) mobile communications systems used by

state and municipal forces in the U.S.

Radiotelephone connections made to PSTN (public-switched telephone

network)

Development of the cellular telephony concept at Bell Labs

1G - First Generation — only mobile voice service — analog technology

Ericsson Corporation’s NMT (Nordic Mobile Telephone — 450, 900

MHz) in Scandinavian countries becomes the first cellular system

fielded

Cellular service in the US — AMPS (Advanced Mobile Phone System 

850 MHz) using FM (frequency modulation) — placed in service in

Chicago by Ameritech Corporation

TACS (Total Access System- 900 MHz band) introduced in Europe &

China

2G - Second Generation digital cellular deployed throughout the world.

Mostly for voice service — data delivery possible — digital technology

(TDMA, CDMA.— Time/Code Division Multiple Access)

The GSM (Global System for Mobile Communications - 900/1800

MHz) becomes the pan-European standard

Qualcomm IS-95 (Interim standard-95) CDMA (900 MHz) cellular

system gains popularity

3G - Third Generation (3G) digital systems standardized at the network

level to allow world-wide roaming start becoming operational.

Mainly for data service, voice service also possible (Wideband-CDMA)

Table 1.3 Mobile Communication - important milestones
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Wireless personal communication systems, particularly cellular systems are relatively

young applications of communications technology. The frequency bands allotted for

the popular wireless communication services are listed in Table 1.4.

ALLOTTED
WIRELESS COMMUNICATION

FREQUENCY
SERVICE

BAND

GPS 1575 Global Positioning 1565-1585 MHz
GPS 1400 System 1227-1575 MHz

Global system forGSM 900 890-960 MHZ
mobile communication

Digital communicationDCS 1800 1710-1880 MHz
system

Personal

PCS 1900 Communication 1850-1990 MHz

System

Universal Mobile
UMTS

Telecommunications 1920-2170 MHz
2000

Systems

3G International Mobile
Telecommunications- 1885-2200 MHz

IMT-2000
2000

ISM 2.4 2400-2484 MHz
Industrial, scientific,ISM 5.2 5150-5350 MHz
medicalISM 5.8 5725-5825 MHz

Table 1.4 Frequency bands allotted for various wireless communication services
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1.5 Computational Electromagnetics

Antenna engineers rely heavily on computer techniques to analyze and help

evaluate new designs or design modifications. They have revolutionized the way in

which electromagnetic problems are analysed. Computer methods for analysing

problems in electromagnetics generally fall into one of the three categories:

i. Analytical technigues

Analytical techniques make simple assumptions about the geometry of a problem in

order to apply a closed-fonn (or table look-up) solution. These techniques can be a

useful tool when important electromagnetic (EM) interactions of the configuration

can be anticipated. However, most electromagnetic compatibility (EMC) problems of

interest are simply too unpredictable to be modelled by this approach.

ii. Expert systems

Expert systems approach a problem in much the same way as a quick-thinking,

experienced EM engineer with a calculator would. They do not actually calculate the

fields directly, but instead estimate values for the parameters of interest based on a

rules database. However, they are no better than their rules database and are seldom

used to model the complex EM interactions that cause EMI sources to radiate.

iii. Numerical technigues

Numerical techniques attempt to solve fundamental field equations directly, subject to

the boundary constraints posed by the geometry. They are the most powerful EM

analysis tools, requiring more computation than the other techniques. They calculate

the solution to a problem based on full-wave analysis. A variety of numerical

techniques are available. The method used by a particular EM analysis program plays

a significant role in determining the nature of problems it can handle and accuracy of

results so obtained.
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1.6 Numerical methods for Electromagnetic modelling

The main objective of any numerical method for Microwave circuit analysis

is to develop an algorithm with minimum effort (in tenns of CPU time & memory

space), maximum accuracy and flexibility (to model a large variety of structures).

Thus the choice of a numerical method is determined by its efficiency, accuracy and

flexibility. The choice, however, is also strictly dependent on the problem at hand. No

method can be thought of as the best one, but depending on the application, each can

have advantages over the others. Referring to Figure 1.2, the EM modelling of

Microwave circuits can be viewed as consisting of the following steps:

* Description of the problem (geometry, electrical parameters, etc.)

* Excitation of the structure - INPUT

* Computation of EM field in the structure by solution of Maxwell’s equations,

applying proper boundary conditions

* Extraction of tenninal parameters - OUTPUT

Problem Description (electrical / geometrical parameters)

Field Solverl
'NPUT Field Propagator derived OUTPUT(Excitation) from EM (Tenninal description)

Maxwe||'s‘Equations with Field5_ Parameter—> appropriate boundary ' Extraction :>
conditions

Figure 1.2 Electromagnetic Modelling of Microwave Circuits

The most important stage in EM modelling is the computation of EM fields in the

structure by the solution of Maxwell’s equations [45]. These equations are linear. But

the boundary and interface conditions make it difficult to solve the Maxwell’s

equations analytically. The numerical methods for the solution of Maxwell’s

Chapter 1
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equations may be classified as shown in Table 1.5. The most commonly used

methods in each category are listed in the table.

Frequency Time Domain
Domain
Field solver. Field
Requires Matrix propagator.
inversion & Requires initial
system solution. values &
Requires boundary
frequency values.

Solution of samples across Values updated
Maxwell's equations broad bandwidth, in time.

followed by a Solves a
transform to problem for
obtain the result. several

frequencies in
one calculation.
Ideal for
massive parallel
architecture.

Efficient MoM (Method of T1315
E .8 computational Moments) (Time Domainan -5 °‘?d"j5- Integral
3 3 Limited to can be merged to equation)"' simple the class of finite

geometries. element methods
Highly FEM (Finite TLM

7, flexible. element method) (Transmission‘*3 '3 Suited for Line Matrix)
g Q irregular can be used for FDTD (Finite
E E geometry. the solution of Difference
9 integral equations Time Domain)

Table 1.5. Classification of Numerical methods for solving Maxwell's equations
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1.6.1 Method of Moments (MoM)

In the mid-1960’s, Harrington worked out a systematic, functional-space

description of electromagnetic interactions, which he called the ‘Method of Moments '.

The MoM is a general method for solving linear operator equations [46]. Here, an

integral or integro-differential equation derived from Maxwell’s equations for the

structure of interest is interpreted as the infinite-dimensional functional equation, Lf=

g, where L is a linear operator, g is a known function related to the excitation and f is

an unknown function such as an induced current distribution that is to be detennined.

The MoM approach is to set up a numerical solution by representing the unknown

function f as a linear combination of a finite set of basis functions fl in the domain of

L. Then, a finite set of weighting functions w,- is defined in the range of L. After

taking the inner product (usually integration) of the functional expansion with each

weighting function, the linearity of the inner product is used to obtain a finite set of

equations for the coefficients of the basis functions. This set of equations is then

solved to obtain the approximate or exact solution of f, depending on the choice of the

basis and weighting functions. The set of basis functions should have the ability to

accurately represent and resemble the anticipated unknown function, while

minimizing the computational effort required [47].

In principle, the MoM can be applied to the numerical modelling of arbitrary

linear structures. However, this method has limitations primarily governed by the

speed and storage capabilities of available digital computers [48]. Using more

powerful computers increases the capability of MoM. Another option is to refine the

method by choosing proper starting equations, developing flexible basis and

weighting functions and using more sophisticated algorithms for the numerical

evaluation of integrals encountered in the solution. However, Moment Method

techniques based on integral equations are not very effective when applied to

arbitrary configurations with complex geometries or inhomogeneous dielectrics.

Nevertheless, they do an excellent job of analysing a wide variety of three —
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dimensional electromagnetic radiation problem. Historically, the use of basis and

testing functions to discretize integral equations of electromagnetics is most ofien

named the ‘Method of Moments ’; the same process applied to differential equations is

usually known as the ‘finite element method’. However, the term finite element

method is reserved for variational methods, explicitly minimising a quadratic

functional [49] as explained in the following section.

1.6.2 Finite element method (FEM)

The Finite element method is one of the classic tools of numerical analysis,

suitable for the solution of a wide class of partial differential or integral equations. In

the mid-l970’s Mei, Morgan and Chang introduced the finite-element approach for

the Helmholtz equation [46]. Later, in the early 1980’s, they shified their finite

element research to direct solutions of Maxwell’s curl equations. Finite element

techniques require the entire volume of the configuration to be meshed as opposed to

surface integral techniques, which require only the surfaces to be meshed. Each mesh

element has completely difierent properties fi'om those of neighbouring elements. In

general, finite element techniques excel at modelling complex inhomogeneous

configurations. However they do not model unbounded radiation problems as

effectively as moment method techniques.

The first step in finite element analysis is to divide the configuration into a

number of small homogeneous pieces or elements. An example of a finite—element

model is shown in Figure 1.3. The model contains infonnation about the device

geometry, material constants, excitations and boundary constraints. In each finite

element, a simple (ofien linear) variation of the field quantity is assumed. The comers

of the elements are called nodes. The goal of the finite-element analysis is to

determine the field quantities at the nodes. Generally, finite element analysis

techniques solve for the unknown field quantities by minimising an energy functional.

The energy functional is an expression describing all the energy associated with the

configuration being analysed.
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1 1
Structure Geometry Finite-element Model

Figure 1.3 Finite-element modelling example

For 3-dimensional time-harmonic problems this functional may be represented as

= #lH2l+i|’ _ J.Ep Z2 2 2ja) (1.1)
V

The first two tenns represent the energy stored in the magnetic and electric fields, and

the third tenn is the energy dissipated by the conduction current. Expressing H in

tenns of E and setting the derivative of this functional with respect to E equal to zero,

an equation of the fonn f (J,E) = 0 is obtained. A k"‘ order approximation of the

function f is then applied at each node and boundary conditions enforced, resulting in

the system of equations,[1] = [Y][E] (1-2)
The elements of J are referred to as the source tenns, representing the known

excitations. The elements of the Y-matrix are functions of the problem geometry and

boundary constraints. The elements of the E-matrix represent the unknown electric

field at each node, obtained by solving the system of equations. In order to obtain a

unique solution, it is necessary to constrain the values of the field at all boundary

nodes. For example, the metal box of the model in Figure 1.3 constrains the tangential

electric field at all boundary nodes to be zero. Therefore, a major weakness of FEM is

that it is relatively difficult to model open configurations. However in finite element

methods, the electrical and geometric properties of each element can be defined

independently. This pennits the problem to be set up with a large number of small
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elements in regions of complex geometry and fewer, larger elements in relatively

open regions. Thus it is possible to model complicated geometries with many

arbitrarily shaped dielectric regions in a relatively efficient manner.

1.6.3 Transmission Line Matrix ('I‘LM) method

In the TLM method, the entire region of the analysis is gridded. A single grid

is established and the nodes of this grid are interconnected by virtual transmission

lines. Excitations at the source nodes propagate to adjacent nodes through those

transmission lines at each time step. Generally, dielectric loading is accomplished by

loading nodes with reactive stubs, whose characteristic impedance is appropriate for

the amount of loading desired. Lossy media can be modelled by introducing loss into

the transmission line equations or by loading the nodes with lossy stubs. Absorbing

boundaries are constructed in TLM meshes by tenninating each boundary node

transmission line with its characteristic impedance. Analysis is performed in the time

domain.

TLM method shares the advantages and disadvantages of the F DTD method.

Complex, nonlinear materials are readily modelled, impulse responses and time

domain behaviour of the systems are determined explicitly, and the technique is

suitable for implementation on massively parallel machines. But, voluminous

problems using fine grids require excessive amounts of computation. Nevertheless,

both TLM and F DTD techniques are very powerful and widely used. For many types

of EM problems, they represent the only practical methods of analysis. Deciding

whether to utilize a TLM or F DTD technique is a largely personal decision. Though

the TLM method requires significantly more computer memory per node, it generally

does a better job of modelling complex boundary geometries. On the other hand, the

FDTD method is attractive because of its simple, direct approach to the solution of

Maxwell’s equations.
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1.6.4 Finite Difference Time Domain (FDTD) Method

The Finite Difference Time Domain (FDTD) method introduced by K.S.Yee in

1966 [50] and later developed by Taflove [51] in the 1970’s permits in principle, the

modelling of electromagnetic wave interactions with a level of detail as high as that

of the Method of Moments. Unlike MoM, however, the FDTD does not lead to a

system of linear equations defined over the entire problem space. Updating each field

component requires knowledge of only the immediately adjacent field components

calculated one-half time step earlier. Therefore, overall computer storage and running

time requirements for FDTD are linearly proportional to N, the number of field

unknowns in the finite volume of space being modelled. The FDTD method has thus

emerged as a viable alternative to the conventional Frequency Domain methods

because of its dimensionally reduced computational burdens and ability to directly

simulate the dynamics of wave propagation [52-5 8]. The survey paper by Shlager and

Schneider illustrates the rapid growth of FDTD [59]. Chapter four describes in detail

the FDTD method employed for the numerical computation of the radiation

characteristics of the Rectangular Dielectric Resonator Antenna in the present work.
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Chapter 2

Review of Literature

Recent advances in 3G Mobile Communication systems, wireless LAN, etc.

demand broadband capabilities in high mobility environments. High data rate, and

spectral ejficiencies necessitate stringent requirements like small size, lightweight,

large bandwidth, high e_fficiency, reconfigurability, etc. This has motivated scientists

all over the world to develop compact, broadband, high efliciency antennas. Over the

last decade, research has fast advanced with the development of novel versatile

Dielectric Resonator Antenna elements, which can be adapted to numerous

applications by appropriate choice of the design parameters.

The relevant works in the field of Microwave antennas are reviewed in this

chapter, with due emphasis on Dielectric Resonator Antennas and the methods

employed for their modelling.
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2.1 Mobile Communication handset antennas

A major trend in Mobile Communication technology is the dramatic

reduction in the size and weight of handsets. Common requirements on the antenna

design regardless of the frequency include low cost, low profile, and in most

applications, a large operating bandwidth. Antenna designers are therefore

encountered with the difficulty of designing compact, multi-band, highly efficient

antennas. Some of the typical antenna elements used for small mobile tenninals are

the monopole, the dipole, the nonnal mode helix, the planar inverted-F, the

Microstrip, the meander line, the ceramic and the chip antenna. Although whip

antennas are inexpensive and mechanically simple, they are easily prone to damage.

Helical antennas are relatively inexpensive and exhibit wide bandwidth perfonnance,

but are not low profile. Mechanical resistance, aesthetic criteria and the need for high

perfonnance antennas are the key points that have brought internal antennas into the

spot light. In the existing built-in antenna schemes, much attention has been paid to

Microstrip antennas. However, they suffer from inherent bandwidth limitations and

their physical size becomes large at low fiequencies. Dielectric Resonator Antennas

present a better alternative because of their relatively large bandwidth and compact

size. A chronological review of the work done in the field of Mobile communication

handset antennas is presented in the beginning of the chapter. The progress in the
DRA research is outlined in the next section.

Fuhl..l et al. [1] analysed the perfonnance of a radiation coupled Dual L

antenna, placed on the back side of the metallic housing of the handset, resulting in a

radiation pattern pointing away from the user’s head. The antenna was designed for

operation in the GSM 900 frequency band.

Z.D.Liu and P.S.Hall [2] proposed a dual-band Planar Inverted — F Antenna

(PIFA) for hand held portable telephones to operate at 0.9 GHZ and 1.8 GHz. The

compact antenna displayed omni-directional radiation patterns and 7% and 6.25%

impedance bandwidths respectively in the two bands.
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J.C.Batchelor and R.J.Langley [3] carried out an investigation into narrow

annular Microstrip slot antennas excited in a higher order mode, so as to give

circularly polarized, conical radiation pattern at 7.1 GHz.

G.T.Pedersen et al. [4] discussed the development of a single integrated PIFA

and diversity antenna configurations with low absorption. FDTD analysis of the

antenna was perfonned including the head, and measurements of angular information

in the environment were made. Their study highlighted the fact that a significant

amount of shielding could be achieved by the case of the handset.

Y.J. Guo et al. [5] reported a TMOZ circular patch antenna operating at 5.2

GHz. The antenna exhibited 3.3% bandwidth, 4.2 dB gain and a circularly

symmetrical pattem with a notch in the zenith direction, suitable for radio LAN’s.

K.Takei et al. [6] proposed a 3 layered TEM slot antenna for personal handy 

phone terminal. The antenna exhibited one sided radiation pattern, resulting in high

antenna gain and low electromagnetic hazard to the user and possessing a

conventional surface mounting technology application capability, resulting in reduced

fabrication cost.

Corbett R.Rowell et al. [7] investigated the feasibility of utilizing a PIFA

with a capacitive load to reduce the overall length from M4 to less than M8 for a

mobile telephone handset suitable for DCS 1800. They also proposed a design

methodology for capacitively loaded PIFA’s.

Hiroyuki Arai er al. [8] measured the variation in antenna gain of handheld

tenninals for different terminal boxes and different human carriers. A A/4 whip

antenna mounted on a conducting box was used for the study.

A compact printed antenna consisting of an annular ring coupled to a shorted

circular patch was proposed by R.B.Waterhouse [9]. The antenna provided ~lO%

bandwidth.

Kathleen.L.Virga and Yahya Rahmat- Samii [l0] discussed the development

of low profile integrated antennas with enhanced bandwidth perfonnance. The Planar

Inverted F Antenna (PIFA), Radiation coupled dual L antenna and the diode tunable
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PIFA were considered for use in the 900 MHz band. Up to 9.6%, 16% and 50%

bandwidth respectively was obtained for the three antennas.

A.Serrano-Vaello and D.Sanchez-Hemandez [11] demonstrated a dual band

bow-tie antenna with impressive size reduction compared to conventional patch

antennas. The radiation characteristics of this antenna for dual-band GSM/DCS 1800

mobile handsets were similar to conventional Microstrip patches.

C.L.Mak et al. [12] presented the design and experimental results of a

proximity-coupled U-slot patch antenna excited by a 1: shaped feed line connected at

the end of the usual microstrip line. The antenna displayed 20% bandwidth at 4.3

GHz, 7.5 dBi average gain and -20 dB cross-polarisation.

Ch.Dalaveaud et al. [13] proposed a monopolar wire-patch antenna for

portable telephones. The antenna operating at 1.8 GHz was characterized by a

monopolar type radiation, a wide frequency band-pass and a small-sized fiat plate

physical configuration.

Corbett R. Rowell and R. D. Murch [14] described the design of a compact

Planar Inverted-F Antenna (PIFA) suitable for cellular and PCS operation. The

frequency of the conventional PIFA designed at 2.2 GHz was brought down to 900

MHZ by the introduction of a shorting post, capacitor load and a slot cut on the top

plate. By removing part of the top plate and inserting another PIFA, a dual fed, dual

band antenna resonating at 900 and 1800 MHz was also constructed.

Reflectively coupled dipole configuration with strongly improved radiation

efficiency was proposed by Roger Yew-Siow Tay et al. [1 5]. They demonstrated that

reduction of the magnetic field strength at the surface of the user’s head was the key

parameter to improve the efficiency of the transmitter.

H.lwasaki [16] proposed a Microstrip antenna with back-to-back

configuration relative to a slot on a ground plane, for use in base station / portable

telephones. The input impedance and radiation pattern were measured as parameters

of the slot length. It was observed that an omni-directional or bi-directional radiation

Chapter 2



30

pattern could be obtained by feeding the antenna in phase or out of phase
respectively.

0. Leisten et al. [17] described a dielectric loaded twisted loop antenna,

which projected a magnetic field minimum and a radiated far field minimum towards

the head. SAR measurements of the proposed antenna were performed using the

DASY3 - the enhanced version of the dosimetric system.

R.B.Waterhouse [18] presented a loaded cavity backed patch antenna for PCS

Network operating at 1.9 GHz, which could be easily integrated within a handset

tenninal. The observed radiation patterns were similar to a conventional shorted patch

mounted on a large ground plane.

K.Hettak et al. [19] presented the design and experimental results of a

coplanar waveguide (CPW) aperture coupled patch antenna for EHF band around 37

GHz. The antenna structure combined the advantages of CPW with those of aperture

coupled Microstrip Antennas and also reduced the no: of metallization levels.

N.Chiba et al. [20] proposed a compact dual band internal antenna fed by a

single feed, designed for the 900/1800 MHz band. The antenna comprised of an outer

A/4 annular ring antenna with a short circuited plane and an inner 71./4 rectangular

patch antenna, designed for the lower and higher resonant frequency respectively.

The radiation patterns of the antenna were shown to be almost similar to that of a

conventional 71./4 microstrip antenna with a short-circuited plane.

J. Ollikainen et al. [21] demonstrated a stacked, shorted patch antenna

resonating at 900/1800 MHZ. The small size, low profile antenna with 9% impedance

bandwidth was found to be suitable for directive, internal cellular handset antenna

applications.

Jack.T.Rowley and Rod.B.Waterhouse [22] compared the performance of a

single shorted patch and a stacked shorted patch antenna at 1800 MHz with that of a

N4 monopole. Experimental and simulation results were presented for each of the

antennas, in 3 different cases: on a handset in isolation, a handset near the realistic

head model, and with the inclusion of a block model of the hand.
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C.T.P.Song et al. [23] presented a novel method for improving the design of

a circular disc monopole by introducing a discontinuity effect resulting in multiple

loop monopole. Better control of the radiation pattern beyond a frequency ratio of

125.33 was demonstrated.

A compact circularly polarised printed antenna was proposed by H.Kan and

R.B.Waterhouse [24]. The antenna consisted of a synchronous subarray of shorted

patches with the required feed network etched on a high dielectric constant substrate

located below the ground plane of the antenna. The antenna displayed 10 dB return

loss bandwidth of 8.5% and 3 dB axial ratio bandwidth of 11.3%.

An antenna configuration incorporating one shorted driven patch and another

shorted and coupled coplanar patch using a single probe feed to achieve broadband

characteristics (up to 25% bandwidth) was proposed by Ya Jun Wang et al. [25] for

use in IMT 2000 handsets. The patches were either rectangular or semicircular and 8

different combinations were used.

Marta Martinez-Vazquez, and her team of researchers [26] reported a

compact dual-band antenna consisting of a shorted rectangular patch designed for 1.8

GHZ. A spur-line filter embedded in its perimeter introduced a new resonance at 925

MHz.

Hassan M.Elkamchouchi and Hossam El-dien M.Hafez [27] presented the

detailed investigations using the Moment Method on a single layer multi-probe fed

patch antenna. The antenna consisted of a hexagonal plate with unequal arms,

suspended parallel to the ground plane. Up to 35% impedance bandwidth and stable

radiation patterns throughout the band was observed.

Tsung—Wen Chiu et al. [28] proposed a Microstrip line fed circularly

polarized ceramic chip antenna for GPS operation at 1575 MHz. The antenna

comprised of a square radiating patch printed on the top surface of a grounded square

disk ceramic chip having two side feeds printed at the centres of the two adjacent side

surfaces of the ceramic chip (3, = 45) to excite the antenna through capacitive

coupling. A connection metal line printed between the two side feeds served to
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provide the 90° phase difference. 12 MHz impedance bandwidth, 3.5 MHz 3 dB axial

ratio bandwidth and 3.4 dBi gain was obtained.

Zhizhang Chen et al. [29] described a novel tuning technique that allows

independent tuning of the two frequency bands of an integrated antenna for GPS/PCS

dual-band application.

Will Mckinzie et al. [30] presented a miniature Bluetooth antenna known as a

DC inductive shorted patch antenna (DSPA), fabricated as a single layer flex circuit

wrapped around a high temperature foam substrate. A new packaging concept in

which the antenna contains an embedded Bluetooth radio MCM (multi chip module)

was also introduced. Peak antenna efficiency of 47% was observed.

A compact Planar Inverted — F Patch Antenna with two shorted branch strips,

sharing a common shorting pin and fed by the same feed for triple-frequency

operation at 900, 1800 and 2450 MHz was presented by Fu-Ren Hsiao and Kin-Lu

Wong [31]. Ansoft HFSS (High Frequency Structure Simulator) was used to obtain

the design parameters. The three operating bands exhibited an impedance bandwidth

of 1.9%, 4.8% and 2.9% respectively. The antenna possessed radiation characteristics

acceptable for practical wireless communication applications.

C.W.Chiu and F.L.Lin [32] presented a design for a compact dual band PIFA

with multiresonators for use in GSM/DCS band. The nearly omni-directional patterns

and the impedance bandwidth obtained indicated the usefulness in mobile phone
devices.

Gwo-yun Lee and Kin-Lu Wong [33] proposed a very low profile antenna for

GSM / DCS dual-band mobile phone applications, by inserting several slits into a

rectangular planar monopole and further bending it into two equal and perpendicular

sections. The obtained radiation patterns were stable across the operating bands —

(837-994 MHZ) and (1705-1936 MHz).

Yongjin Kim and Sangseol Lee [34] designed and fabricated a Planar

Inverted F Antenna with the rectangular planar element replaced by an L shaped

element to increase the spatial efficiency. IE3D software was employed to obtain the
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various optimal design parameters. The antenna exhibited an impedance bandwidth of

580 MHz and good radiation characteristics for wireless LAN applications centered at

5.25 GHZ.

Hisashi Morishita, Yongho Kim and Kyohei Fujimoto [35] described in detail

the design concept of antennas for small mobile tenninals. The future perspective for

the antenna structure was also discussed.

Hyun Jun Kim et al. [36] presented a small-chip Meander antenna for dual

frequency operation. The frequency ratio of the proposed antenna was 1.35 and it

offered more than 50% size reduction compared to the rectangular patch.

Han-Cheol Ryu et al. [37] described the design, fabrication and testing of a

triple-stacked Microstrip patch antenna consisting of three patches for use in cellular

phone/GPS/PCS centred at 0.83, 1.575 and 1.7 GHz.

Marc. C. Greenberg et al. [38] presented the far field radiation pattern

characteristics of the dual exponentially tapered slot antenna (DETSA) for wireless

communications applications. The low profile antenna had slotline conductors tapered

along the outer edge. The obtained radiation patterns remained fairly constant over a

broad range of frequencies, indicating the suitability for multifunction applications.

Gwo-Yun Lee et al. [39] presented a low cost surface—mount monopole

antenna for GSM / DCS dual band operation by folding a metallic strip onto a foam

base. The antenna was mounted on a FR4 substrate and fed by a 509 Microstrip line.

The broad impedance bandwidths and radiation patterns confirmed the suitability of

the antenna for Mobile Communications applications.

Kin-Lu Wong et al. [40] proposed a diversity antenna comprising of two

back-to-back PIFA’s, with their shorting pins facing each other. The antenna showed

186 MHz bandwidth, less than -22.5 dB isolation and good gain at 2.4 GHz.

Yong-Xin Guo et al. [41] proposed a compact intemal antenna for quad band

operation at the GSM 900, DCS 1800, PCS 1900 and ISM 2450 band. The antenna

comprised of a main plate in the top layer, a ground plane in the bottom layer, two

folded arms in-between, a short circuited strip and a feed strip, the entire structure
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supported by foam. The measured -6 dB return loss was 68 MHz, 260 MHz and 130

MHZ respectively in the three bands and the patterns were all omni-directional. The

experimental results were compared with the simulation results perfonned using

XFDTD 5.3.

A ceramic chip antenna for 2.4 /5.8 GHz dual ISM band applications was

proposed by J ung-Ick Moon and Seong-Ook Park [42]. The antenna comprised of a

small ceramic dielectric alumina (e,=7.7) placed at the comer of the substrate through

surface mount process and two metal layers forming meander lines, printed on the top

and bottom faces of the substrate. The antenna exhibited ~l2% bandwidth and

radiation patterns similar to that of a monopole antenna.

Shih-Huang Yeh et al. [43] presented a compact, dual band, internal antenna

suitable for GSM/DCS applications. The antenna had 3 resonant elements; 2

meandered metallic strips and a nearly rectangular patch leading to 2 resonant modes

in the lower band (890-960 MHz) and 3 resonant modes in the upper band (1710

188O MHz), covering the entire GSM and DCS bands.

Triple-frequency annular-ring slot antennas operating at 1.74, 2.38 and 3.12

GHZ for CPW-fed and 1.8, 2.38 and 2.91 GHz for Microstrip line-fed were proposed

by Jin-Sen Chen [44]. It was observed that by controlling the circumference of the

annular-ring slot of the proposed antenna, proper operating frequency could be
obtained.

A compact antenna design for 900/ 1 800-MHz Cellular Systems was proposed

by Tzung-Wem Chiou and Kin-Lu Wong [45]. The antenna comprised of a

rectangular ring patch (900 MHz) and a notched rectangular patch (1800 MHz)

printed on the same layer and aperture coupled by a properly designed feed network.

The antenna exhibited 10% impedance bandwidth in both bands and high isolation

between the two feeding ports.

Christian Sabatier [46] described the use of T-Dipole arrays for mobile base

stations in the different frequency bands for GSM, UMTS, HIPERLAN, etc. Low side
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lobes and low coupling between two orthogonal polarizations were the characteristic

features.

Qwo-Yun Lee et al. [47] proposed a planar folded-dipole antenna for spatial

diversity in 5 GHz WLAN operations. The antenna comprised of two back-to-back

folded dipoles separated by a central ground plane. Wide impedance bandwidth of

about 1 GHz covering the 5.2 and 5.8 GHz bands, and good directional radiation

pattern covering the two complementary half spaces was observed.

Chien-Jen Wang and Wen-Tsai Tsai [48] demonstrated a triple band

microstrip-fed stair—shaped slot antenna operating at 2.4, 5.2 and 5.8 GHz. 9.45% and

15.5% impedance bandwidths were obtained in the 2.4 GHz and 5 GHz bands

respectively.

Yeh-Chian Lin et al. [49] proposed a 50!) grounded coplanar waveguide

excited circularly polarized antenna for GPS application at 1575 MHz, mainly

consisting of a cross-slot loaded square patch printed on the top surface of a grounded

square-disk ceramic chip [5, = 90], and a single side-feed printed on the side surface

of the ceramic chip.

D.S.Yim et al. [50] proposed a broadband, small, chip antenna with a branch

structure meander line, suitable for Korean PCS (1750-1870 MHZ) and IMT-2000

(1930-2170 MHz) dual bands. The conductor strip-line patterns were printed on the

top and bottom layers of the substrate chip, and connected with each other through

via holes. The antenna configuration was characterized by ~21.4% bandwidth, 2.6

dBi gain and an omnidirectional radiation pattern similar to a monopole antenna.

Homg-Dean Chen and Hong—Two Chen [51] experimentally studied CPW

fed dual frequency monopole antennas. A frequency tunable ratio of 1.3 to 1.6 was

obtained by varying the length of one of the two monopoles of the proposed antennas.

H.C.Go and Y.W.Jang [52] proposed a multi-band modified fork-shaped

microstrip monopole antenna with a probe feed line. The antenna exhibited wideband

characteristics; 29.8% for the lower band (cellular and GSM) at 860 MHz and 90.2%

for the higher band (DCS, PCS, IMT-2000 and ISM) at 2.28 GHz.
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Y.S.Shin and S.O.Park [53] performed experiments and numerical simulation

on a compact, planar monopole type internal antenna suitable for use in the DCS

(1710-1880 MHz), PCS (1750-1870 MHz) and IMT-2000 (1885-2200 MHZ) bands.

The antenna resonated at 1810 MHz with a bandwidth of 41%, displaying

omnidirectional radiation patterns and ~2.9 dBi gain.

B.S.Collins et al. [54] described an unconventional antenna comprising of a

dual band radiator coupled to a Microstrip line by means of a shaped ceramic pellet,

for use in the 2.4-2.5 GHz and 4.9-5.9 GHz band.

A multiple U-shaped slot Microstrip patch antenna for 5 GHz Band WLANS

was described by Jeong-Min Ju et al. [55]. The U slot width, the position of U-slot

sections, the thickness of the foam layer, and the position of the feed point were the

optimising parameters. The antenna exhibited 17.04% bandwidth and 3.88-9.28 dBi

gain in the 5.02-5.955 GHz band.

H.K.Kan et al. [56] presented a compact dual-interleaved printed antenna

consisting of two interleaved L shaped shorted patches with the required feed network

etched on a high-dielectric constant substrate located below the ground plane of the

antenna. The antenna displayed 16.9% impedance bandwidth and 2.3 dBi gain at 2.95

GHZ.

Jeong-Min Ju et a1. [57] designed, fabricated and measured a coaxial probe

fed, arrow-shaped Microstrip patch antenna for the 5 GHz band WLAN applications.

To achieve sufficient bandwidth a foam layer was inserted between the ground plane

and the substrate. The antenna exhibited a gain of 5.02-7.25 dBi and broad radiation

pattern.

Saou-Wen Su et al. [58] experimentally studied the effects of a finite ground

plane on the impedance and radiation characteristics of an ultra-wideband planar

monopole antenna with a circular ground plane.
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2.2 Dielectric Resonators — the early years

In the early days of microwaves, guided electromagnetic wave propagation in

dielectric media received wide spread attention. The tenn ‘dielectric resonator’ was

coined by Richtmyer [S9] of Stanford University in 1939, when he showed that

unmetalized dielectric objects (toroid) functioned as microwave resonators. However,

his theoretical work failed to generate significant interest, and practically nothing

happened in this field for more than 25 years. In the early l960’s, Okaya and Barash

of Columbia University, rediscovered dielectric resonators, while working on high

dielectric materials (single — crystal TiO2 rutile). Their paper [60] provided the first

analysis of modes and resonator design. However, in spite of the high Q and small

size, dielectric resonators were not considered for use in microwave devices, due to

their poor temperature stability. The development of the first temperature stable, low

loss, barium tetratitanate ceramics, followed by (Zr-Sn)TiO4 ceramics in the early

1970’s was a real breakthrough in ceramic technology [61-62]. The miniaturization

of microwave circuits has aided their popularisation. Together, these technologies

permit the realization of small, reliable, lightweight and stable microwave systems,

offering new design opportunities for microwave engineers. S. Jeny Fiedziuszko et

al. [63] have reviewed a sequential evolution of the application of dielectric materials

in microwave devices.

Wei Ke Hui and Ingo Wolff [64] calculated the resonant frequencies and

unloaded Q factor of quasi-TEON modes in a ring gap resonator. The resonator could

be directly coupled to a slotline or a coplanar waveguide, resulting in compact
MMlC’s.

Edward K.N.Yung et al. [65] used a dielectric disk resonator (5, = 37.5),

designed to operate in the HEMH5 mode, to widen the bandwidth of a circular

Microstrip patch antenna operating at 1.2123 GHz. The HEMH5 mode at 990 MHz

was preferred to the TEo.5 mode at 1133 MHz, because the TEM mode radiates in a

direction nonnal to the patch antenna.
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Hojoon Yoo et al. [66] modelled a cylindrical dielectric resonator of high

pennittivity using the variational fonnula and the 2 dimensional search method. The

variational method was found to be more accurate, the resonant frequency and the Q

factor being within 1%.

Christopher L.Wagner and John B. Schneider [67] demonstrated that the

dispersion relation could accurately predict the resonant mode frequencies of a

rectangular resonator modelled with the Yee algorithm. Further it was shown that the

degenerate modes in the continuous world could split into distinct modes in FDTD

resonators, while separate modes could combine, yielding missing or extra modes.

A MoM fonnulation using combined entire-domain and sub-domain basis

functions was proposed by Yaxun Liu et al. [68] and applied to the simulation of the

fundamental mode of a rectangular DR in free space. Numerical simulations showed

that this fonnulation is more efficient than formulations using only sub-domain
functions.

A dual-mode band-pass filter was designed using the two degenerated modes

(TEVIO. and TE"o..) of a rectangular DR (e,= 35.5), with square cross section and the

HFSS simulation results were presented by Yaxun Liu et al. [69]. Cutting off a comer

of the DR could control the coupling between the two modes. When the cross section

of the DR was made rectangular, two non-degenerate modes (TE"l H and TE’ 1”) were

excited.

Yaxun Liu et al. [70] studied the coupling between two rectangular DR’s (3,

= 34.19) in an MIC environment. They applied the MoM with combined sub domain

and entire domain basis functions to demonstrate the dependence of the coupling

coefficient on the distance between two DR’s.

2.3 Dielectric Resonator Antenna Configurations

The radiation Q-factors of isolated spherical DR’s were reported by Gastine

et al. in 1967 [71]. The possibility of constructing very small antennas using DR’s
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was first considered by Sager and Tisi [72]. The early experimental study of the

dielectric resonator antenna (DRA) by Stuart A. Long et al. [73], followed by a

numerical computation of the radiation characteristics of dielectric resonators by

A.A.Kishk er al. [74], have shown that the DRA is an efficient radiator at microwave

frequencies. A good overview of the early work on DRA’s is given by R.l(.Mongia

and P.Bhartia [75]. Keen research by the antenna engineers in this field has led to the

development of several novel DRA elements offering significant enhancements in

bandwidth, gain and coupling [76-77]. Dielectric resonator antennas of various

geometries, parameters and excitation methods have been studied extensively. This

section reviews the work done on various DRA configurations, classified according to

the excitation technique employed.

0 Probe fed DRA

M.W.McAllister et al. [78] described a probe fed rectangular Dielectric

Resonator Antenna fabricated from four difierent dielectric materials (3, = 8.9, 12.8,

15.2 and 17.1) and studied the effects of feed probe length variations. The radiation

patterns were calculated by considering the tangential electric fields on the resonator

surfaces as equivalent current sources for far-field radiation. It was found that the

resonant frequency evaluated using the magnetic wall model (MWM) was adequate

for the purely TM modes, but for the lower order TE modes, the resonator had to be

treated using the Dielectric waveguide model (DWM).

M.W.McAllister and S. A. Long [79] proposed a probe fed hemispherical

dielectric antenna (8, = 8.9). The resonant frequency of the dominant TE.“ mode was

evaluated theoretically from the tangential field continuity at the surface. The effect

of the feed probe positions on the resonant behavior was also observed

experimentally.

R.l(.Mongia et al. [80] reported a probe excited dielectric ring resonator

antenna (8, = 36.2) which radiates like an electric-monopole (TM 015 mode). It was
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observed that the bandwidth of the antenna could be improved by lowering the 8, or

by increasing the inner radius/outer radius ratio.

G.P.Junker et al. [81] confinned the effect of an air gap around the coaxial

probe exciting a high permittivity cylindrical dielectric resonator antenna (er = 12) in

the TMOI or HEM” mode. It was suggested that the performance of the antenna could

be improved by using a coaxial probe coated with a low permittivity material.

R.K.Mongia et al. [82] demonstrated that circular polarization could be

obtained by exciting two orthogonal HEM modes of a coaxial probe fed cylindrical

ring DRA (3, = 36.2) in phase quadrature. The measured resonant frequency and Q

factor were 4.56 GHZ and 31 respectively.

Z.Li, C.Wu and J .Litva [83] proposed an easy method of tuning the resonant

frequency of cylindrical and ring dielectric resonator antennas (5, = 76, 37, 85) using

different diameters of conducting plates. Up to 300-500 MHz frequency tuning range

was observed.

R.K.Mongia [84] presented a first order theory to analyse a probe fed

cylindrical ring dielectric resonator antenna (3, = 20) with a metallic cylinder at its

centre. A high frequency separation was observed between the lowest order TMOI5

mode at 2.52 GHz radiating like an electric monopole and the next higher order
mode.

A soldered through probe was used by K.W.Leung et al. [85] to excite a

cylindrical ring DRA (e, = 36), in the TMm5 mode. The measured return loss and the

radiation pattern of the configuration were presented.

M.T.K.Tam and R.D.Murch [86] demonstrated that additional conducting

plate could reduce the volume of a conventional DRA. Experimental and simulation

results were provided for a probe fed cylindrical and rectangular DRA (5, = 12),

excited in the fimdamental HEM”; broadside mode and the TE”; mode, exhibiting

5.2 % and 5.4 % bandwidths respectively.
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A.Sangiovanni et al. [87] experimentally investigated a coaxial probe excited

cylindrical DRA (8, = 30.5) embedded in a cylindrical annular ring (9: = 36.7). Up to

38% impedance bandwidth was observed when the coaxial probe was in contact with

both the DR’s.

R.T.Long er al. [88] reported the results of the experimental investigations

perfonned on a probe fed cylindrical DRA (5, = 13.2), with a parasitic strip attached

to its surface. The effect of the position and length of the strip on bandwidth and

polarisation was also studied.

Ahmed A.Kishk et al. [89] investigated the perfonnance of coaxial probe

excited conical shaped DRAs (5, = 12). The split cone was found to support more

modes than the other cones, exhibiting 50% impedance bandwidth. Some of the

results were verified numerically, using the method of moments.

Young-do Kim et al. [90] studied a probe—fed notched typed rectangular DRA

(5, = 20.8) and a rectangular DRA with air gap (8, = 45) with broadband

characteristics (15.2% and 12.3% respectively) for [MT-2000 handset. They also

presented a frequency tuning technique using a tuning patch placed on top of the

rectangular DRA.

B.J.Fasenfast et al. [91] perfonned experimental investigations on low

profile, conformable, cylindrical Dielectric Resonator Antennas (2, = 16.1, 17.2)

placed in a conducting well. The results showed that the input resistance and resonant

frequency of the structure generally increased when placed in the well. But the

radiation patterns were unaffected.

C.Nannini et al. [92] proposed a coaxial probe fed dual frequency DRA,

operating at 6 GHz and 8 GHz wherein, a cylindrical resonator (5, = 30) was inserted

into another (3, = 15). They observed that the gap between the two bands could be

matched by adjusting the antenna parameters.

Jian-Juang Chen et al. [93] presented an elliptical DRA (5, = 37), excited by

two coaxial cables for dual band operation in the HEM.“-, mode at 2.44 GHz and 3.36
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GHz. It was observed that impedance matching could be obtained by extending or

shortening the probe at each port.

Stepped Dielectric Resonator Antenna (8, = 37) with a large effective aperture

was introduced by K.Pliakostathis and D.Mirshekar-Syahkal [94]. The antenna was

excited through a conductor strip etched on the vertical side, which is compatible to a

coaxial feed line. 10% bandwidth and 6.5 dB directivity was observed.

Mohamed Al Sharkawy et al. [95] proposed a coaxial probe fed stacked

elliptical DRA (e,,= 2.5, e,2=l5) for wideband applications (61.5% bandwidth) at 10

GHZ. The characteristics were computed using the sofiware package WIPL-D.

6 Aperture coupled DRA

A Microstrip line-slot coupled rectangular DRA (5, = 10.8) excited in its

lowest order “magnetic dipole” mode (TEZH5) at 6.9 GHz, was reported by A.

Ittipiboon et al. [96]. Theoretical analysis was perfonned by modelling the DR

surfaces along x and y-axes by perfect magnetic walls and the surfaces along the z 

axis by imperfect magnetic walls. 10% impedance bandwidth and radiation patterns

similar to that of a horizontal magnetic dipole were obtained.

R.K.Mongia et al. [97] showed that reasonable bandwidth (upto 3.4%) could

be obtained using low profile, very high pennittivity rectangular DRA’s (E, = 100).

Microstrip slot coupling was used to excite the TE’m mode and the resonant

frequency was predicted using the fundamental equation similar to that of a

rectangular cavity.

Aperture coupling was used by K.W.Leung et al. [98] to investigate the

broadside fundamental mode (TEm) of a spherical cap Dielectric Resonator Antenna

(e,= 9.5). The antenna exhibited 3.7 dB gain at 4.74 GHz.

K.W.Leung et al. [99] studied the fundamental broadside TMHO mode of a

low profile aperture coupled circular DRA (8, = 82) resonating at 4.25 GHz,

exhibiting an impedance bandwidth of 3.8% and 3 dB bandwidth of the antenna gain
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of 11.8%. The front-to-back ratio was ~10 dB, showing that the energy was mainly

radiated from the DRA instead of the dielectric substrate.

M.B.Oliver et al. [100] presented the results of a single slot fed rectangular

DRA (8, = 40) placed inclined at 45° with respect to the slot using mutually

orthogonal nearly degenerate modes - TE‘... and TE’... (at 5.2 GHz and 5.5 GHz

respectively) to produce circular polarisation. The dimensions of the DRA were

chosen to satisfy the relation between the two resonant frequencies and the unloaded

radiation Q factors of the two modes.

G.P.Junker et al. [101] presented the results of the experimental studies

performed on a slot coupled cylindrical Dielectric Resonator Antenna (5, = 12)

operating in HEM.. mode, illustrating the effect of filling the aperture with a
dielectric material.

K.Y.Chow et al. [102] studied the characteristics of a cylindrical DRA array

(5, = 9.5) excited by an aperture-coupled source and operated at the fundamental

broadside TM. .0 mode.

M.G.Keller et al. [103] investigated an active aperture-coupled rectangular

Dielectric Resonator Antenna (a,= 20) operating at 5 GHz, excited in the lowest order

TE’... mode, radiating like a slot directed magnetic dipole. The DRA demonstrated

superior tolerance levels with respect to fabrication, post assembly gain optimisation

by slight adjustments of the DRA position with respect to the slot and much higher

bandwidth in comparison to the Microstrip patch antenna.

K.P.Esselle [104] presented a low profile, circularly polarised, rectangular

DRA (e,= 10.8) fed by a SOQ Microstrip line through a single aperture. The resonator

was rotated by 45° with respect to the aperture in order to excite two frequency bands

centered around 13.2 GHZ and 14.75 GHz. Numerical analysis of the antenna was

also perfonned using the F DTD method.

A low profile, aperture coupled, rectangular DRA (8, = 10.8) radiating like a

magnetic dipole at 11.6 GHz was proposed by Karu P.Esselle [105]. The theoretical

radiation patterns were obtained using the FDTD method and compared with
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experimental results. The DRA was also well matched at 13 GHz, but the pattern was

more directional due to the influence of higher order modes.

The bandwidth enhancement of an aperture coupled cylindrical Dielectric

Resonator Antenna (5, = 9.5) loaded by a low profile dielectric disk of very high

permittivity (8. = 32) was experimentally investigated by K.W.Leung et al. [106].

They observed an increase in bandwidth from 8% to 25%.

Y.Hwang et al. [107] experimentally investigated a double layered high

pennittivity rectangular DRA (5, = 38,80) operating in the 1.8 GHz band. The

measured results showed that the double-layered DRA had a 1.2 dB gain

enhancement and 25% height reduction over a single-layered antenna (8, = 38). The

bandwidth was 2.7% and antenna gain was 6.2 dBi.

K.W.Leung and M.W.To [108] discussed the fundamental broadside TMHO

mode characteristics of a slot-coupled cylindrical Dielectric Resonator Antenna (5, =

9.5) using a proximity feed on a perpendicular substrate. The usefulness of a tuning

stub on the impedance matching was also demonstrated.

K.W.Leung et al. [109] described an annular slot-coupled, linearly polarised

cylindrical Dielectric Resonator (5, =10) Antenna excited in the broadside TMHO

mode. 18% impedance bandwidth was observed at 5.21 GHz. This was 2.3 times

higher than the rectangular slot version.

H.Y.Lo et al. [110] perfonned experimental investigations on an aperture

coupled equilateral triangular DRA of very high pennittivity (8, = 82). The antenna

was excited in its fundamental broadside TM“). mode at 7.61 GHz. The reflection and

radiation characteristics of the antenna were also discussed. The antenna exhibited an

impedance bandwidth of ~3%.

K.W.Leung and S.K.Mok [111] reported the outcome of the experimental

investigations on a circularly polarized cylindrical Dielectric Resonator Antenna (3, =

9.5) excited by a perturbed annular slot with backing cavity. 18% impedance

bandwidth, 4.5 dBi gain and broadside radiation pattems were observed at 1.96 GHz.
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A Laisne et al. [112] presented the design of a circularly polarised slot fed

rectangular DRA (5, = 9.9). A metallic strip printed diagonally on the surface of the

DR excited the two orthogonal modes — TE"m and TE’.”, with the same amplitude

and phase for circular polarisation. Simulations as well as measurements perfonned

on a single antenna and a four DRA sequential rotation array confirmed good results

achieved by this design.

Chih-Yu Huang and Jieh-Sen Kuo [1 13] experimentally investigated a

Microstrip line feed- C shaped slot coupled cylindrical DRA (8, = 4.4) for circular

polarisation. Two orthogonal near-degenerate resonant modes were mainly excited.

A.Petosa et al. [114] reported a Microstrip-fed rectangular aperture excited

DRA formed by perforating a dielectric substrate (5, = 10.2). The performance of

several experimental prototypes was compared to a conventional DRA and the results

demonstrated better gain and cross-polarization levels. This fabrication technique

could be used as an alternative for the fabrication of large DRA arrays, eliminating

the need for positioning and bonding the individual elements.

Yong Xin Guo and Kwai.Man Luk [115] presented a high input isolation (>

35 dB) dual-polarized cylindrical DRA (8, = 9.5) excited using two narrow slots

fonning a ‘T’. A hybrid feed mechanism with a CPW feed and a slot feed was also

studied.

Aldo Petosa et al. [1 16] investigated the perfonnance of a DRA array

designed at 25 GHz, fonned by perforating a dielectric substrate (8, = 10.2), with a

lattice of holes. The array was excited by a corporate feed network of aperture

coupled Microstrip lines.

C.Nannini et al. [1 17] presented the experimental and simulated results on an

aperture fed dual-frequency cylindrical DRA configuration comprising of two stacked

cylindrical DRA’s (e,=1S) separated by a foam layer. ~ 80% bandwidth enhancement

was observed in comparison to a single DRA.
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O Coplanar waveggide §CPfl) fed DRA

Roger. A. Kranenburg et al. [1 18] suggested the coplanar waveguide to be an

effective mechanism for a cylindrical DRA (8, = 8.] to 20.8) excited in the TB.”

mode. The circuit and radiation properties were measured experimentally.

Theoretically calculations were based on a simple magnetic wall model.

Richard.Q.Lee and Rainee.N.Simons [119] reported the use of parasitic

elements to enhance the bandwidth of a cylindical DRA (e,= 36), aperture coupled to

a notched CPW feed and excited in the HE”; and HE”; mode. In the experiment,

identical dielectric resonators were placed directly above and on both sides of the

driven DRA.

The characteristics of a CPW fed low-profile, square DRA (5, = 79) were

experimentally studied by Jian-Yi Wu et al. [I20]. The antenna exhibited 2.4%

bandwidth when excited in the TE.” mode at 2.09 GHZ. The calculated resonant

frequency of the low profile DRA deviated from the measured frequency by ~ 8%.

Sheng-Ming Deng et al. [121] presented a CPW fed Rectangular DRA (8, =

82). The antenna exhibited an impedance bandwidth of 2.3% at 3.64 GHz. The

significance of the alignment between the ceramic body and the CPW in deciding the

reflection coefficient was discussed.

M.S.Al Salameh et al. [122] proposed and investigated a novel coupling

scheme wherein, coupling was achieved through a narrow slot at the end of a

coplanar waveguide. The lowest order TE’... mode was excited in a rectangular DRA

(8, =20) at 4.635 GHz. The difference between measured and calculated resonant

frequencies was 2.5%.

Yong-Xin Guo and Kwai-Man Luk [123] demonstrated that a vertical strip

connected at the end of a center strip of the coplanar waveguide improved the input

impedance matching of a low pennittivity (5, =9.5) cylindrical DRA operating in the

HEM“ mode leading to a wideband (22%) operation.
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S.M.Deng et al. [124] compared the perfonnance of a CPW fed rectangular

DRA (a,= 36) placed in low and high profile upon the feed. It was observed that the

high profile configuration resonated at a lower frequency and exhibited better

bandwidth perfonnance (84 MHz).

A comparison of CPW feed configurations was presented by Bratin Ghosh et

al. [125] to optimise the feed geometry of a rectangular DRA (t:,= 20) with respect to

its topology and radiation performance. They observed that the space requirement of

the feed and the radiation pattern was dependent on the feed configuration.

0 Microstrip Line fed DRA

R. A. Kranenburg and S. A. Long [126] perfonned an investigation of a

Microstrip fed cylindrical Dielectric Resonator Antenna of different heights and

varying 5, (8.1 to 20.8) and concluded that the critical parameter that detennines the

amount of coupling and the particular mode excited by the Microstrip Transmission

line was the overlap distance.

A.Petosa et al. [127] described an experimental procedure for designing a 10

element Microstrip—fed series array of DRA’s (8, = 10.8) with a Taylor amplitude

distribution. A gain of 13.2 dBi was measured at 8.2 GHz with maximum side lobe

levels of—17.5 dB.

G.Drossos et al. [128] reported a simple Microstrip line excited circular

polarised cylindrical DRA (a,= 37). Two orthogonal HEH5 modes were excited using

a U4 semi circle shaped transmission line. A boresight axial ratio of 0.45 dB and

3.9% impedance bandwidth was obtained.

A.Petosa et al. [129] showed that the replacement of the individual

rectangular DRA elements (5, = 10) by DRA element pairs in a series-fed array

enhanced both the impedance and pattern bandwidth of the array.



Cheng-Shong Hong [130] presented a technique for tuning the resonant

frequency of a Microstrip line fed rectangular DRA (3, = 79) excited in the HEMH5

using a parasitic disk on top of the DR with an adjustable air gap.

K.M.Luk et al. [131] demonstrated that by connecting a vertical strip at the

end of the Microstrip line, the input impedance of a cylindrical Dielectric Resonator

Antenna (3, = 16, 10) could be improved substantially. 19% impedance bandwidth

and stable radiation pattern across the operating frequency was observed.

K.W.Leung et al. [132] performed experimental investigations on a circular

polarised cylindrical DRA (5, = 9.5) excited by dual confonnal strips, in phase

quadrature and displaced at 90° in space, giving two degenerate modes (TMHO) in

phase quadrature. A wide axial ratio bandwidth of 20% was obtained.

A confonnal-strip excited hemispherical DRA (e,= 9.5) excited in the single

TE”. mode was analysed theoretically and experimentally by K.W.Leung [I33]. A

simple result for the input impedance was presented. A larger resistance was obtained

for a longer strip length.

Fu-Ren Hsiao et al. [134] proposed two novel designs of very high

permittivity (8. = 90.5, 79) Microstrip line fed DRA. The broadband (4.8%) strip

loaded square DRA excited a dual-resonant mode and in the circularly polarized

patch-loaded square DRA, the fundamental resonant mode of the DRA was split into

two orthogonal near-degenerate resonant modes.

G.Bit-Babik et al. [135] described the design strategy of a wide band,

Microstrip line fed rectangular DRA (5, = 80). Two closely spaced resonant modes at

2.28 GHz and 2.7 GHz were excited to enhance band coverage (25% bandwidth). The

use of parasitically coupled conducting strips on the upper side was also reported to

excite resonance at a lower frequency of 1.67 GHz.

Y.Sung et al. [136] proposed a dual frequency ring DRA (5, = 37) excited by

two orthogonal Microstrip line feeds. The impedance bandwidths observed were 636

MHz and 409 MHz at 7.9 GHz and 9.8 GHz respectively.
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2.4 Numerical analysis of Dielectric Resonator Antennas

A review of the numerical analysis of the DRA is presented in this section.

The DRA is generally modelled using Perfect Magnetic Walls and the Dielectric

Waveguide Model (DWM) using the Surface Integral technique, Mode Matching

Method, Greens function, etc. for fonnulation. The Method of Moments (MoM),

Finite Element Method (FEM), Transmission Line Matrix (TLM) method and Finite

Difference Time Domain (FDTD) method, etc. are the popular numerical methods

employed. Several novel methods also have been suggested by the researchers.

G.P.Junker et al. [137] presented a fonnulation for active and parasitic

radiators in the presence of dielectric bodies of revolution. They used the Method of

moments and analysed a coaxial probe fed hemispherical DRA (e, = 8.9). The input

impedance computed using this method was compared to that computed using the

dyadic Green’s function and the results were found to be in close agreement.

The results of the numerical and experimental study pertaining to the effect of

an air gap on the input impedance and resonant frequency of a probe fed cylindrical

DRA (8, = 8.9, 22) operating in the TM0, mode were presented by G.P.Junker et al.

[138]. The antenna was analysed as a dielectric body of revolution composed of a

dipole antenna surrounded by a dielectric cylinder isolated in free space.

Ahmed A.Kishk et al. [139] provided a review of the development of the

DRA and demonstrated that the DRA is an efficient radiator. The Dyadic-Green’s

function with the MoM was used to implement the study of a hemispherical DRA,

located above an infinite ground plane and excited by a coaxial dipole or a slot

aperture. A parametric analysis of the antenna was presented to show the effect of the

antenna parameters on the resonant frequency, input impedance, and radiation pattern

for the TE. H mode.

R.l(.Mongia et al. [140] derived a closed form expression for the radiation Q

factor of a coaxial probe fed rectangular DRA (e,= 37.84) excited in the TE‘m mode,

by replacing the DR by a polarization current source. Their analytical model was a
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combination of the Magnetic wall model (MWM) and the Dielectric Waveguide

Model (DWM). Though the mixed model was computationally simpler than the

DWM, the predicted resonant frequencies were lower than the true values by about 6

8% for 5,2 38.

FDTD analysis of a rectangular DRA (8, =10) fed by a Microstrip line

through an aperture on the ground plane was perfonned by S.M.Shum and K.M.Luk

[141]. The numerical calculations were compared to the experimental results and

~3% error was observed between the calculated (3.8 GHz) and measured resonant

frequency (3.92 GHz).

Kwai-Man Luk et al. [142] analytically studied the mutual coupling between

two probe fed hemispherical DRA’s (5, =9.5) operated at the lowest order broad-side

TE... mode. The Green’s function for a point electric current located vertically inside

a dielectric sphere was derived rigorously by the mode matching technique. The

mutual impedance was subsequently obtained by employing the reaction theorem.

Y.M.M.Antar and Z.Fan [143] presented the theoretical analysis of an

aperture coupled rectangular DRA (8, =10.8), operating in the TB,” mode at 6.88

GHz, based on the Modal Expansion Method and the Spectral Domain approach. The

effect of the slot dimensions, slot displacement and stub length was also studied. The

front to back ratio observed was 18 dB.

S.M.Shum and K.M.Luk [144] presented the FDTD analysis of a probe-fed

cylindrical Dielectric Resonator Antenna (8, =12) operating in the fundamental

broadside mode (HEMH5). The effects of the probe length, feed position and the

dielectric constant on the input impedance were studied.

G.P.Junker et al. [145] perfonned the two port analysis of a linear array of

half-split cylindrical Dielectric Resonator Antennas (5, =12) excited in TE). mode.

The Method of Moments was used for the analysis.

K.W.Leung et al. [146] developed a single mode theory for a centre-fed

hemispherical Dielectric Resonator Antenna (9, =9.5, 15, 20). The MoM was used to
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calculate the probe current. From the theory, a simple fonnula was derived for the

efficient computation of the impedance matrix.

R.K.Mongia and A.Ittipiboon [147] reported the theoretical and experimental

investigations on rectangular DRAs (8, =l0 to 100). The accuracy of the first-order

theory in predicting the resonant frequency and radiation Q factor was detennined by

the measurements made on different DRA samples. The radiation patterns of probe

and Microstrip slot feed schemes were shown.

Shiu-Ming Shum and Kwai-Man Luk [148] employed the FDTD method to

analyze a probe-fed cylindrical DRA (e,=9.2). Numerical results for the input

impedance and radiation patterns of the DRA operating in the HEMH5 mode were

presented. The effects of various parameters on the characteristics of the DR antenna

were studied.

From the results of a numerical procedure based on the Method of Moments

as applied to a system of surface integral equations, Gregory.P.Junker et al. [149]

presented the criteria for optimising the performance of a linear array of coaxial probe

fed half split cylindrical DR elements (e,=l2) operating in the TEO. mode.

K.W.Leung et al. [150] investigated an aperture-coupled hemispherical

Dielectric Resonator Antenna (2, =9.5) with a thick ground plane excited in the TE”.

mode. The modal and spectral domain Green’s functions were used in calculating the

DRA and feed line fields respectively. The unknown magnetic currents in the upper

and lower interfaces of the slot were solved using the moment method. It was

observed that as the thickness increases, the resonant frequency increases, but the

input impedance and the front-to-back ratio decreases.

Yahia.M.M.Antar et al. [151] introduced a Modified Waveguide Model

(MWGM) based on the concept of effective dimensions, for predicting the resonant

frequency of rectangular DRA’s. The method was found to yield more accurate

results than the Conventional Waveguide Model (CWGM). This method is based on

the argument that the portion of the electromagnetic energy confined within the DRA
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was closely related to the resonant frequency and therefore a concept of effective

dimensions was proposed to improve the accuracy.

A Microstrip-coupled cylindrical DRA (3, =37) excited in the HEH5 mode

was investigated theoretically and experimentally by George Drassos et al. [I52].

Simulation was performed using a software package based on the finite element

method. The variation of the resonant frequency, return loss, radiation pattern,

directivity, unloaded Q-factor and impedance bandwidth with the position of the

DRA on the Microstrip line was also discussed.

B.Henry et al. [153] perfonned numerical TLM simulations (using Micro

stripes“‘) and experimentation to investigate the mutual coupling between Microstrip

line fed rectangular Multi-Segment Dielectric Resonator Antennas (MSDRA) excited

in the TE”. mode (e,=10, 40). The higher pennittivity dielectric below provided

better impedance match to the Microstrip, while the lower permittivity dielectric on

top maintained large bandwidth capabilities.

K.W.Leung et al. [154] studied the cross-polarization characteristics of a

probe-fed hemispherical DRA excited in the fundamental TE,” mode (e,=9.5). The

mode matching method was employed to obtain the exact Green’s functions of the

radiation field rigorously.

Supriyo Dey and Raj Mittra [155] presented a generalization of the conformal

FDTD technique to model arbitrarily shaped metallic as well as dielectric objects.

The accuracy of the method was demonstrated by modelling both open and closed

type Dielectric Resonators.

Y.X.Guo et al. [156] applied the FDTD method with Berenger’s PML ABC

to investigate the characteristics of aperture-coupled cylindrical Dielectric Resonator

Antennas (e,=9.2) on a thick ground plane, operated in the fundamental broadside

HEMH5 mode. Experimental and numerical results showed that the thickness

substantially affected the characteristics. It was also demonstrated that a H-shaped

slot provided better coupling than a rectangular slot of the same slot length.
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A.Sangiovanni et al. [157] presented a numerical analysis of various DRA’s:

simple and complex shape configurations with different excitations (dipole, coaxial

probe, slot—coupled Microstrip line) using a time-hannonic Surface Finite Element

Method (SFEM).

A conducting confonnal strip excitation scheme was proposed by Kwok Wa

Leung [158] for a hemispherical DRA whose exact Green Function was found using

the Mode Matching method. The input impedance was obtained from the unknown

strip current solved by the moment method. Novel recurrence fonnulas were obtained

to evaluate the impedance integrals analytically. The results were validated through

experiments (e,=9.5).

K.W.Leung [159] perfonned the analysis of an aperture-coupled

hemispherical Dielectric Resonator Antenna (e,=9.5) with a perpendicular feed.

Moment method and Galerkin’s procedure was employed to calculate the input

impedance.

Zhongxiang Shen et al. [160] perfonned the modal expansion analysis of a

cylindrical DRA fed by an embedded coaxial probe by introducing a cylindrical

magnetic wall to enclose the resonator and then treating the resulting structure as a

cascaded waveguide discontinuity. The air gap between the resonator and the ground

plane was accurately characterized as a short waveguide section. It was noticed that a

small air gap could considerably change both the resonant frequency and the input

impedance by 5 %.

Yuehe Ge and Karu P.Esselle [16]] demonstrated that volume-integral

equation-based MoM techniques could be used to design and analyze an aperture

coupled rectangular DRA. The theoretical radiation patterns of the low profile

rectangular DRA (e,=10.8) resonating at 1 1.6 GHZ compared well with measurements

and previously published F DTD results.

S.G.O’Keefe [162] explored the use of symmetry planes to divide the

HEMH5 and TEOI5 modes of resonance in cylindrical and half cylindrical DRA’s. The

antennas were evaluated using FDTD numerical simulation techniques, applying
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Berenger’s PML ABC to tenninate the simulation space. The resonant frequency and

bandwidth of the half DRA was greater than the full DRA, the effect being more

significant for the TEOI5 mode. The half DRA also demonstrated a more directional

pattern than the full DRA.

It was shown by M.H.Neshati and Z.Wu [163] that the Conventional

Dielectric Waveguide model (CDWM) provided a better prediction of the resonance

frequency of the TE’m mode of a rectangular DRA than the Marcatili method and the

Effective dielectric constant (EDC) method. They obtained a fitted closed fonnula for

the calculation of the resonance frequency of a RDRA with 8, > 30, with an error

ranging from -9.3% to +2.05%.

M.H.Neshati and Z.Wu [164] employed the Conventional Dielectric

Waveguide model (CDWM) to calculate the radiation characteristics of a rectangular

DRA and compared the results with the experiments performed on a coaxial probe

excited Rectangular DRA (e,=38) and simulations perfonned using HF SS (employing

the Finite element method - FEM). They concluded that CDWM could be used for a

first order estimation of antenna parameters, but FEM provided more accurate results

for radiation patterns.

N.Farahat et al. [165] analysed a circularly polarised cross-shaped Dielectric

Resonator Antenna (6, = 10.8) using the edge-based Confonnal Finite Difference

Time-Domain method. They showed that the conformal FDTD technique offered a

2:1 advantage over staircasing without compromising accuracy.

A coaxial probe excited triangular DRA (e,=12) was investigated numerically

and experimentally by Ahmed. A. Kishk [166]. The resonance frequency was

predicted using a simple waveguide model with magnetic walls, the DR placed inside

the waveguide. The selected mode had a broadside radiation pattern.

A.A.Kishk and A.W.Glisson [167] perfonned the numerical study of the

HEM” and HEM ,2 modes of coaxial probe excited split cylindrical DRA’s (e,= 10,

22 and 38) on a conducting plane. The Method of Moments was used for the analysis.
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Dual band operation was also observed by inserting a resonator of a different

dielectric material (e,= 36) inside another resonator (1-:,= l2).

Zhijun Liu et al. [168] developed an MoM based surface integral equation

solver for analysing a hemispherical and rectangular shaped aperture coupled DRA’s

(8, = 2.96, 2.2). The numerical model included the ability to handle layered medium

Green’s function, piecewise homogeneous finite dielectric resonators, Microstrip

lines, and aperture coupling in Microstrip geometry.

Steven G.O’Keefe et al. [169] perfonned the FDTD simulation of the

radiation characteristics of Half-volume cylindrical and rectangle DRA’s (5, = 12)

excited in the HEMH5, TEN, and TE”; mode. The DRA’s were bisected through an

image plane by a conducting sheet. The resultant half DRA’s were smaller in volume

and had a more directional radiation pattern.

The resonant modes of a rectangular DRA (3, = 38,90) were analysed using

F DTD method by E.Semouchkina et al. [170]. It was shown that the resonant fields in

DRA’s were equivalent to those created by combinations of magnetic or electric

dipoles located in the DR’s. Their data also proved that the fonnation of TM modes in

rectangular DRA’s was possible only if the antenna dimensions provided sufficient

‘space’ to host each dipole.

Coaxial probe fed truncated tetrahedron and triangular DRA (3, = l2) with

wideband perfonnance was analysed by Ahmed. A. Kishk [171] employing the

numerical code WIPL-D. Up to 40% impedance bandwidth was observed.

l(.l(.So and K.W.Leung [172] employed the Mode Matching method to

perfonn the theoretical analysis of an annular-slot excited hemispherical Dielectric

Resonator Antenna (8, = 9.5) with a backing cavity, excited in the fundamental

broadside TE.” mode. 1.3% error was observed between experimental and numerical

results.

FDTD method using non-unifonn orthogonal grids was employed by B.Li et

al. [173] to perfonn the theoretical investigations on a circularly polarized cylindrical

Dielectric Resonator Antenna (8, = 16) excited by an asymmetrical U-slot with a
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backing cavity. It was found that the anns of the U-slot have dominant effect on the

aspect ratio.

Guido Biffi Gentili et al. [174] presented an accurate study of the inter

element coupling phenomena in a DRA array, based on FDTD approach, exploiting

Berenger’s Perfectly matched layer (PML) boundary conditions and geometrical

symmetries. Rectangular DRA elements (e,=l0.8) were excited in the dominant TE”;

mode at 7.2 GHz. A new corrective tenn to the array factor was derived from the

computation of the phase of the coupling co-efficients.

A.A.Kishk et al. [175] employed the surface integral equation fonnulation

and MoM to perform the numerical analysis of a coaxial probe fed stacked DRA

configuration comprising of two cylindrical DRA’s of different pennittivity (5, =4.5

and 10.5) and excited in the HEMH5 mode, displaying 35% bandwidth. The effects of

different parameters on the antenna performance were investigated.

Ahmed A.Kishk [176] presented the numerical and experimental analysis of a

coaxial probe excited wide-band truncated tetrahedron Dielectric Resonator Antenna

(8, = 12) in three different configurations. The numerical code WIPL-D using the

method of moments was used for the analysis.

X.Q.Sheng et al. [177] used a hybrid Finite Element Method / Moment

Method to analyse a rectangular DR (s,=4,8,10)-attached waveguide-fed

hemispherical DRA (8, = 8). It was demonstrated that an empty waveguide-fed DRA

failed to radiate energy, but placing a DR inside the waveguide significantly

improved the radiation.

The excitation of a circular disk DRA (e,= 10.5) using a probe extending in a

rectangular waveguide and excited by the incident dominant mode was analysed by

Islam.A.Eshrah et al. [I78]. The results obtained using the MoM were compared with

those obtained using FDTD and good agreement was obtained.
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Chapter 3

Dielectric Resonator Antenna

In the recent past, tl1e frequency range of interest for many applications has

gradually progressed upward, reaching beyond the usual microwave band. Most of

the antennas commonly used in the microwave band cannot be simply scaled up in

frequency. Conduction losses do not remain constant after scaling, and as a result

affixt the efliciency of the system. In this scenario, Dielectric Resonator Antennas

attract the attention of antenna designers.

The chapter describes the important properties of the Dielectric Resonator,

the resonance phenomenon and its potential as a radiator. Various resonator shapes,

feeding mechanism, and applications are also discussed. The scheme of work and

measurement techniques is explained towards the end of the chapter.
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3.1 Dielectric Resonator

Dielectric materials are key to the realization of low-loss, temperature stable

microwave resonators. High quality resonating elements are fundamental to the

operation of filters and oscillators, and the performance of these circuits is primarily

limited by the Quality factor (Q) of the resonator used. In as early as 1939, Richtmyer

[1] of Stanford University showed that unmetallized dielectric objects (toroid) could

function as microwave resonators. In fact, he is credited for coining the tenn,

“Dielectric Resonator (DR)”. Dielectric Resonators are an attractive, low cost

altemative to traditional metallic resonant cavities. They have the advantage of size

reduction without reduction in perfonnance. They also exhibit a significantly higher

Q factor than transmission lines and Microstrips. In addition, temperature variation of

the resonant frequency of DR’s can be engineered to a desired value to meet the

requirements of the circuit designer. Table 3.] compares the properties of various

resonators.

Resonator Size Q factor If
glzaeiiiltlyliic Large High Low iilizggrable

ateigggztgfs Small :53 High Integrable

DR glglgql  X:-vy Integrable
Table 3.1 Properties of resonators

3.2 Material Properties

By virtue of their compactness, the dielectric resonators have replaced

waveguide filters in such demanding applications as satellite communications where

Microstrip and Stripline resonators cannot perform well because of their inherently
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high losses. The important requirements of a dielectric material for use as resonating

elements are:

* High dielectric constant (10 < 5, < 100) for better miniaturization

* High Quality factor (Q > 5000) for better frequency selectivity

Nearly zero temperature coefficient of resonant frequency (151) for frequency

stability with temperature

0 Dielectric Constant

The ability of dielectric materials to be polarized under the action of an external

electric field is numerically described by the Polarization P. In the absence of an

external electric field, each element in the volume of a dielectric has no electric

moment because the algebraic sum of the charges in all molecules of the dielectric in

a given volume is equal to zero, and the centres of gravity of the positive and negative

charges coincide in space. An extemal electric field brings the charges of the

molecules of the dielectric into a certain ordered arrangement in space. The dielectric

polarization P is equal to the total dipole moment induced in the volume of the

material by the electric field. In most cases, the magnitude of polarization is directly

proportional to the intensity of the electric field at a given point of a dielectric.P = Xe 30 E (3.1)
X, is the electric susceptibility and the coefficient 1»: = 3,50 is the absolute permittivity

of the medium, where 8, is the dielectric constant/ relative pennittivity of the medium

and so = 8.854x10"2 F/m. The relative permittivity is related to the dielectric

susceptibility by the relatione,= 1 + xe (3.2)
E, of a dielectric determines its ability to form a capacitance by virtue of its

polarization [2].
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Qd=1/tan8 (3.12)
The manufacturers of dielectric resonators usually specify the value of Qd to be

inversely proportional to frequency. i.e, Qd = C/f or C = Qd x f. For eg: the material

Ca5Nb2TiO,2 has Qd x f = 26000, when f is expressed in GHz. At 2 GHz, this material

has Q4 = 13000, and at 3 GHz the same material has Qd = 8667. Q in the microwave

region is measured by placing a cylindrical sample in a transmission cavity proposed

by Krupka et al. [4].

6 Temperature Coefficient of resonant frequency fir)

The sensitivity of the resonant frequency of a DR with temperature is denoted by the

temperature coefficient of the resonant frequency (‘:f,).If =(1/t)(Af/AT) (3.13)
where f is the resonant frequency at room temperature, Af is the variation of resonant

frequency from room temperature for a change in temperature AT. If depends on the

temperature variation of 8,(‘tE), and the co-efficient of linear expansion 0. as given by

the expression

Tf = —C1.—l/215 (3.14)
Since all solid materials expand with rising temperature, the dielectric material must

exhibit a negative ‘:5 for temperature compensation. The value of tfought to be nearly

zero for practical applications. However, often the device engineer requires a low

positive or negative I; to compensate for the temperature variation of the resonant

frequency due to the circuit. 1; in the microwave region is measured by varying the

temperature in the range from 25°C to 80°C at ~2°C/minute. The shift in resonant

frequency as a result of heating in the reflection mode is noted using the Network

analyser [5].
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3.3 The Resonance phenomenon

A dielectric resonator is defined as “an unmetallized piece of dielectric which

functions as a resonant cavity by means of reflections at the dielectric — air interface”.

The discontinuity of the relative permittivity at the resonator surface allows a

standing electromagnetic wave to be supported in its interior at a particular resonant

frequency, thereby leading to maximum confinement of energy within the resonator.

The reflection coefficient of a wave in a high dielectric constant region incident on an

air-filled region approaches +1.

— -1r='7":"=£——>1ass,—>ao (3.15)
77,,+77 \/3+1

Figure 3.1 illustrates the total multiple internal reflections at the dielectric - air
interface.

Incident wave

‘'10

Figure 3.1 Schematic sketch of the total multiple internal
reflections at the dielectric-air interface

If the transverse dimensions are comparable to the wavelength of the microwave

within the dielectric (kg=7\.o/‘/8,), then certain field distributions or modes will satisfy

Maxwell’s equations and boundary conditions. Therefore, in the microwave

frequency range, the dielectric constant (5,) of the resonator materials is in the range

l0-l00 to aid miniaturization.

Dielectric resonators have been modelled numerically, studied analytically,

and many aspects of the perfomiance have been confinned experimentally. An

accurate mathematical description of the electromagnetic field in a dielectric

Dielectric Resonator Antenna
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resonator is considerably more complicated than the field description in a hollow

waveguide resonator. Among the various shapes of resonators, the cylindrical disc

resonators have been investigated in detail. Though the closed cavity model with

perfect magnetic conductor walls proposed by Hung Yuet Yee and S.B.Cohn [6] and

the Conventional Waveguide Model (CWGM), proposed by ltoh and Rudokas [7] are

suitable for CAD applications due to the reduced computation time, the CWGM

which yields accurate results for the cylindrical DR, gives rise to larger error when

applied to the rectangular DR. More accurate results for a rectangular DRA have been

yielded by MWGM - the modified waveguide model proposed by Yahia.M.M.Antar

et al. [8].

9 Resonant modes in a DR

Resonant modes are field structures that can exist inside the DR. As in the case of all

resonant cavities, there are many possible resonant modes that can be excited in

dielectric resonators. These can be divided into three main families.

Transverse Electric mode (TE)

Transverse Magnetic mode (TM)

Hybrid Electromagnetic mode (HEM)

For higher modes, the pure transverse electric or transverse magnetic fields cannot

exist, so that both electric and magnetic fields have non-vanishing longitudinal

components. These are called hybrid electromagnetic (HEM) modes. According to

Van Blade] [9], the modes in an arbitrarily shaped DR can be of the confined or non

confined types, the confined modes being supported only by dielectric bodies of

revolution (eg: spherical, cylindrical, etc.). For both confined (TM) and non-confined

(TE) modes, the following condition is satisfied at all the surfaces of the resonator.n . E =0 (3.l6.a)
where E denotes the electric field intensity and n denotes the nonnal to the surface of

the resonator. The above equation is one of the conditions that fields satisfy a

magnetic wall. The other condition,
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is not necessarily satisfied at all the surfaces of the DR by all the modes. The modes

that satisfy both 3.16(a) and 3.16(b) are known as confined modes, while those that

satisfy only (a) are known as non-confined modes. The lowest order non-confined and

confined modes radiate like a magnetic dipole and electric dipole respectively.

Theoretically a rectangular DR not being a body of revolution, does not satisfy

equation. 3.16(b) and hence does not support confined modes [10].

9 Radiation from a DR

Low loss (tan8 <10'4) and high relative pennittivity (l0 5 e, S 100) DR’s are widely

used in shielded microwave circuits, where they exhibit a very high unloaded Q factor

given by:

1Q. E (3-17)
The early studies on DR’s laid emphasis on the structure as an energy storage

device. However, when the cavity is not enclosed by metallic walls, electromagnetic

fields do exist beyond the geometrical boundary of the cavity. Open dielectric

resonators thus offer attractive features as antenna elements [11], since the Q-factors

of the lowest order modes of the resonator are reduced significantly due to the power

lost in the radiated fields. Different resonant modes have distinct electromagnetic

field distributions within the DRA, and each mode may provide a different radiation

pattern. Use of lower dielectric constant materials and proper choice of the resonator

dimensions enhance these radiation fields, lowering the radiation Q factor (Qr),

corresponding to a wider bandwidth and higher radiation efficiency. This is made

possible by minimizing the volume to surface ratio. A proper selection of the

resonator shape mitigates the effect of increasing the dielectric constant, while

keeping the antenna size very compact. For eg: a rectangular resonator with a flat tile

shape has a wider bandwidth than a dielectric cube resonating at the same frequency.

Ring structures, conical DRA, stepped DRA’s, stacking of DRA’s, use of parasitic
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DR’s and metal strips added to the DR surface enhance the bandwidth performance of

the DRA. Bandwidth can also be enlarged by designing a resonator supporting

different modes with closely spaced resonant frequencies [12-21]. Several attractive

features of a DRA are listed below.

- Intrinsic mechanical simplicity

- The liberty of the designer in controlling the size and bandwidth of the DRA

by choosing from a wide range of permittivity values

- Use of different resonator shapes, allowing for flexibility of design

- Possibility of several feeding mechanisms, making the DRA’s amenable to

integration with various existing technologies

0 Excitation of various modes, producing broadside or conical shaped radiation

patterns for different coverage requirements, by making use of the unique

internal and associated external field distribution of each mode

- Absence of conductor losses and surface wave losses leading to high

radiation efficiency, especially at higher frequencies

However, it is relatively uneasy to form a DR with configurations precisely suitable

for a specific resonant frequency. Also, the native hardness of the material makes it

difficult to make slight geometrical modifications to a constructed DRA to

compensate for manufacturing tolerances or fabrication errors. While the features of

the DRA can be fully exploited when the frequencies of operation are of the order of

several Giga Hertz or higher, to obtain a reasonable antenna size in such bands, very

high dielectric constant would be required, since the size of a DRA is proportional to

8,"/2. High pennittivity is also a requirement for integration with printed technology 

to achieve strong direct coupling from Microstrip lines to DRA’s. However the Q of

the antenna increases as 8,3/2, thereby causing an unacceptable reduction in

bandwidth. Nevertheless, the advantage offered by this phenomenon is the reduction

of the interaction between antenna elements in DRA arrays [22] due to the high stored

energy. Thus there are conflicting requirements in the design of DRA’s.
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3.4 The Rectangular Dielectric Resonator Antenna

The dimensional degrees of freedom are considered in comparing various DR

geometries. Tunable dimensions for hemispherical, circular cylindrical and

rectangular shapes are one, two and three respectively. One-dimensional freedom

makes hemispherical DRA’s easy to design but difficult to optimise for particular

requirements, limiting their use. For example, the radius of a hemispherical DRA

with a certain material singularly determines its resonant frequency and bandwidth.

The radius-height pair detennines the behaviour of circular cylindrical DRA’s.

Hemispheres and circular cylinders always support degenerate resonant modes

because of the existence of certain structural symmetry. These modes may increase

the cross-polarisation level that is unwanted in linear polarisations, but may be

necessary for dual or circular polarisation designs. The existence of two independent

aspect ratios in a rectangular DRA offers better design flexibility [23]. Proper choice

of the dimensions can also avoid the mode degeneracy problem, leading to lower

cross polarisation.

Figure 3.4 (a) illustrates an isolated rectangular DR and Figure 3.4(b) shows a

probe excited DRA. Assuming the ground plane to be infinitely large, image theory is

applied to replace the isolated DR by a resonator of half the height. Using the

conventional dielectric waveguide model, the isolated resonator may be assumed to

be the truncation of an infinite rectangular dielectric waveguide. However, in the

analytical method proposed by R.l(.Mongia et al. [23-24], two of the six surfaces of

the resonator are assumed to be imperfect magnetic walls, while the remaining four

are assumed to be perfect magnetic walls. The TE modes of a rectangular DR can be

transverse to any of the three independent dimensions (TE",,,,,,, TE”,,,,,,,_ and TEZMP).

The fields of the TEZ,...,,,, mode may be obtained by solving Maxwell’s equations with

the magnetic wall model boundary conditions at x = ia/2 and y = :|:b/2 and

continuous tangential fields at z = d:d/2. This model is therefore essentially a
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combination of the Magnetic wall model (MWM) and the Conventional Dielectric

Waveguide Model (CDWM).

Y

lGround plane(3) (b)
Figure 3.4 (a) Isolated rectangular DRA (a > b >d)

(b) Probe fed rectangular DRA on a ground plane

The field components are derived from the z directed magnetic potential <1)“:

k 2 k 2
H 2 =  A cos(k,x)cos(kyy)cos(kzz) 3.18 (a)

J0’/10

HI =  A sin(kxx)cos(kyy)sin(kzz) 3.18 (b)
J50/lok,/C, . .Hy = . A cos(k,x)sm(kyy)s1n(kzz) 3.18 (c)
J0)/10E2 = 0 3.13 (d)

E, = Aky cos(kxx)sin(kyy)cos(kzz) 3.18 (e)
E y = —Ak, sin(k,x)cos(kyy)cos(kzz) 3.18 (0

where A is an arbitrary constant and k, , ky and kz denote the wave numbers inside

the DR along the x, y and 2 directions respectively. Enforcing the magnetic wall
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boundary condition at the resonator surfaces i.e at |x| = a/2 and |y| = b/2, the following

equations are obtained for the wave number kz.

k,=m£ k =n£ k = 1 3.19a y b 2 P d ( )
Further, by using the CDWM, the following transcendental equation is obtained for

the wave number kz.

k, tan(k,d/2)= ,/(e, —1)k02 —k,2 (3.20)
The wave numbers also satisfy the separation equation

k,’ + ky’ + kf = £,k02 (3.21)
where ko denotes the free space wave number corresponding to the resonant

frequency. For given resonator parameters 6,, a, b and d the resonant frequency of the

DRA is the one at which the wavenumber kz, determined using 3.19 and 3.21, also

satisfies 3.20. The mixed model described above predicts the TE”, mode resonant

frequencies which are lower than the true value by about 6-8% for a value of e, > 38.

However, the method is more accurate for lower values of e, [24].

3.5 Excitation Techniques

Widely adopted excitation schemes of DRA’s include conducting probes,

Microstrip-slot (aperture), coplanar waveguide and direct Microstrip line coupling as

shown in Figure 3.5 (a-d).

O Coaxial Probe excitation;

The probe excitation requires drilling of a hole into the DR to insert the probe. The

probe length, position and depth of penetration are factors controlling the impedance

matching. Keeping the conducting probes near the outer surface can also efficiently

excite a high pennittivity DRA. This greatly simplifies the construction of the

antenna since this avoids drilling a hole inside the dielectric.
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/ ll

Figure 3.5(a) Probe excitation

Good coupling can be achieved by adjusting the position and length of the probe and

aligning the probe along the electric field components. However, the coaxial probe

feed is not nonnally acceptable to high frequencies.

0 Microstrip-slot {aperture} excitation

The aperture-coupling mechanism has been widely studied because it separates the

feed line structure from the DRA and thus provides flexibility in the design of the

feed line and the DRA. The radiation from the feeding circuit is removed, enhancing

the polarisation quality. Unlike aperture coupled Microstrip patch antennas, precise

positioning of the DRA over the slot is not required. Furthermore, drilling a hole in a

super hard DR to accommodate the probe penetration is no longer necessary.

l slot | DRsubstrate
Microstrip line

Figure 3.5 (b) Microstrip-slot excitation

This type of excitation scheme avoids large probe self reactances at millimetre wave

frequencies and potentially helps the integration of DRA’s with MMICs. Much wider

impedance bandwidth is exhibited by annular slot fed DRA’s instead of rectangular

slots. However, the back lobe radiation through the substrate is of concern.
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9 Coplanar wave g1_1ide (CPW) egcitatifl

The coplanar waveguide excitation is uniplanar and less dispersive in nature. Like

other Microstrip feeds, it provides convenience in integration of the DRA with active

circuitry since shunt/series components can be connected on the same side of the

substrate without via holes [25].

substrate

Figure 3.5 (c) Coplanar waveguide excitation

It is characterized by low conductor losses and radiation leakage and is particularly

suited for millimetre wave applications because of reduced surface wave excitation in

electrically thick substrates, compared to Microstrip feed. Matching the impedance

may be difficult with low permittivity DRA’s. However, a vertical strip extended

from the centre strip of the CPW onto the surface of the DRA is found to improve the

couphng.

0 Microstrip line excitation

This is a simple and inexpensive method applicable to frequencies well within the

millimetre wave bands. This feeding technique allows the DRA to be integrated with

MMIC’s without the need of a coupling slot [26]. In the direct Microstrip coupling

scheme the far end of a Microstrip line is terminated in an open circuit. The critical

parameter that determines the amount of coupling and the particular mode excited by

the Microstrip line is the overlap distance of the DR on the Microstrip line.

Dielectric Resonator Antenna



Microstrip line DR
Ground plane

substrate

Figure 3.5(d) Microstrip line excitation

The configuration has the merits of low back lobe radiation and structure

simplicity for antenna arrays. Moreover it provides a relatively wide bandwidth in

comparison with the conventional aperture-coupled DRA. However this method

inevitably introduces an undesirable air gap. A Microstrip line fed confonnal strip

method is also used to excite a DRA [27]. The strip cut from a conducting adhesive

tape has the same width of the Microstrip line. This method shares the merits of using

a coaxial probe, but avoids the need for drilling a hole to accommodate the probe.

Although this feature can be obtained by placing the probe near the outer surface of a

DRA, a high dielectric constant (83 20) is required. Furthennore, it allows very easy

post-manufacturing trimmings, as the conformal strip can be easily cut shorter

without leaving an air gap, or extended longer without the need for deepening the

hole.

3.6 Applications

Applications of dielectric resonators in microwave circuits are very cost

effective and lead to significant miniaturization particularly when used in MMIC

structures. Newly developed high Q ceramics have excellent temperature stability and

an almost zero temperature coefiicient. They extend the commercial applications of

dielectric resonators to frequencies as high as 100 GHz. DR’s have been employed

for the measurement of material properties [28-31]. High resolution, high sensitivity

and large dynamic range of test systems are the striking features of such

measurements. Small size, low loss, light-weight, mechanical simplicity and ease of

integration with Microstrip lines make Dielectric Resonators widely useful in wireless

communication systems, satellite TV and broadcasting communication systems,
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achieving excellent perfonnance as frequency discriminators, filters and oscillators

[32-33]. Open dielectric resonators ofi‘er attractive features as antenna elements. The

ceramic-based dielectric technology is being developed as a means of building high

performance antennas for WLAN and handset applications. Large multielement

antenna arrays for millimetre wave bands with excellent radiation characteristics can

be realised using Microstrip-fed dielectric resonators. The versatile nature of DRA’s

makes them adaptable to numerous wireless communication applications by

appropriate choice of design parameters [34 - 40].

3.7 Scheme of Work

The DR is excited directly by the 50 Q Microstrip Line fabricated on an FR4

substrate of dielectric constant 8, and thickness h. The feed is fabricated using

photolithographic techniques. It comprises of a conducting strip etched on the top

side of a dielectric substrate, covered with metal completely on the bottom side to

form the ground plane. The width (w) of the conducting strip detennines the

characteristic impedance (Z0). An SMA connector soldered to the Microstrip line

couples electromagnetic energy from the source to the DR for proper excitation of

resonance. Figure 3.6. illustrates the Microstrip excited antenna configuration. The

dielectric resonator samples for the study are procured from the Ceramics Technology

Division of the Regional Research Laboratory, Thiruvananthapuram and the

Advanced Materials and Ceramics Division of the Vikram Sarabhai Space Centre,

Thiruvananthapuram.

Five different Rectangular DR samples with moderate permittivity and

quality factor are investigated. Their geometrical parameters and electrical

characteristics are given in Table 3.2. The samples are prepared using the

conventional solid-state ceramic route [41].
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ground plane

feed line

substrate (Er. h)  excitation

Y - Z . .TOP V'eW Side viewLOX Ly
'9

b DR ‘W E’ DR—>I 3 - Pf dx »  —’ Feed line
Microstrip an h Ar Substratefeed line >Ground

V

Feed point(bl (cl
Figure 3.6 The Microstrip Line Excited Rectangular DRA
Ground plane dimensions lg x w,,, Substrate [a,,h]
Feed Line length l, DR dimensions : a x b x d

(a) 3D view (b) Top view (c) side view
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Dimensions DielectricDR Q“ x f Sintering
(cm) Composition Constantsample (GHz) temperaturea x b x d (5,)

2.2 1.1DR-1 5 X 9 .
X 0555 Ca5Nb2T1O.2

3.7 1.4 ( C I '1311-2 ’‘ X a °_""" 48 26000 1550 °c
0_5 5 5 Neobium

3.7 1.4 'DR_3 x x Titanate )
1.1

X  X (Ba,S.r)2Ti9O2(;
0'35 (D"’“"”"‘ 34 13200 1340 °c

DR-5  X  nona
X 0-35 Titanate)

Table 3.2 Resonator samples used for the study

3.7.1 Design of the Microstrip feed line

The dominant mode of propagation in a microstrip line is quasi-TEM.

Therefore, the characteristic impedance of the line is detennined by carrying out

quasi-static analysis of the transmission structure [42]. The characteristic impedance

is detennined using the following relations.

Z0=%ln{F%+ 1+%,} (3.22)
where, F, = 6 + (27: — 6) x exp{—(30.666/u)°'7m} (3.23)

= 120729, = 3 3.24770 u h ( )
Dielectric Resonator Antenna



ies of the antenna are studied in detail for the different positions of the DR

ed in Chapter five.

b DR"E d ‘| DRa  a EE E""‘ a-b-d ""' a-d-b
DRa Y7  a onb g b gE E""‘ b-a-d "" b-d-a

DR3 DR
bdl_§ a g

""‘ d-a-h ""' d-b-q
Figure 3.7 Orientations of the DR upon the feed line

Dimensions of the ground plane

For most of the applications it is desirable to have a compact ant

Iration. However, the dimension of the ground plane can also ll'lflUCflC1

an behaviour of an antenna. Therefore, the effect of the ground 1
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dimensions on the radiation characteristics is studied in detail and the dimensions are

experimentally optimized. The geometry of the large ground plane and the truncated

ground plane employed for the study are shown in Figure 3.9.

(dx.dy) (0.0)

4

a

b DR Id,
Feed line

(d-.dy> =i<a.o> (dXIdV) 4 <o.b>

Figure 3.8 Position of the DR with respect to the feed line.
d,. - displacement of the DR vertex ‘P’ along the x direction
dy - displacement of the DR vertex ‘P’ along the y direction

3.7.5 Length of the feed line

The overall length of the transmission line required to excite the DR (If) is

also an important parameter as far as the compactness of the antenna configuration

and its electrical perfonnance is concerned. Feed lines of lengths ranging from 2 cm

to 9 cm are used for the study. Proper excitation of resonance within the DR and
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compactness of the antenna configuration are the criteria considered while choosing

the dimensions of the feed line and the ground plane.

ct’ W9
.1’

ground plane
WWf 3

f ground
plane

is 1 E lg If 5’§ 3(V :3’ (a) (b)
Figure 3.9 Ground plane configurations

(a) large ground plane
(b) truncated ground plane

In order to ascertain the influence of the above factors on the perfonnance of the

antenna, the retum loss characteristics, radiation pattern, gain and resonant modes are

computed numerically using FDTD method and validated through experiments and

simulation. The following parameters are studied in detail.

Return loss Radiation Pattern
Characteristics

Resonant frequency Half Power Beam Width
Return Loss Front-to-Back ratio
Input impedance Cross-Polarisation
Impedance Bandwidth

The measurement techniques are explained in the following section. Chapter four

explains the methodology employed in the numerical computation of antenna
characteristics.
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3.8 Measurement techniques

The measurement of the antenna radiation characteristics is performed using

HP 8510C Vector Network analyser, which is a versatile equipment capable of

making rapid and accurate measurements [44].

3.8.1 Measurement of antenna resonant frequency, return loss and 2:1
VSWR bandwidth

The block diagram of the experimental set up for the measurement of the

return loss characteristics using a Network Analyzer interfaced to a PC is shown in

Figure.3.10.

HP 3510c HP 8341B
‘BM PC NETWORK SYNTHESISEDANALYSER SWEEPER

l
(K

HP 8514B 3S-PARAMETER ANTENNA
TEST SET UNDER TEST

Figure 3.10 Experimental Set up for measurement of
resonant frequency and return loss

The Network Analyser is calibrated for one full port (PORT 1) using a 3.5 mm CAL

kit to remove the inherent errors in the port cables and connectors. The test antenna is

connected to PORT 1 of the S-parameter test set. The measured S“ data in the

Network Analyzer is retrieved and stored in ASCII format in the computer interfaced

with the Analyser using MERL Sofl - the software indigenously developed by the

Research group of the Centre for Research in Electromagnetics and Antennas

(CREMA), Department of Electronics, CUSAT. All the precautions to reduce the

Dielectric Resonator Antenna
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reflection from the ground and nearby objects are followed to ensure the repeatability

and reliability of the experiment. The dip in the resonant curve determines the

resonant frequency (f,). The 2:1 VSWR bandwidth is directly obtained from the

return loss data by noting the range of frequencies (Af,) over which the return loss

A

(SH) S 10 dB. The percentage bandwidth (% BW) is calculated as 715' x 100%. The

impedance curve of the test antenna can be plotted on the Smith Chart from the

magnitude and phase of the return loss data.

3.8.2 Measurement of antenna radiation pattern

The experimental set up for measurement of the antenna radiation pattern is

shown in Figure 3.11. The co-polar and cross-polar radiation patterns in the two

principal planes of the test antenna (E-plane and H-plane) are measured by mounting

the test antenna in the receiving mode on the azimuth positioner and a standard

wideband horn antenna in the transmitting mode. The antennas are aligned and a

THRU calibration is performed. Gating is applied in the time domain to minimise

reflections and measurements are performed in the frequency domain. The entire

measured data stored in ASCII format by MERL Soft is further processed to yield the

different radiation characteristics viz. half power beam width, cross- polar level, etc.

3.8.3 Measurement of antenna gain

The gain-transfer method utilizing a standard antenna of known gain is

employed to detennine the absolute gain of the test antenna [45]. The experimental

set up for the measurement of gain is similar to that of the radiation pattern
measurement.

A standard antenna is used as the reference antenna. The measurement is

done in two phases. Initially the standard antenna kept within the chamber is

connected to PORT 2 of the Network Analyzer. The transmitting antenna (Wide-band
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Horn Antenna) is connected to PORT 1. The antenna is bore-sighted and the power

received is recorded (P5). A THRU RESPONSE calibration is perfonned in the

Network Analyzer and stored in the CAL SET. This acts as the reference gain

TCSPOTISC.

HP 8510C HP 8341B
IBM PC NETWORK SYNTHESISEDANALYSER SWEEPER

HP 8310C HP 8514B
STIC S-PARAMETER

POSITIONER TEST SET
CONTROLLER

I

PORT 1

/"
[f—"y.= mmmrntn

ANTENNA FOCTTONEB

Figure 3.11 Experimental Set up for measurement of radiation pattern / gain
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The test antenna then replaces the standard antenna maintaining the geometrical

arrangement intact. The power received (PT) is recorded. The plot displayed on the

Network Analyzer indicates the relative gain of the test antenna with respect to the

standard antenna (10 loglo (PT/P5)). The absolute gain of the test antenna (dBi) is

detennined from the Friis transmission fonnula using the following equation:

(GT) dB = (G5) dB + 10 log“, (PT/P5) (3.29)
The results of the experimental investigations perfonned on different rectangular

DRA configurations are discussed in chapter five.
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Chapter 4

Numerical Computation of the Radiation Characteristics of

a Rectangular Dielectric Resonator Antenna

The methodology adopted for the numerical computation of the radiation

characteristics of a Rectangular DRA is described in this chapter. The fundamentals

of the FDTD method and its adaptation to the present problem are explained in detail.



111

4.1 The FDTD method

The electromagnetic force is the most technologically pervasive force in

nature. Of the different methods for predicting electromagnetic effects — experiment,

analysis and computation — the newest and fastest growing approach is computation.

Electromagnetic computational engineering encompasses the modelling, simulation

and analysis of the responses of complex systems to various electromagnetic stimuli,

allowing for better design or modification of the system. The key attributes listed

below combine to make the F DTD method a useful and powerful tool [1].

- The simplicity of the method is noteworthy. Maxwell’s equations in a differential

fonn are discretized in space and time in a straightforward manner.

- The method tracks the time—varying fields throughout a volume of space. Thus

FDTD results lend themselves well to scientific visualization methods, providing

the user with excellent physical insight into the behaviour of electromagnetic

fields.

0 The method provides broadband response predictions about the system
resonances. Far fields are derived from near fields.

- The geometric flexibility of the method pennits the solution of a wide variety of

radiation, scattering and coupling problems.

- Desired accuracy can be achieved by selecting suitable discretization parameters

and boundary conditions.

- The method is extremely well suited for implementation on parallel computers.

- Personal computer capabilities have caught up with the requirements of FDTD

for a wide range of modelling problems. Thus, even without any improvement in

the fundamental algorithm, continuation of present trends will aid the generation

of highly detailed electromagnetic wave models of volumetric complex structures

of great engineering and scientific importance.
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4.2 Discretization in FDTD

The FDTD method originally proposed by K.S. Yee [2], is an explicit finite

difference scheme using central differences on a Cartesian grid staggered in both

space and time. A full three — dimensional FDTD cell (Y ee lattice) is shown in Figure

4.] wherein, the Electric fields lie along the midpoint of the cell edges and the

Magnetic fields lie along the centre of the cell faces. Yee defines the grid coordinates

(UL/6) 38

(12 J; k)= (mx, My, kAz) (4-1’
where Ax , Ay and Azare the actual grid separations.

Any function of space and time is written as

F"(i, j, k) = F(iAx, jAy,kAz,nAt) (42)
where At is the time increment, n is the time index and Ax, Ay, A2 is the space

increment along the three coordinate axes.

The spatial and temporal derivatives of F are written using central finite

difference approximations as follows.

aF”(i,j,k) _ F"(i+1/2,j,k)—F"(i—1/2,j,k) (4.3.a)a — M mam
aFn(i’j,k) _ Fn+l/2(i,j,k)_Fn-I/2(i,j,k)at — At

The starting point of the FDTD algorithm is the differential form of Maxwell’s curl

equations for an isotropic medium [Eqn 4.4 (a-b)].

V X E = _fl fill (4.4.a)6t _vxfi=o=a+g?§ <4-4-b>
at

These can be written as six scalar equations in Cartesian coordinates [Eqn. 4.5 (a-f)].

Numerical Computation of the radiation characteristics of a Rectangular DRA
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Computational
domain
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X

(i,j+1,k+1)

Cube (i,j,k)

(i+1,j+1,k+1)
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Figure 4.1 The three - dimensional staggered mesh FDTD cell
(Yee lattice) in the computational domain
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at ,u 62 6y

5Hy=i[5_EZ__5_E£)at ,u 6x 62
213 1 5_Ex__5fl
at p 6y 6x

52-1 §&_3Hy_,,E,,at -5' by 62

<"_Ey__l[3‘E_§E_C,E]at 3 62 6x

6t 5' 6x 6y

(4.5.a)

(4.5.b)

(4.5.c)

(4.5.d)

(4.5.e)

(4.51)

Equations 4.3.a and 4.3.b are applied to the six scalar equations (4.5.a to 4.5.0,

resulting in six coupled explicit finite difference equations (4.6.a to 4.6.0.

H;*"’(i,j+1/2,k+1/2) =H,"“”(i,j+1/2,k+1/2)

(i,j+1/2,k+1)—E;'(i,j+l/2,k))
+[;%z—]<E

—[i](E;(i,j+1,k+1/2)—E;(i,j,k+1/2))#-Ay

H;*"’(i+1/2,j,k+1/2) = H;‘“’(i+1/2,j,k+1/2)

](E;'(i+1,j,k+1/2)—Ef(i,j,k+1/2))
+j..

,u.Ax[At

(4.6.a)

At
— —— Ef(i+1/2,j,k+1)—E;'(i+1/2,j,k)[#Az]( )

(4.6.b)
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H_f'*"2(i+1/2,j+1/2,k)=H;"”2(i+1/2,j+1/2,k)

+[i](E:(z+1/2,j+1,k)—E;(i+1/2,j,k))Mm»

At— — E"' 1," 1/2,k -13"  1/2,k[#_Ax]( ,(z+ 1+ ) ,(z;+ ))
4.6.E;'*'(i+1/2,j,k)=E;’(i+1/2j,k) ( °)

+|:£%](H;'”’2(i+1/2,j+1/2,k)—H;”"2(i+1/2,j—1/2,k))- y

['3' ](H"*'”(i+l/2 'k+1/2)—H"*"2(i+1/2 'k—1/2))_ STZ y ,1, y 919
(4.6.d)

E;'*‘(i,j+1/2,k)=E;’(i,j+1/2,k)

+[_A.t_](H"*'”(i ‘+1/2 k+1/2)—H"*"2(z' ‘+1/2 k—1/2); 5] 9 1 5.] 9
At

_[£j](Hf*"2(i+1/2,j+1/2,k)—H;”"2(i—1/2,j+l/2,k))
(4.6.e)

E;"‘(i,j,k +1/2) = E_f'(i,j,k +1/2)

+[;‘Ttx](H;*"2(i+1/2,j,k+1/2)-H;'*"2(i—1/2,j,k+1/2))

_[i[:](H;’*"2(i,j+1/2,k+1/2)—H;”"2(i,j—l/2,k+1/2)).9. y
(4.6.f)

E and H are evaluated at altemate half time steps using equations (4.6.a—f),

such that all field components are calculated in each time step At . The updated new

value of a field component at any layer thus depends upon its value in the previous

step and the previous value of the components of the other field at the adjacent spatial

points. Table 4.] indicates the spatial and temporal relation of the E and H nodes in

Chapter 4



116

the Yee lattice. The discretization in space and time and the leap-frog time integration

employed in the FDTD method proposed by Yee is illustrated in Figure 4.2.

x y z t
E, i+1/2 j k n

E

node E, I j+1/2 k nE, i j k+1/2 n
H, i j+1/2 k+l/2 nil/2

H

node H, i+1/2 j k+1/2 nil/2
H, i+1/2 j+1/2 k nil/2

Table 4.1 Spatial and temporal relation of the E and H nodes
At

mt    (a)
............  ............  ........ ..<!i§9'etiZati°" in Space and time

t

i-l i i+l
:X

En-1 >t (b)
Leap frog time integration

Figure 4.2 The FDTD method proposed by Yee

To facilitate the implementation of the algorithm in a digital computer, the indices of

the field components are renamed, eliminating the ‘/2 index notation as suggested by

Sheen et al. [3]. This allows the value of each field component to be stored in a three

dimensional array, with the array indices corresponding to the spatial indices. Figure
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4.3 differentiates the notations proposed by Yee and Sheen, in deriving the H,

component according to equation (4.6.c). Equations (4.6.a-f) may be therefore re

written as (4.7.a-f), fonning the basis of the computer implementation of the F DTD

scheme in this thesis.

Ey (i+l,j+l/Z.k)

Ey (i.j+i/2.|<)(3) (b)proposed by Yee proposed by Sheen
Figure 4.3 The cell indexing

H:*‘”(i,j,k) = H:'‘” (:31, k)
At

— E” ', ’,k -15" ', ',k—1
+L#_Azi( ,0 J ) y(l J >)

At ( . . . .— — E:(z,;,k)— E:(z,J —1,k))
_,u.Ay_

H;+l/2(i>jsk)=H;-I/2(isj9k)
+ ;ii(E: (z',j,k) — E: (i — 1,1, k))_J‘

H:*‘”<i,j,k> = H:*'”(i,j,k> <4-7-b)
_ At+ d_/1-A)’]( )
At ,, . . ,, . .

_ LE](Ey (1, _],/C) — Ey (1 — 1, ;,k))

(4.7c)
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E3“ (1313 k) = E: (1; 1', k)

+ (H;'*"’(i, j + 1,k) — H,"*'”(i, j,k))

|2 .>|2 (H:+1/2(i,j,k+1)_H;+l/2(i,j’k))E

6‘. y:|l
E;*' (i, j,k) = E; (i, j,k)

L .

—L..

E§"'(l3J',k) = E? (i,J'.k)
At

+[Tx](H;*"’<i+1,j,k)—H;*"’(i,j,k))

"5l >+ (H:*"’<i,j,k+1>-H:*"’(i,j,k)

IRE
](H:*'”(i+1,j,k)-H:*"’(i,j,k))B

0')

U’:_ [%](H;+‘” (i, j + l,k) — Hj""” (i, j, k))- y

4.3 Boundary conditions

(4.7.d)

(4.7.e)

(4.7.f)

The large amount of data generated during the implementation of FDTD

approach on a computer calls for the tnmcation of the computational domain with

artificial boundaries to simulate its extension to infinity, since modelling of an infinite

space is numerically impossible. Nevertheless, the computational domain must be

large enough to enclose the structure of interest. The commonly applied boundary

conditions are:

- The Perfect Electric Conductor (PEC) or the electric wall

- The Perfect Magnetic Conductor (PMC) or the magnetic wall

0 The absorbing boundary condition (ABC)

- Dielectric interface
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4.3.1 Perfect Electric Conductor (PEC) boundary

The PEC boundary is used to represent ideal conductors. This type of

boundary condition deliberately reflects all incident wave energy back into the

computational domain, thus limiting its size. The boundary conditions at a perfect

electric conductor are such that the electric field components tangential to the surface

must be zero, stated mathematically where F} is a surface nonnal vector,5 x E = 0 (4.3)
In the Yee cell [Figure 4.1], the electric fields calculated at points on the surface of a

PEC are always tangential to the surface. Thus by using the Yee cell in the FDTD

scheme, the boundary condition at the surface of a PEC can be satisfied by simply

setting these electric field components to zero at every time step. Nevertheless, if the

E components tangential to a PEC boundary are initialized to zero (Em, = 0), they will

remain nearly zero throughout the iterations since the update equation for the E field

component in a material with finite conductivity, derived from Maxwell’s Curl

equation (4.4.b) using the finite difference approximation for 6@t as per equation

(4.3.b) is:

1_o'At

E"  A + 4 [§][vxH”‘%) (4.9)
When 0 >>1 in the above equation, E " 5 E "_' . In the FDTD iteration procedure,

once the boundary conditions on the tangential fields are satisfied, the boundary

conditions on the nonnal fields will be automatically valid.

‘Boundary conditions’ refer to the outer boundaries in FDTD tenninology.

However, in addition to being used on the boundaries of the FDTD mesh, PEC type

conditions can be assigned to material interfaces within the computational domain.

This allows us to model perfectly conductive surfaces of minute thickness. Eg: The

conducting ground plane acting as the lower boundary of a Microstrip geometry, the

conducting Microstrip line acting as the feed line, etc.
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4.3.2 Perfect Magnetic Conductor (PMC) boundary

The PMC boundary is used to represent perfect magnetic conductors. The

boundary conditions at a perfect magnetic conductor are such that the magnetic field

components tangential to the surface must be zero, stated mathematically where 71' is

a surface normal vector,

:7 x P1 = 0 (4.10)
However, on the surface of a Yee cell there are no tangential magnetic fields

specified. To estimate the magnetic field tangential to the boundary, the adjacent

magnetic field values on either side are to be averaged. Resorting to the image

method as illustrated in Figure 4.4, these magnetic field components are made equal

and opposite, thus satisfying Eqn.4.lO.

Y

E H" EH12 Z E H" E H"- - *o->—---’o- : - - - - - - - - --*O-—>—o--'O->-- - Boundary (iajsk)89 ®PMC _H“ _Hfl(a) (b)
Figure 4.4 PMC Boundary conditions

(a) Interface between PMC and media
(b) Image Problem

PMC surfaces are often used in the modelling of a symmetric region to

reduce the size of the computational volume by half. Thus by exploiting the

symmetry, significant saving in computer resources (time, memory and data storage)

is realized and models that would otherwise not fit into the computer memory can be

simulated.
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4.3.3 Dielectric interface boundary

The tangential electric field components at the interface between two media

cannot be updated using the discretized Maxwell’s equations. This is because the

material constants (5 and p) are assigned a single value, though these are different on

either side of the interface due to the two media considered. The equivalent parameter

approach employed in this thesis averages the relative pennittivity on each side to

derive the condition at the dielectric-air interface.

.9, + 52

2

4.3.4 Absorbing boundary

(4.ll)eel? =

In order to model open-region problems, an absorbing boundary condition

(ABC) is often used to truncate the computational domain since the tangential

components of the electric field along the outer boundary of the computational

domain cannot be updated using the basic Yee algorithm for want of the unavailable

field components lying outside the boundary space. The ABC is sometimes called the

outer radiation boundary condition (ORBC) because it is used to absorb the outgoing

waves. If the computational domain is extended sufficiently far beyond all sources

and scatterers, all waves will be outgoing at the boundary. A rule of thumb is ‘to

provide a minimum of ten cells between the antenna object and the boundary in order

to allow the outgoing waves to become almost planar’.

A multitude of ABC’s for FDTD algorithm is available. They can be grouped

into two categories — those that are derived from differential equations, and those that

employ a material absorber. Differential based ABC’s are generally obtained by

factoring the wave equation, and by allowing a solution that pennits only outgoing

waves (Eg: MUR’s ABC [4]). Mur’s ABC was proposed afier the theoretical work by

Enquist and Majda [5]. It provides satisfactory absorption for a great variety of

problems and is extremely simple to implement. Mur’s first order ABC looks back

one step in time and one cell into the space location. A second order condition looks
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back two steps in time and two cells inward etc. According to Mur’s first order ABC,

the tangential electric field components on the outer boundaries will obey the one

dimensional wave equation in the direction normal to the mesh wall. For the )7

nonnal wall the one-dimensional wave equation may be written as:

1 6(%—;5)E... = 0 (4.12)
This equation may be discretized using only field components on or just inside the

mesh wall, yielding an explicit finite difference equation,

At — A,. v__y
vAt + Ay

E0n+l = Eln (E,"*' — E0") (4.13)
where E, represents the tangential electric field components on the mesh wall and E.

represents the tangential electric field components one node inside of the mesh wall.

Similar expressions are obtained for the other absorbing boundaries by using the

corresponding nonnal directions for each wall. It may be noted that Mur’s first order

ABC is applicable only to normal incidence. Mur’s second order ABC [6] accounts

for oblique incidence of waves at the mesh wall. However, the present study employs

Mur’s first order ABC for the following reasons.

Mur’s first order ABC can be applied to boundary with dielectric

discontinuities. But the application of Mur’s second order ABC to a boundary with

dielectric discontinuitiy will cause large spurious wave components to be generated in

the computational domain, which defeats the purpose of having an ABC with better

absorbing property. The reason for this behaviour is the different velocity of the

electromagnetic wave in media with different pennittivity. Mur’s second order ABC

assumes all associated E field components to have similar permittivity and velocity,

which is not true when the boundary is sandwiched between two dielectrics. This

results in substantial error during the interpolation process, which then propagates

back to the computational domain. Material ABC’s on the other hand, are constructed

so that fields are dampened as they propagate into the absorbing medium (Berenger’s

Perfectly Matched Layer (PML) [7]). Other techniques occasionally used are exact
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fonnulations [8] and superabsorption [9]. Berenger’s PML requires considerable

enlargement of the computational volume, but is essentially frequency independent,

superior to most ABC’s and rather easy to implement. More often, when computer

memory and ease of programming is determinative, one uses Mur’s ABC, otherwise

the choice is PML.

4.4 FDTD code requirements and architecture

The FDTD flow chart is shown in Figure 4.5. A main computer routine

stepping through time and acting as a driver of the remaining subroutines is a prime

requirement. Before time stepping begins a problem space including geometry

parameters (cell size, time step and incident field) and material parameters is defined.

Constant multipliers that need not be computed at each time step may also be

evaluated and stored before hand. Monitor points or test locations at which responses

are examined must be specified along with the response type: voltage, current, field,

power, etc. Afier these specifications the fields are advanced one step at a time. This

is the core of the code. Though it represents a small fraction of the lines of code, most

of the running time will be spent in this section. Outer radiation boundary conditions

that absorb the scattered field at the outennost portion of the problem space is an

additional mandatory requirement. A data saving routine can store the response data

at every time step and then at the end of the run “dump” it out as a listing or as a file

for post processing. This output process may involve transfonnation of the near zone

FDTD fields to the far zone for radiation calculations. The code requirements are

listed in Table 4.2.

4.4.1 Determining the cell size

The choice of cell size is critical in applying FDTD. The fundamental

constraint is that the cell size must be small enough to permit accurate results at the
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highest frequency of interest, and yet be large enough to keep resource requirements

manageable.

Geometry and Material Description
Estimate Ax, Ay, A; At
Time step : n =0

* Initialize all E and H components to zero

* Excitation pulse at the feed point

" Update H field
* Update E field

over spatial grid inside the computational domain

Outer radiation Boundary Conditions
n=n+1

Maximum time
steps reached?

* Post Process the transient field data to
extract the required data and for scientific
visualisation

* Store the transient and extracted data

End

Figure 4.5 The FDTD flow chart
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Driver

Problem space setup

* Test object definition

* E,H field algorithms

* Outer radiation boundary condition

* Data saver

* Far zone transformation

Table 4.2 F DTD code requirements

An ofien quoted constraint is “l0 cells per wavelength”, meaning that the side of each

cell should be 1/10?» or less at the highest frequency (shortest wavelength) of interest.

However for situations demanding high accuracy, 1/20?» or smaller cells may be

necessary. The materials present directly affect the cell size. The FDTD being a

volumetric computational method, if some portion of the computational space is filled

with a high pennittivity material, the shorter wavelength at a given frequency leads to

smaller required cell size. A uniform cell size if used throughout the computational

space, forces the cells in the entire problem space to be relatively small, thus

increasing the total number of cells required. Non- uniform cell size is a possible

remedial measure. The following are the reasons substantiating the requirement of a

cell size much smaller than one wavelength.

(i) The Nyguist criterion
At any particular time step the FDTD grid is a discrete spatial sample of the field

distribution. According to the Nyquist sampling theorem, there must be atleast two

samples per spatial period (wavelength) for adequate sampling. Since the sampling is

not exact and the smallest wavelength is not precisely detennined, more than two

samples per wavelength are preferred.
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(ii) .G_I'1<L‘I.s.mflIeJrL

For a fixed cell size different frequency components of a wave propagate at slightly

different velocities. This phenomenon is referred to as numerical dispersion and is

inherently present in the FDTD algorithm. Furthermore, velocity depends also on the

angle of propagation with respect to the coordinate axis. This is called numerical

anisotropy. For accurate and stable results, the grid dispersion error must be reduced

to an acceptable level, which can be readily accomplished by reducing the cell size.

(iii) Accurate modelling of the problem geomet_ry

Choosing a cell size smaller than 1/101 helps in accurate modelling of the problem

geometry, unless some special geometry features smaller than this are factors crucial

in determining the response of interest. For example, in thin wire antennas, a change

in wire thickness from I/107k to 1/20}. will affect the antenna impedance. Another

example is the staircase effects of modelling a smooth surface with rectangular cells

causing significant errors. Good results in these and similar situations may require

extremely small cells, or alternative measures such as sub-grid modelling [10] or

conformal FDTD techniques [11]. The number of cells needed to model the object

and a reasonable amount of free space between the object and the outer boundary in

each dimension together determine the total size of the FDTD space.

4.4.2 Time step size for stability

The choice of the spatial grid (Ax, Ay, Az) and time step (At) is motivated by

the reasons of accuracy and stability respectively. Though the original FDTD

algorithm proposed by Yee is second order accurate in both space and time, the

correct stability criteria was first presented by Taflove et al. [12]. As time marching

continues according to the Yee algorithm, precautions are necessary to ensure that the

electric and magnetic fields do not grow beyond bounds. Hence at any point within

the computational grid, the propagating wave must not pass through more than one
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spatial grid in one time step. Thus, stability is defined as a set of conditions under

which the error generated by the finite difference approximations is finite and does

not grow in an unbounded fashion as time stepping progresses. In an unstable model,

the computed result for E and H field components will increase without limit as the

iteration progresses. To ensure the stability of the time-stepping algorithm, At is

chosen to satisfy the Courant-Friedrichs —Lewy (CFL) Stability criterion:

1

(TY + (TV + (727

where vm, is the maximum wave phase velocity expected within the model. Thus the

field cannot change significantly over one space increment. The model will not be

stable if the above condition is not obeyed. For actual computations the At value

specified by the equality in (4.14) provides accurate results, and in most situations a

smaller value of At does not improve the accuracy [I]. In fact, when the equality

holds, the discretized wave most closely approximates the actual wave propagation,

and grid dispersion errors are minimized.

4.5 Incident field and Source modelling

Proper excitation of the computational domain excites a field distribution

closely resembling that of the physical structure. On the other hand, improper

excitation leads to spurious solutions. In time-domain analysis a broadband pulse may

be used as the excitation and the frequency-domain parameters may be calculated

over the entire frequency range of interest by Fourier transfonn of the transient

results. The frequency band of interest decides the width of the pulse. A wide time

domain pulse results in narrow frequency band response. To avoid the unnecessary

noise appearing in the FDTD generated response, the excitation pulse and its

spectrum must have a smooth roll off and low side lobes.
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A sine wave or a Gaussian pulse can be used as the input signal for the 3D

FDTD method. However, a Gaussian pulse plane wave is the most widely specified

incident field as it provides a smooth roll off in frequency content and is simple to

implement. In addition, the frequency spectrum of a Gaussian pulse is also Gaussian

and will therefore provide frequency domain information from dc to the desired cut

off frequency by adjusting the pulse width. The Gaussian input is of the form

_[("’o )1 Jg(t) = e T (4.l5.a)
where to is the pulse delay and T relates to the Gaussian half width, which sets the

required cut off frequency . Writing in the discrete form,

g(nAt) = e'l(mT_’°)l2 (4.15.b)

where T = N At and to = 3T. Thus the pulse is sampled N times in a pulse half width

T. The Gaussian pulse and its spectrum are shown in Figure 4.6. It is evident from the

figure that the pulse provides relatively high signal levels up to the desired frequency.

The parameter N can be changed to achieve sharper frequency roll off. In the F DTD

method, all fimctions are assumed to be causal. Therefore, to satisfy the initial

condition of zero excitation at the zeroth time step, the time of origin of the Gaussian

pulse must be shifted by to (to >> 1). A time delayed Gaussian pulse (to = 3T) is used

in this thesis.

In order to simulate a voltage source excitation in a Microstrip fed structure, a

vertical electric field E, can be imposed in a rectangular region underneath port 1 in

the x2 plane as shown in Figure 4.7. The electric field is defined everywhere within

the computational region at a time prior to t = O. The launched wave has nearly unit

amplitude and is Gaussian in time and propagates in the )7 direction as

E, = g(t) = e‘[(%)zl (4.16)
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Figure 4.6 (a) Gaussian pulse (b) Gaussian spectrum

Once the time marching begins, this field propagates through the space and

interacts with the object. It is assumed that the excitation specified in this way will

result in only the fundamental mode propagating down the Microstrip in the

frequency range of interest. In order to minimize the effects of numerical dispersion

and truncation errors, the Gaussian pulse width is chosen for atleast 20 points per

wavelength at the highest frequency represented significantly in the pulse.

FDTD calculations are often excited by a “hard” voltage source with zero

internal resistance because of the ease of implementation. The Gaussian pulse has
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amplitude significantly greater than zero for only a very short fraction of the total

computation time, especially for resonant geometries. Once the pulse amplitude drops

to zero, the source voltage becomes effectively short-circuited. Thus any reflections

from the antenna or Microstrip circuit, which return to the source are totally reflected.

The only way to dissipate this energy is through radiation or absorption by lossy

media. However certain frequencies of resonant structures require a relatively long

time to dissipate the excitation energy. An additional loss mechanism may therefore

be provided by modelling the Gaussian voltage source with a series source resistance

as proposed by Leubbers et aI., thus reducing the number of time steps required for

the FDTD calculations to converge [13].

2 Computational domain
X

Y

Aussian
ExcitationE2"   I:

Microstrip Une

Substrate

roun p ane

Figure 4.7 The voltage source excitation

Consider the Electric field in the z direction (El) corresponding to a Gaussian

voltage source (Vs) at a mesh location (LAX, jsAy, k5Az). The equivalent circuit for a

voltage source with an intemal source resistance (Rs) is illustrated in Figure 4.8. If

the source resistance Rs is set to zero, then the FDTD electric field at the source

location is simply given by:... . V, At _Es (l.r5.].r9ks):
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Figure 4.8 FDTD source with internal source resistance R,

However with the source resistance included, the calculation of the source field

necessitates the detennination of the current through the source by applying

Ampere’s circuital law [14] taking the line integral of magnetic field around the

electric field source location.

I:”_l(i.\'3js’ks) = (Hxn—l(i.r’j.r—19k.r)— Hxn_l(is9j.r’kx)%x

+ (Hyn-l(i.r’ J59  Hy"_l(i.r—]9 j.\'9 ks))Ay

By applying Ohm’s law to the circuit in Figure 4.8 the electric source field is given

by
n—l . .

E,—"(i_.,J}.k,)=(V‘g'zAt)j+[I= (’-’»*"‘~‘)R-‘J (4.19)A2

(4.13)

The value of the internal source resistance is not critical. A reasonable choice is to use

the value of the characteristic impedance of the transmission line, coaxial cable, or

Microstrip depending on the particular antenna geometry. The internal resistance is

fixed as SOQ in the thesis.

4.6 The 3D FDTD modeller of the Rectangular DRA

The FDTD source code for the numerical computation of the radiation

characteristics of a Microstrip line fed Rectangular DRA is developed using

MATLAB®. The powerful mathematical computational and graphic visualisation
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capabilities of this sofiware tool is very useful in solving three—dimensional

electromagnetic problems. The grid lay out and other parameters of the antenna

configuration is illustrated in Figure 4.9.

¢w¢!%!::!?

-Imtalisifif

I‘F.3’I\'E¥'§flll wiQ%<a$?i¢

lfliflllifiki
llMF3‘K‘rUIH‘E1H
l5fiD£0I3i$*F§
lflflllllfiflfivi
lfl‘l‘BIViHi<lllIIIII£I!lflt

ru
:1I
III
1
$1

an

M
v u
u
inI
an
..

Figure 4.9 The layout of the computational domain

The cell size in each direction is so chosen that there is a minimum of 20 cells per

wavelength i.e,

Ax, Ay, A2 5  (4.20)
where Ami" is the wavelength of the expected highest significant harmonic in the

model. Also an integral number of cells must fit within the DR and the substrate as

far as possible. To avoid late time instability At in the present work is chosen as 0.995

times the minimum value specified by the CFL inequality (Equation 4.14). The

absorbing boundary is always placed 10 cells away from the antenna object. The

difierent objects constituting the computational domain of the FDTD code for a

typical case are listed in Table 4.3.
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dimensions

object material gxis ixis ids
cm cm cm

1. g’°"“d PEC 4 4 —
plane

2. substrate :'S:04]'263cm 4 4 0.16
3. DR Em‘-’48 l.l9 2.25 0.5554. feed PEC 0.3 2 

Table 4.3 Objects in the computational domain

4.6.1 Reflection characteristics

A Gaussian pulse is impressed into the computational domain at the feed

point corresponding to the port under study in order to analyze the antenna reflection

characteristics. Time is then advanced until the pulse propagates through the

workspace and the fields die down to zero. The optimised FDTD code parameters for

the present problem are listed in Table 4.4. The direct output of FDTD run is the time

domain infonnation, which is then converted appropriately to frequency domain

characteristics by applying Fourier transfonnation.

Gaussian Pulse
Excitation Half width T = 15 ps

Time delay to= 3T
Cell Dimensions Ax = 0.5
(mm) Ay = 0.5

A2 = 0.4
Time step At = 0.88 ps
Number of time steps 5000
Simulation interval 4400 ps

Table 4.4 Optimised FDTD code parameters for the present problem
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The input impedance of the antenna is computed as ratio of the FFT of

voltage derived fi'om E field values at the feed point over the entire time steps, to the

FFT of current at the same point, derived from the H field values. Return Loss Sn (in

dB) is then computed. The voltage and current waveforms at the feed point are shown

in Figure 4.10. In FDTD calculations involving Rs = 50 Q, the voltage waveform is

no longer purely Gaussian, since the voltage across the resistance is also included. It

is observed during simulation that the system converges in ~ 5000 time steps for the

present problem.
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Figure 4.10 Voltage and current wavefonns at the feed point due to the
matched delayed Gaussian pulse source in the domain

4.6.2 Far field computation

The FDTD approach of predicting the far fields of a radiating structure is

simple and straightforward and is adaptable to complex geometries. It serves as a

viable alternative to the conventional theoretical techniques involving the formulation

of an approximate theoretical model leading to discrepancies between the predicted

Nurneril Computation of the radiation chaacteristics of a Rectangular DRA
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and measured results [15]. Accurate models and accurate theoretical analysis have

been used with simple radiators, but with increased complexity. In F DTD method the

far fields may be computed from the transient near field values using the near field

to-far field transformation techniques in the time/frequency domain. This approach

does not require the extension of the computational domain to the far field. However,

the frequency domain transfonnations used in conjunction with a sinusoidal time

variation excitation are valid only at one frequency. To obtain wide band results, it

would be more efficient to use a pulsed excitation, transform the time domain near

field results to far field at each observation point and then transfonn the far field time

domain results to frequency domain. Thus one FDTD computation along with a Fast

Fourier Transfonn (FFT) results in a wideband result [16]. In applications requiring

transient or broadband frequency domain far field results at different observation

angles, the fully transient approach involving FFT is desirable. For small geometries

this can be implemented by storing the transient tangential field components on a

closed surface in the computational domain and then computing the transient far field

vector potentials at each observation point by a running summation at each time step.

In this thesis, a sinusoidal excitation is used to address the far field

computation problem at the operating frequency of the antenna. The return loss

characteristics from the previous analysis decide the resonant frequency (fo) of the

antenna. Iterations are carried out with a sinusoidal excitation of the fonn V(nAt) =

sin (21tfonAt), until the system achieves sinusoidal steady state. An aperture is defined

in a layer above the DR surface, as shown in Figure 4.11 (a). At each spatial point Q

in this plane as shown in Figure 4.1 1(b), the time independent first harmonic

coefficient E0,-_,-_,-=0, is computed by sampling the tangential field components over N

time steps corresponding to one period of the excitation [17].

N

E(,._y.,,.=0) = (1/N)nZ=I:E(n) oexp(]'27r..n/N) (421)
where E(n) corresponds to the instantaneous tangential E field component B," or E,“

at Q(x',y',0)
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P(r,e.9)

‘ 0(mo)

X. Aperture plane(a) lb)
Figure 4.11 Pattern computation using FDTD.

(a) Aperture boundary in a layer above the DR surface.
(b) Spatial point Q in the aperture layer and far field point P

From the aperture field so computed, the Magnetic surface current density is given byM = -2.5, x E (4.22)
Magnetic surface current density so derived is then used to compute the electric

vector potential F over the aperture [18]. Assuming cl“ time variation, Electric field

at a far field point P (r,0,<p) in free space with characteristic impedance no is computed

as

E = ja).r;o.(Fa.i1'o — F4 50) (4.23)
The far field components E9 and E., are derived by the rectangular to spherical
transformation as

E, = jw.r]o.(Fx.Sr'n(¢) - F,Cos(¢)) (4-24-a)
E, = ja).77o.Cos(0)(F,Cos.(¢) + F,srn(¢)) (4-24-b)
with the following assumptions,

It the antenna radiates into the z > 0 region from the aperture in the z = 0 plane

an r is in the far field i.e ( r »(xv+y'=)'“= ) &

It aperture defined is such that the tangential electric fields are negligible

outside its boundary,

Equation 4.23 now becomes

Numerical Computation of the radiation characteristics of a Rectangular DRA
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E = j.exp (— jkr )/(/1.r)o

[(Cos (0 )(fl.Cos (¢)+ fySin (¢— (fisin (¢)— fy-Cos (¢))&o (4.25)

where

/-= [TIE-(x'.y'.o)x’ in as + (426)
. exp [jk [y'§in    . dx Idyl

and S is the planar aperture selected. In this thesis, the planar aperture is defined in a

plane one cell above the x-y plane containing the top surface of the DR in the

computational grid. To plot the principal plane patterns corresponding to 4) = 0° and 4)

= 90°, Egand E¢ are computed using Equation 4.25, at discrete 9 values.

4.6.3 Resonant modes

The time independent H field components over the surface (H, and Hy) are

computed using a procedure similar to that of the E field computation explained in the

previous section. The modes of resonance are identified from the H field distribution

in the aperture defined within the DR as illustrated in Chapter five.

The numerical method described above is employed for the analysis of

different Rectangular Dielectric Resonator Antenna configurations. The results of the

numerical analysis are validated through experiments and commercially available

software and presented in chapter five. These results are not presented here in order to

avoid repetition.
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Chapter 5

Outcome of Numerical Computation and Experimental
Observations

The primary objective of the research work is the development of a compact

Dielectric Resonator Antenna (DRA) suitable for Mobile Communication handset

applications. Towards achieving this goal, investigations are carried out on diflirrent

rectangular DRA configurations. The chapter presents the results of numerical

computations employing the Finite Diflerence Time Domain (FDTD) method

performed to predict the radiation characteristics of a Rectangular Dielectric

Resonator Antenna. The outcome of the exhaustive experimental investigations

detailed in the chapter validate the numerical predictions with reasonably good

accuracy. DRA configurations suitable for wireless applications are developed based

on the inference derived from this study.
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5.1 Radiation characteristics of the Microstrip line fed
Rectangular Dielectric Resonator Antenna incorporating
DR-1

The chapter presents the outcome of the exhaustive investigations perfonned

on various Dielectric Resonator Antenna (DRA) configurations to study their

radiation characteristics and perform their mode identification. The Rectangular

Dielectric Resonator sample [DR-1; Ca5Nb2TiO.2; 5, = 48] of dimensions [a x b x d] =

[2.25 x 1.19 x 0.555] cm3, excited by a 50 Q Microstrip feed line of length lf = 2 cm

is initially chosen for the study. The resonator is placed in different orientations upon

the feed line. Measurements are recorded for all orientations of the DR and for

varying dimensions of the feed line and ground plane. The overall size of the antenna

configuration is decided by the aspect ratio of the DR, the dimensions of the feed line

and the ground plane. Table 5.1 lists the aspect ratio of the resonator sample (DR-1)

in various orientations. The orientations are described in detail in Chapter 4.

orientation

dimensions along
b-a-d a-b-d d-a-b d-b-a a-d-b b-d-a

x-y-z axes =>

3 aspect ratio

height 0.25 0.47 0.53 1.9 2.14 4.05
width

Table 5.1 Aspect ratio of the DR in different orientations
DR-1 [Ca5Nb2TiO12_ Sr =
[a x b x d] = [225 x 1.19 x 0.555] cm“’

The aim of the study is to optimise the DRA parameters for various radiation

characteristics. The parameters studied are detailed in Table 5.2.

Chapter 5
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- Orientation of the DR with respect to the feed line

- Position of the DR upon the feed line
- Dimensions of the DR

- Material properties of the DR

- Dimensions of the feed line

- Truncation effect of the ground plane

Table 5.2 Parameters under investigation

5.1.1 The b-a-d orientation

The b-a-d orientation illustrated in Figure 5.1(a) is a low profile orientation,

corresponding to the least value of aspect ratio of the DR [O.25]. A schematic

representation of this orientation is shown in Figure 5.1(b).

Z

Ground
plane

substrate (Er. h)

Figure 5.1(a) The b-a-d orientation of the Dielectric Resonator
3-D view

The distance of the reference vertex [P] from the feed axis and the open feed end

(d,,d,) indicate the position of the DR along the x and y axes respectively. In order to

Outcome of Numerical Computation and Experimental Observations
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arrive at a compact antenna configuration, the dimensions of the ground plane are

reduced and a truncated ground plane is also employed for all the feed lines under

study. The radiation characteristics of the 2 cm line excited DRA in the b-a-d
orientation of the resonator is discussed in this section.

4-——————~—W9—»————>

A y
.12.“X...

b

‘ E <——-— ‘"9 ———?>

1, . (dmdy) '5, E2 |,=|g3» P " E. 3  «mo ° l
Feed point Feed point(1) (2)

Figure 5.1.b The b-a-d orientation of the DR — schematic lay out
(1) large ground plane (2) truncated ground plane
substrate: 2,, = 4.28, h = 0.16 cm
DR-1 [axbxd]=[2.25x1.19x0.555]cm3

5.1.1.1 Return Loss Characteristics

Based on the numerical computation as described in Chapter 4, the Dielectric

Resonator Antenna (DRA) is analyzed for a feed line of length If = 2 cm with a

ground plane of size (lg x wg) = (4 x 4) sq cm. From the exhaustive numerical

computations it is found that when the DRA is placed at (dx,d,) = (0.5, 1.5) cm, the

system resonates at 3.202 GHZ from 3.098 GHz to 3.293] GHz with a bandwidth of

6.1%. The numerically computed return loss characteristics are plotted in Figure 5.2

along with the experimentally observed results. The resonant frequency, return loss,

input impedance and 2:1 VSWR bandwidth can be detennined from the return loss

CUFVC.
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Figure 5.2 Return loss characteristics of the DRA at the optimum
bandwidth position
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : b-a-d (d.,d,) = (0.5, 1.5) cm

The experimentally measured resonance is at 3.175 GHz in a band operating from

2.956 GHz to 3.281 GHz. A lower resonant mode at 3.04 GHz is also observed in the

operating band. The bandwidth offered is 325 MHz (10.2%). From the figure it is

evident that FDTD analysis predicts the resonant frequency and bandwidth of the

antenna with reasonable accuracy. The fractional difference between the

experimentally measured and numerically computed resonant frequency is -0.85%.

The disparity may be due to the following factors.

In the numerical computation, the dimension of the DRA is [2.25 x 1.19 x

0.555] cm3. However the surface irregularities if any, are not accounted for in the

simulation. The thin air layer between the feed line and the DRA due to these surface

irregularities alters the effective dielectric constant of the DRA slightly, shifting the

resonant frequency. The grid size in the computational domain also plays a crucial

role in deciding the accuracy of prediction.

Outcome of Numerical Computation and Experimental Observations
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5.1.1.2 Radiation Pattern

Antennas for Mobile Communication applications ought to radiate equally in

all directions. However in many wireless applications the pattern shape plays a

secondary role with respect to bandwidth. The co-polar and cross-polar radiation

characteristics in the principal planes of the DRA in different orientations of the DR

have been studied in detail for varying dimensions of the feed line and ground plane.

The predicted and experimentally measured radiation patterns in the b-a-d orientation

of the resonator are shown in Figure 5.3. The pattems are broad in both the planes.

Table 5.3 summarises the radiation characteristics of the DRA in the b-a-d

orientation. The antenna radiates with a maxima along the broad side direction. The

slight tilt in the E-plane pattern is perhaps due to the asymmetry of the excitation of

the DRA at this position.

E plane H plane

W: FDTD "°
——- Experiment

Figure 5.3 Radiation Pattern of the DRA at the optimum bandwidth
position (f = 3.175 GHz) co-polar  cross-polar
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: b-a-d (d,.,d,) = (0.5, 1.5) cm

The front to back ratio measured along the maxima is better than 15 dB in both the

principal planes. The cross polarization along the maxima is better than -20 dB in

both the planes. As shown in Figure 5.3, the theoretical radiation patterns agree

reasonably well with the experimental curves. It is therefore evident that the FDTD
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method can model the DRA and also predict its radiation pattem with fairly good

accuracy.

Half power On axis On axis
beam width F ront-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory 100 98 19 19 -26 -26
Experiment 108 90 15 17 -21 -35

Table 5.3 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 3.175 GHz)
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: b-a-d (d,..d,) = (0.5. 1.5) cm

5.1.1.3 Polarization

The DRA in the b-a-d orientation is found to exhibit linear polarization in the

optimum resonant band. The polarization of the resonant modes at 3.04 GHz and

3.175 GHz is along the longer dimension ‘a’ of the DR, parallel to the feed axis. The

analysis also confirms this result.

5.1.1.4 Gain

The gain is an important figure of merit of the antenna, indicating its

radiation efficiency. The Gain Transfer method explained in Chapter 3 is employed to

measure the relative gain of the DRA (test antenna) at the optimum bandwidth

position. Standard pyramidal horn antenna of known gain is used as the reference

antenna. The absolute gain (in dBi) of the test antenna is then calculated.

Measurements are repeated for varying dimensions of the feed line and ground plane.

The measured gain characteristics of the DRA at the optimum bandwidth position, in

the b-a-d orientation of the resonator is shown in Figure 5.4.

Outcome of Numerical Computation and Experimental Observations
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Figure 5.4 Gain of the DRA measured in the optimum band
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.5, 1.5) cm

The DRA exhibits 7.15 dBi gain in the optimum resonant band. The gain of the

antenna is almost constant in the entire operating band. This again confinns that the

antenna is linearly polarised in the entire band of operation. The low profile nature,

good bandwidth (10.2%) exhibited at a low resonant frequency (3.175 GHz) and

excellent gain characteristics (7.15 dBi) of the b-a-d orientation are noteworthy. It is

thus inferred that bandwidth enhancement is achieved without sacrificing the antenna

gain.

5.1.1.5 Resonant Mode

The modes of the rectangular DRA are identified from the field distributions

within the DR at the resonant frequency (3.202 GHz) predicted numerically in

different plane cuts (x-y, y-z and x-z planes) as illustrated in Figure 5.5 (a-c). The

TE’,,,,,,, mode is identified, where the indices denote the no: of half wave intensity

variations along the dimensions ‘a’, ‘b’ and ‘d’ of the DR respectively (a>b>d).

The first, second and third row in Figure 5.5(a) illustrate the variation of the

Hx, Hy and Hz components respectively in the x-y plane. The first, second and third

column of figures correspond to the H field variation in the x-y plane at the bottom,
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middle and top layer of the DR. The one half-wave variation of all the three field

components along the dimensions ‘a’ and ‘b’ is evident from the field distribution at

the top layer (column 3: z; = 18).

bottom middle topZ1=5 Z2=11 Z3=18
C
.9
6
2

‘F’>
0.)

5 :'~.5 5“ 1
2 .5
(D (I)O C

u— CD
0 E
'o' '13C §/

it it

Y

10l52)5 1015215
=> no: of cells in the x-direction
:> (dimension ‘b’)

Figure 5.5(a) Field distribution within the DRA predicted using FDTD in
the x-y plane at three different z-layers (f = 3.202 GHz)
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: b-a-d (d,..d,) = (0.5,1.5) cm

o In the FDTD computational domain, the cells numbered from 2 = 5
to 2 =18 define the DR along the z direction.

9 In the b-a-d orientation. the DR occupies 24 cells in the x direction
and 45 cells in the y direction

In Figure 5.5(b) the first, second and third column of figures correspond to the H field

variation in the y-z plane at the left, middle and right layer of the DR. The one half
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wave variation of all the three field components along the dimension ‘a’ and less than

one half-wave variation along the dimension ‘d’ is evident from the field distribution

at the rightmost layer (column 3: x3 = 42).

left middle rightX1=19 X2=31 X3=42

S‘*3 "x
.2
"P
Na» 1
5_»~
E"?

C
%.9o2 H"-02O-O-.§ ':3,

Z

0

Hz

10 20 30

2 no: of cells in the y-direction
:> (dimension ‘a’)

Figure 5.5 (b) Field distribution within the DRA predicted using FDTD in the
y-z plane at different x layers (f = 3.202 GHz)
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : b-a~d (d,.,d,) = (O.5,1.5) cm

0 In the FDTD computational domain the cells numbered from x =19
to x = 42 define the DR along the x direction.

0 In the b-a-d orientation the DR occupies 45 cells in the y direction
and 14 cells in the z direction.
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In Figure 5.5(c) the first, second and third column of figures correspond to the H field

variation in the x-2 plane at the front (source end), middle and back (feed end) layer

of the DR. The one half-wave variation of all the three field components along the

dimension ‘b’ and less than one half-wave variation along the dimension ‘d’ is

evident from the field distribution at the back layer (column 3: y; = 85).

front middle back
(source end) y, = 64 (feed end)y1 =  y3 =

C
.9
‘C5

9

N
0)
5 :~fl -E :0 1o 15 20 25 1(I) C
?, .9o 2
“- an
§ .§: 2
fl fl

2 1o 15 2o 25W I!) 025 2520 2015 1510 105 5
5 10 15 20 25 5 10 15 20 25 5 10 15 20 254% . . .=> no: of cells in the x—drrectron

:> (dimension ‘b’)

Figure 5.5 (c) Field distribution within the DRA predicted using FDTD in the
x-z plane at different y layers (f = 3.202 GHz)
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : b-a-d (d,,.d,) = (0.515) cm

9 In the FDTD computational domain the cells numbered from y = 41
to y = 85 define the DR along the y direction.

6 In the b-a-d orientation the DR occupies 24 cells in the x direction
and 14 cells in the z direction
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The one half-wave variation along the dimensions ‘a’ and ‘b’ and less than a half

wave variation (5) along the dimension ‘d’ as illustrated in Figures 5.5(a-c) confirm

the presence of TEZH5 mode. Simulation using commercially available software

HFSST”, also gives similar results as shown in Figure 5.6 (a).

1
Z

Id!
X
.b,

Vo ‘a’
Figure 5.6 (a) Simulated H field distribution within the DR at the optimum

bandwidth position f= 3.202 GHz
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.5.1.5) cm

The variation of the nonnalized Magnetic field monitored experimentally using a

loop probe along the three dimensions is shown in Figure 5.6 (b). The experimental

and simulation studies confinn that the resonant mode of the DR in the b-a-d

orientation at the optimum bandwidth position is TEZH5. The validity of the numerical

computation of the DRA characteristics using the FDTD code developed in
MATLAB® is thus established.1 1

gI 7
3

Figure 5.6 (b) Variation of the normalized Magnetic field distribution
along the dimensions ‘a’, ‘b’ and ‘d’ of the DR monitoredexperimentally TEZ115 mode
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: b-a-d (d,,d,) = (0.5,1.5) cm
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5.1.1.6 Compactness

The overall size of the antenna is detennined by the orientation of the DR, the

feed line and ground plane dimension. In order to ascertain the compactness of the

DRA in the b-a-d orientation at the measured resonant frequency of 3.175 GHz, the

antenna is compared with a circular and rectangular Microstrip antenna resonating at

the same frequency. Table 5.4 provides a comparison of the dimensions of different

antennas operating at 3.175 GHz. The DRA incorporating the resonator in the b-a-d

orientation is found to possess 58.6% and 48.4% reduction in the cross-section area

with respect to a rectangular and circular Microstrip antenna designed to operate at

the same frequency.

Cross
Dimensions sectional

Antenna (cm) area
(Sq cm)

DRA in the b-a-d Length (b) = 1.19 (b x a)
orientation Width (3) = 2.25 2.7
Rectangular =
Microstrip  = 3 6.52antenna '
Circular
Microstrip Radius = 1.29 5.23
antenna

Table 5.4 Dimensions of different antennas operating at 3.175 GHz

5.1.1.7 Truncated ground plane configuration

In the previous section the experimental observations on the Rectangular

DRA on a large ground plane was presented. The system offers comparatively good

bandwidth. However for practical applications like Mobile Communication, this leads

to an increase in the overall size of the antenna. The efiect of the truncated ground

plane is presented in this section. Numerical computation predicts a maximum 2:1

VSWR bandwidth of 287 MHz (9.3%) at 3.094 GHz in a band operating from 2.9384

GHz to 3.225 GHz at the position (dx,dy) = (0.6,1.2) cm. A resonant mode centred at

Outcome of Numerical Computation and Experimental Observations
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3.115 GHz is experimentally observed in a band from 3.01 GHz to 3.32 GHz,

offering 310 MHz bandwidth (9.95%). The fractional difference between the

measured and predicted frequency is 0.67%.

Figure 5.7 shows the return loss and gain characteristics of the DRA at the

optimum bandwidth position. The resonant behaviour is comparable to that displayed

by the large ground plane. However, the truncation of the ground plane results in

deterioration of the antenna gain. The DRA is found to exhibit an average gain of 2.1

dBi in the optimum resonant band.

j Elporlm-nl

Glln (uai)

_1o . average gain In the opumum band I 2.1dBl

1.0 1.5

Figure 5.7

3.04 ll” 3.12
Fnquoncy (Gflz) Frequency (GHZ)(a) (b)

Characteristics of the DRA measured at the optimum bandwidth
position
(a) Return loss (b) Gain
feed line length = 2 cm truncated ground plane: 2 x 4 sq cm

(d,.,d,) = (06.12) cmDR-1 orientation : b-a-d

2.5 3.0 3.5 4.0 3,15

The radiation patterns in the principal planes are shown in Figure 5.8. The

patterns are broad in both the planes, with a maxima along the broad side direction.

The front to back ratio is 8 dB in both the planes. The cross polarization along the

maxima is better than -14 dB in both the planes. The measured patterns agree

reasonably well with the predicted patterns. Table 5.5 summarises the radiation
characteristics of the DRA in the b-a-d orientation at 3.115 GHZ.
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Experlment
Figure 5.8 Radiation Pattern of the DRA at the optimum bandwidth

position (f = 3.115 GHz) co-polar ..... .. cross-polar
feed line length = 2 cm truncated ground plane: 2 x 4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.6,1.2) cm

Even though the truncation of the ground plane results in reduction in gain of the

antenna, the radiation pattern is broad and the configuration is therefore highly

desirable for Mobile Communication applications where active circuitry can be

incorporated for compensating the reduction in gain. Table 5.6 compares the radiation

performance of the 2 cm fed DRA in the b-a-d orientation of the resonator for

different ground plane dimensions.

Half power On axis On axis
beam width F ront-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory 102 84 14 18 -12 -14
Experiment 96 94 8 8 -17 -14

Table 5.5 Radiation characteristics of the DRA at the optimum bandwidth
position (f = 3.115 GHz)
feed line length = 2 cm tmncated ground plane: 2 x 4 sq cm
DR-1 orientation : b-a-d (d.,d,) = (0.6,1.2) cm

Outcome of Numerical Computation and Experimental Observations
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Large ground plane Truncated ground plane

Optimum bandwidth (0.5, l .5) (0.6,l .2)
position (dx,dy) cm
Operating frequency band 2.956 — 3.281 3.01 — 3.32
(GHz)% bandwidth 10.2 9.95
Mode of operation TE’, ,5 TE‘, ,5
Polarisation Linear Linear
3 dB beamwidth

E plane 108° 96°H plane 90° 94°
Cross Polarisation (dB)E plane -21 -l 7H plane -35 -14
Front to back ratio (dB)E plane 15 8H plane l7 8
Maximum gain in the 7.9 3.6
operating band (dBi)
Size of the antenna with 4 x 4 sq cm 2 x 4 sq cm
feeding structure

Table 5.6 Radiation perfonnance of the DRA for different ground plane
dimensions measured at the optimum bandwidth position
DR-1 feed line length = 2 cm orientation : b—a-d
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5.1.1.8 Resonant behaviour at different positions of the DR with respect to

the feed

The radiation characteristics of the DRA at the optimum bandwidth position

of the DR on the feed line were discussed in depth in the preceding sections. This

section discusses the resonant behaviour of the antenna when the DR is placed at

discrete intervals of 0.25 cm along the x and y directions on a 2 cm feed [0 S d, S

0.75, 0 S d, S 1.5]. The experiment is repeated for all orientations of the DR. Figures

5.9 (1-2) illustrate the return loss characteristics for the b-a-d orientation on a large

ground plane.

Multi-mode behaviour is observed as the DR is moved with respect to the

feed line. The impedance matching of the dominant mode improves as the DR is

moved from the feed end to the source end (increasing dy). However, the resonant

behaviour changes drastically from d,,=1.25 cm onwards, where higher frequency

resonant modes gain dominance. The DRA exhibits similar behaviour at all the lateral

positions of the DR. When the DR is positioned at (d,.,d,}‘=(0.5,1.5), merging of two

modes at 3.04 GHz and 3.175 GHz leads to wide band characteristics (10.2%

bandwidth) as shown in Figure 5.9.2(a). This is the optimum bandwidth position as

explained in section.5.1.1.l [Figure 5.2]. The numerically evaluated results are

presented in Figure 5.9 beside the experimental results. It is found that for all the feed

point locations, the experimental and FDTD results are in close agreement. The slight

discrepancies may be due to the reasons outlined in Section 5.1.1.1.

An overall frequency variation of the dominant mode from 3.01 GHz to 3.235

GHz and bandwidth variation from 1.6 % to 10.2 % is observed experimentally as the

DR is displaced with respect to the feed line as indicated in Figure 5.10. The

corresponding variation of resonant frequency and % bandwidth computed

numerically is also presented in Figure 5.10. An overall frequency variation of the

dominant mode from 2.96 GHz to 3.202 GHz and bandwidth variation from 1.7 % to

6.1 % is observed. This shows that the FDTD method with First order Mur’s
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Absorbing boundary condition can predict the radiation characteristics of the

Rectangular DRA with reasonable accuracy.

Experiment F979o o - 3-10 10§ -2) 3 J)E E
5 —— u,.-o.5, I'=3.04GHz(-12dB), aw-1. S — uy=o.5, r=2.9s GHz(-12dB), am

40 ‘ — dy=0.15, f=3.1 GHz(-11dB). BW=2.2% 40+ — dy=0.75, f=3.12 GHz (- 11dB), BW=3.5'/u—— dy=1, f=3.07 GHz(—16dB),BW=3.9"/o — dy=1, l'=2.9B GHz (- 2JdB), BW=4‘'/n
— dy=1.25, f=3.175 GHz(-12dB),BW=2.4‘/. —— dy=1.25, f=3.1B9 GHz(-11dB).E|W=1.7'A

.,. — 4,-1.5, v-32:5 sun. ma), aw-use 4.. — a,-1.5.9-3.202 cuz(.11¢a),sw-use2.! 3:0 3'1 3:4 13 :0 3:2 3:4
frequency (GHz)

'3

Rotum Lou(dB) B B
— dy=O.5, l‘=3.0 I‘ z(-24dB), BW=4.4'/o j dy = 0.5, 1- 3.0 5 GHz (-27 dB). BW = 3.42%
— dy=O.15,f=3.0 5GHz (-24dB), BW=5.9% ? dy = 0-75. l= 3- 52 GH2 (-17 dB). 3W = 3-7%
: dy=1, f=3.085GHz (- 30dB), Bw=5.7-V. — dy =1.'= 3.1022 GHz(-31dB).BW = 3.9%

‘ j dY=1_25_[=3_115 GH;(.14d3)' 3w=5_z-/, 4, . — dy =1.25,l= 1.1586 GHz (-16 dB), SW = 3.3%
: ¢v-1_5_ y.;_1oGH1(.1g¢a)_ aw-730/, — dy -1.I,l- 3.1413 GH1(-10 118). SW I 3.4%2.3 3.0 3.2 3.4 " " '1 “Frequency (GHz)  F"‘|“"‘°Y l°"'l

d. = 0.25

Figure 5.9.1 Return loss characteristics of the DRA at different dy
locations of the DR(a) d, = 0 (b) d,. = 0.25 cm
feed line length = 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: b-a-d
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The resonant behaviour of the rectangular DRA at different positions in the b-a-d

orientation is summed up in Table 5.7.

Experiment F979

0 .

E -10 '
E

3....

5 — u,-0.5, I-3. Hz (-1: an), aw-2.1%
1: so -— dy-=o.75, i=3. GHz (-20 dB), Bw=s.J-/.

__ ¢y=1‘1=3_g55(;Hz(_3o .13,’ 3w=5_1% —— dy=1, f=2.9937 GHz (-21 = ), BW=5.5“/.
4° — a,=1.25, l=2l.115GHz(-16 an), aw-1.5-/. M 4_ ¢y=1.25, I-3.103 GH1(- v dB). BW-5.7%

— dy-1.0.1-J.‘I015GH1(-22 ca), aw-10.555 — °v'1-I. 7-8102 BN2 (-1! dB). BW-I-1%2.3 3.0 3.2 3.4 1-3 3-0 31 34
Frequency (GHz) (a) F"9'-'°"°Y (Gm)

cl. = 0.5o 0 ~
l10

— ay-0.5. I‘-2.9034 GH1(-15dB), BW-2.3%
-— dy=0.15, r=3.o11 GHz (-1 ma), aw=5.3-/.
— uy=1, r=2.9u Gm (425 as), aw=5,4=/.

_— dy=1.25, t=3.11 GHz(-14 dB), Bw=5.e-/. —

—— dyI0.5, ("10 l (-14 dB), BW=2.9%
Hz (-17 dB), BW=4.5%

— dy=1, (=3.085z (-35 dB), BW=5.4“/o

Rotum l:ou(dB)8 3 O.
‘<
s'$ ~l OI ifG O Rotum Lon(dab isO O

40 4° dy=1.25, f=J.154 GHz (-11 dB), BW=2.2'/o
—— dy-1.5. I-3.1'I5GHl (-14 dB), BW-0.3% — 11,-1.5, 9I3.02I5 GHI (-17 dB), BW-5.0%2.8 3.0 3.2 3.4 2.8 3.0 3.2 3.4F"1l|llM=V(G|'|l) F"Q\|0l‘|€Y(°Hl)

(D)
d. = 0.75

Figure 5.9.2 Return loss characteristics of the DRA at different d,
locations of the DR
(a) d. = 0.5 cm (b) d, = 0.75 cm
feed line length = 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: b-a-d
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°-°° “-35 ,,l (cm, 0-50 0-75 o.oo 0.25 ‘I M“ 0.50 0.75
-0- 11,-0.5 cm (2.00 GI-lz lo 3.04 Griz) -0- dy-0.5 cm Mu BIN I 4.3%
-0- dy-0.75 cm (3.011 GHz to 3.12 GHz) -0- dy-0.75 cm Mu aw I 5.3%
-0- dy=1I:m(Z.9l GHz to J.1GHz) -0- dy=1 cm Max EIW = 6.5%
-0- dy-1.25 cm H.154 GHz to 3.1” GHx) -0- dry-1.26 cm Mu BW - 5.7‘/.
-0—ly-1.lan(J.O8flInoI.1D1OHz) -0—¢y-1.S¢unluH-0.156

(b)
FDTD

Figure 5.10 Variation in the resonant behaviour of the DRA with the
position of the DR on the feed
(a) Experiment (b) FDTD
feed line length : 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: b-a-d
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Resonant frequency (GHz) % Bandwidth
dy d, (cm) dy d, (cm)(cm) (cm)0 0.25 0.5 0.75 0 0.25 0.5 0.75
0.5 3.04 3.01 3.04 3.04 0.5 3 3.42 4.3 2.3
0.75 3.1 3.025 3.04 3.055 0.75 3.5 3.7 3.95 5.3
1 3.07 3.085 3.055 3.085 1 4 3.9 5.5 5.4

1.25 3.175 3.175 3.175 3.175 1.25 1.7 3.3 5.7 2.2
1.5 3.235 3.16 3.04 3.175 1.5 5.1 3.4 6.1 5.6

(3)
Experiment

Resonant frequency (GHz) % Bandwidth
dy d. (cm) dy d, (cm)(cm) (cm)0 0.25 0.5 0.75 0 0.25 0.5 0.75
0.5 2.99 3.04 3.01 2.96 0.5 1.6 4.4 2.1 2.9
0.75 3.12 3.07 3.07 3.011 0.75 2.2 5.9 5.3 4.5
1 2.98 3.1 2.99 2.98 1 3.9 5.7 5.1 5.4

1.25 3.189 3.16 3.16 3.154 1.25 2.4 5.2 2.7 5.6
1.5 3.202 3.14 3.202 3.03 1.5 6 7.2 10.2 6.3

(D)
FDTD

Table 5.7 Resonant behaviour of the DRA at various positions of the DR
on the feed line
(a) Experiment
(b) FDTD

feed line length : 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: b-a-d
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5.1.1.9 Characteristics for varying feed lengths

The characteristics of the DRA in the b-a-d orientation excited by a 50!)

Microstrip Line feed of length 2 cm were described in the preceding sections. This

section describes the characteristics for varying feed lengths. Figure 5.11 shows the

theoretically predicted and experimentally measured return loss characteristics of the

DRA at the optimum bandwidth position when the feed length is increased to 3 cm.

The FDTD method predicts 147 MHZ bandwidth (4.5%) at 3.2063 GHz in a band

operating from 3.123 GHz to 3.27 GHz at the position (d,,d,,) = (0,0.5)cm. A resonant

mode at 3.265 GHZ operating from 3.145 GHz to 3.37 GHz, exhibiting 225 MHz

bandwidth (6.9%) is observed experimentally. The fractional difference between the

experimentally measured and numerically computed resonant frequency is +1 .8%.

Return Loss (dB)

-30 
—- FDTD

Experiment

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

Figure 5.11 Return loss characteristics of the DRA at the optimum
bandwidth position.
feed line length = 3 cm large ground plane: 5x4 sq cm
DR-1 orientation: b-a-d (d.,d,) = (0.05) cm

The radiation patterns are broad in both the planes as shown in Figure 5.12. The fi'ont

to back ratio along the maxima is 16 dB and 28 dB in the E and H planes

respectively. The cross polarization along the maxima is better than -11 dB in both

the planes. The experimentally measured radiation patterns agree well with the
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numerically computed patterns as evident from the figure. The radiation
characteristics of the DRA are summarised in Table 5.8.

E plane

Experiment
Figure 5.12 Radiation Pattern of the DRA at the optimum bandwidth

position (f = 3.265 GHz) co-polar  cross-polar
feed line length = 3 cm large ground plane: 5x4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.05) cm

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory 103 100 15 16 -14 -6
Experiment 100 98 16 28 -12 -l 1

Table 5.8 Radiation characteristics of the DRA at the optimum

In the optimum resonant band centred at 3.265 GHz, the 3 cm fed DRA in the b-a-d

orientation exhibits linear polarization along the longer dimension ‘a’ of the DR,

parallel to the feed axis. However the radiation coverage is better than that of the 2

cm fed DRA. The DRA exhibits an average gain of 8.7 dBi in the optimum resonant

bandwidth position (f = 3.265 GHz)
feed line length = 3 cm large ground plane: 5x4 sq cm

orientation : b-a-dDR-1 (dXvdY) = (0.05) cm
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band as shown in Figure 5.13. it is observed that this configuration offers more gain

compared to the 2 cm feed, though the bandwidth displayed is less.

Gain (dB!)

in 0

average gain In the optimum band = 8.7 dB!
.10 .

3.24 3.20 3.32
Frequency (GHz)

Figure 5.13 Gain of the DRA measured in the optimum band
feed line length = 3 cm large ground plane: 5 x 4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.05) cm

Figure 5.14 shows the return loss and gain characteristics of the DRA measured at the

optimum bandwidth position [(dx,dy) = (O.6,2.5)cm] when the ground plane is

truncated at the end of the 3 cm feed. A low frequency resonant mode at 3.085 GHZ

operating from 2.996 GHz to 3.183 GHZ with 187 MHz bandwidth (5.93%), offering

6.2 dBi gain is observed.

10 1
0 4

E .5 ifi /\/V 5:40 § 0E45 53 -20 -6
.25 — r- 3.055 GHz(z99e-3.1e:)GI-iz ssassaw -10 "°"°‘ °"""'""°P“"“"" '“""‘-N3‘
-301.0 1.5 2.0 2.5 3.0 3.5 4.0 3_oo 3.04 3,03 ;_1z ;_1g

Frequency (GH!) Frequency (GHz)(3) (b)
Figure 5.14 Characteristics of the DRA measured at the optimum

bandwidth position (a) Return loss (b) Gain
feed line length = 3 cm truncated ground plane: 3 x 4 sq cm
DR-1 orientation : b-a-d (d,.,dy) = (0.625) cm

Chapter 5



166

The experimentally measured radiation patterns of the 3 cm line fed DRA in the

truncated ground plane configuration is shown in Figure 5.15. The front to back ratio

along the maxima is 16 dB and 25 dB in the E and H planes respectively. The cross

polarization along the maxima is better than -19 dB in both the planes. The H plane

pattern is broader than the E plane pattern. The radiation characteristics are
summarised in Table 5.9.

Figure 5.15 Radiation Pattern of the DRA measured at the optimum
bandwidth position (f = 3.085 GHz)

co-polar .... .. cross-polar
feed line length = 3 cm truncated ground plane: 3 x 4 sq cm
DR-1 orientation 2 b-a-d (d,.d,) = (062.5) cm

When the DRA is excited by the 3 cm feed on a truncated ground plane, the

half power beam width is reduced very much at the optimum bandwidth position and

hence this antenna configuration is not suited for Mobile communication / W-LAN

applications. However it may find applications where directional beam is a

requirement.

Figrre 5.16 shows the return loss characteristics of the DRA in the b-a-d

orientation at the optimum bandwidth position of the resonator, when the length of

the Microstrip Line feed is increased to 4 cm. The FDTD method predicts 174 MHz

bandwidth (5.2%) at 3.3322 GI-Iz in a band operating fi'om 3.249 GHz to 3.423 GHz

at the position (dx,d,) = (0.5,1) cm.
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Half power Front-to- Cross
beam width Back Polarisation

Ratio along along the
the maxima maxima

(degree) (dB) (dB)E H E H E H
plane Plane plane plane plane plane44 86 16 25 -20 -19

Table 5.9 Radiation characteristics of the DRA measured at the
optimum bandwidth position (f = 3.085 GHz)
feed line length = 3 cm truncated ground plane: 3x4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (06.25) cm

Return Loss (dB)

—— FDTD
Experiment

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

Figure 5.16 Return loss characteristics of the DRA at the optimum
bandwidth position.
feed line length = 4 cm large ground plane: 6 x 4 sq cm
DR-1 orientation: b-a-d (d,.,d,,) = (05.1) cm

A resonant mode at 3.325 GHZ operating from 3.237 GHz to 3.45 GHz exhibiting

213 MHZ bandwidth (6.4%) is observed experimentally. The fractional difference

between the experimentally measured and numerically computed resonant frequency

is — 0.22%. Figure 5.17 shows the radiation patterns of the 4 cm line fed DRA in the

b-a-d orientation of the resonator. The front to back ratio along the maxima is 8 dB

and 19 dB in the E and H planes respectively. The cross polarization along the

maxima is better than — 16 dB in both the planes. The H plane pattern is broader than

the E plane pattern. The radiation characteristics are summarised in Table 5.10.
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Figure 5.17

: Experiment

Radiation Pattern of the DRA at the optimum bandwidth
position (f = 3.325 GHz) : co-polar  cross-polar
feed line length = 4 cm large ground plane: 6 x 4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.5,1) cm

In the optimum resonant band centred at 3.325 GHZ, the antenna exhibits linear

polarization along the longer dimension ‘a’ of the DR, parallel to the feed axis. The

DRA exhibits an average gain of 6.1 dBi in the optimum resonant band as shown in

Figure 5.18.

Table 5.10

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane planeTheory 60 92 8 17 -28 -16

Experiment 58 84 8 19 -16 -17

Radiation characteristics of the DRA at the optimum
bandwidth position (f = 3.325 GHz)
feed line length = 4 cm large ground plane: 6x4 sq cm
DR-1 orientation : b-a-d (d,.,d,) = (0.5,1) cm
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53
E 0 .................................................................................. ..
G0

_5 .

average galn In the optimum band - 6.1 dBI
-10 

3.28 3.32 3.36 3.40 3.44
Frequency (GHz)

Figure 5.18 Gain of the DRA measured in the optimum band
feed line length = 4 cm large ground plane: 6 x 4 sq cm
DR-1 orientation : b-a—d (d,.,d,) = (05.1) cm

Figure 5.19 shows the return loss and gain characteristics of the DRA at the optimum

bandwidth position [(d,,d,) = (O.6,2.8)cm] when the ground plane is truncated at the

end of the 4 cm feed. A low frequency resonant mode at 3.085 GHz operating from

2.707 GHz to 3.172 GHz exhibits 465 MHz bandwidth (15.1%), offering an average

gain of 5.74 dBi in the operating band.

7 ttttttttttt \f” .~/-—*&
“\/

u0

Return Lou (dB)

inO Bah (OBI)

O

on average gun in Ihe optimum band = 5.74dBi
:- had 335 OH; (1.701~.‘|.111)0l-I1 1l.1%BW -10

1.0 1.5 2.0 1.5 an 3.5 u 3“ M, 3“ 3."F"‘l"'WV 19"!) s,-wu'.;y (gm)(3) (b)
Figure 5.19 Characteristics of the DRA measured at the optimum

bandwidth position (a) Return loss (b) Gain
feed line length = 4 cm truncated ground plane: 4 x 4 sq cm
DR-1 orientation : b-a—d (d.,d,,) = (0.6,2.8) cm
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The experimentally measured radiation patterns of the 4 cm line fed DRA in the

truncated ground plane configuration are shown in Figure 5.20. The front to back

ratio along the maxima is 7 dB and 15 dB in the E and H planes respectively. The

cross polarization along the maxima is better than — 13 dB in both the planes. The H

plane pattern is broader than the E plane pattern. The radiation characteristics are

summarised in Table 5.1 1. This antenna configuration also offers broadband coverage

and moderate gain and can find use in Mobile Communication applications.

Figure 5.20 Radiation Pattern of the DRA measured at the optimum
bandwidth position (f = 3.085 GHz)co-polar  cross-polar
feed line length = 4 cm truncated ground plane: 4x4 sq cm
DR-1 orientation : b-a-d (d,.,dy) = (0.6,2.8) cm

Half power Front-to- Cross
beam width Back Polarisation

Ratio along along the
the maxima maxima

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane60 1 10 7 15 -13 -20

Table 5.11 Radiation characteristics of the DRA measured at the
optimum bandwidth position (f = 3.085 GHz)
feed line length = 4 cm truncated ground plane: 4x4 sq cm
DR-1 orientation: b-a-d (d,.d,) = (062.8) cm
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The investigations described above suggest that the length of the feed line as

well as the dimensions of the ground plane are important parameters determining the

resonant behaviour of the DRA. Figure 5.21 illustrates the return loss characteristics

at the optimum bandwidth position of the DRA in the b-a-d orientation, when excited

by feed lines of lengths ranging from 2 cm to 9 cm on large and truncated ground

plane configurations. The variation in resonant frequency and bandwidth of the

dominant mode for varying feed lengths and ground plane dimensions is illustrated in

Figure 5.22. As the feed length is increased from 2 cm to 9 cm, the resonant

frequency at the optimum bandwidth position of the resonator upon a large ground

plane exhibits a variation from 2.95 GHz to 3.34 GHZ. The 2:1 VSWR bandwidth

varies from 5.02% to 13.4%. In the truncated ground plane configuration, the

frequency varies from 2.875 GHz to 3.2275 GHz, and the bandwidth varies from 4.6

% to 15.1%.

The experimental results described above suggest that in comparison with the

larger ground plane, the truncated ground plane excites lower resonant frequencies

with relatively good bandwidth performance. The overall size of the antenna

configuration is also reduced. However, a decision on a configuration suitable for a

particular application can be made only after the gain and radiation patterns are

compared.

The experimentally measured gain in the optimum band of the DRA in the b-a

d orientation, when excited by feed lines and ground planes of varying dimensions are

shown in Figure 5.23 (1-2). The variation in the average gain is summarised in Figure

5.24. The superior gain performance of the large ground plane configuration is

evident from the figure. The truncated ground plane configuration exhibits moderate

gain. The overall compactness of truncated ground plane may be exploited where the

reduction in gain is compensated by integrating suitable amplifier circuits. Table 5.12

summarises the variation in radiation characteristics of the DRA with feed length and

ground plane dimensions.
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Figure 5.21 Return loss characteristics of the DRA for varying
feed lengths and ground plane dimensions
measured at the optimum bandwidth position
DR-1 orientation : b-a-d
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Feed line length (cm)

Resonant frequency of the dominant mode (GHz)

(3)

-0- large ground plane
-0- truncated ground plane

% Bandwidth of the dominant mode 4 I I I I I I2 3 4 5 6 7 8 9
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Figure 5.22 Variation in resonant behaviour of the DRA with feed
length and ground plane dimensions measured at the
optimum bandwidth position
(a) Resonant frequency (b)% BandwidthDR-1 orientation : b-a-d
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Figure 5.23.2 Gain of the DRA measured in the optimum band
for varying feed lengths on a truncated ground
planeDR-1 orientation : b-a-d
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-v— large ground plane I
-v— truncated ground plane

Gain (dBi)

2 3 4 5 3  is 9
Feed line length (cm)

Figure 5.24 Variation in gain of the DRA with feed length and
ground plane dimensions measured in the
optimum bandDR-1 orientation : b-a-d

Feed Large Ground plane Truncated Ground plane

Fne Resonant Avg Resonant Avgength Freq %BW gain Freq %BW gain(°'“) (GHz) (dBi) (GHz) (dBi)
2 3.175 10.2 7.15 3.115 9.95 2.1
3 3.265 6.9 8.7 3.085 5.93 6.2
4 3.325 6.4 6.1 3.085 15.1 5.74
5 3.34 5.9 7.4 3.07 5.3 3.56
6 3.085 5.02 7.5 2.935 6.5 4.5
7 3.055 13.4 5.3 3.01 8.73 2.7
8 3.19 7.05 7.52 2.875 4.6 4.82
9 2.95 5.8 3.8 3.2275 7.75 2.8

Table 5.12 Variation in radiation characteristics of the DRA with feed
length and ground plane dimensions measured at the optimum
bandwidth positionDR-1 orientation : b-a-d
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The principal plane radiation patterns are measured in the b-a-d orientation of

the resonator for feed lengths varying from 2 cm to 9 cm. The gain performance of

the DRA excited by varying feed lengths described in the previous section indicate

that in the b-a-d orientation good gain is exhibited by all the feed lines except the 9

cm feed in the large ground plane configuration. The characteristics obtained from the

radiation pattern measurements are summed up in Table 5.13. The patterns of the

DRA excited by the 2 cm, 3 cm and 4 cm feeds were described in the previous

sections. Figure 5.25 shows the principal plane pattems of the DRA excited by the 5

cm, 6 cm and 8 cm feeds.

Half power Front-to- Cross
A beam width Back PolarisationE Avg Ratio along the'8 V Gain along the maxima0 -'-= 1.1.. 1333 maxima
§ (dBi) (degree) (dB) (dB)E H E H E H

plane plane plane plane plane plane
2 7.15 103 90 15 17 -21 -35
3 3.7 100 36 16 25 -12 -19
4 6.1 53 34 3 19 -16 -17
5 7.4 64 39 3 14 -11 -11
5 7.5 102 65 11 16 -13 -24
7 5.3 64 72 15 13 -9 -25
3 7.52 144 116 3 7 -13 -11
9 3.3 34 110 6 7 -0.3 -20

Table 5.13 Radiation pattern characteristics of the DRA for varying feed
lengths measured at the optimum bandwidth position
DR-1 large ground plane orientation : b-a-d
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1" feed length = 5 curon no.. 3.34 GHz

1" feed length = 6 cum
3.085 GHz

‘'0 feed length = 8 cum no
3.19 GHz

Figure 5.25 Radiation Pattern of the DRA for varying feed lengths
measured at the optimum bandwidth position

— co-polar .... .. cross-polar
DR-1 large ground plane orientation : b-a-d
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The results discussed in the previous sections are based on the observations at

the optimum bandwidth position of the DR. It is seen that the optimum bandwidth

positions are not always symmetric with respect to the feed axis. It also varies with

feed length and orientation. Figure 5.26 clearly illustrates two positions of the DR in

the b-a-d orientation at dx=0.5b (the symmetrical position) and dx=0 (DR edge lying

along the feed axis). dx < O.5b indicates a displacement to the left from the

symmetrical position, and d, > 0.5b indicates a displacement to the right from the

symmetrical position.

Similarly 0< dy < a indicates that the feed line ends within the DR. In the

remaining positions (dy 2a), the configuration behaves like a DR loaded Microstrip

line. The experimental observations suggest that this situation prevails at a majority

of the optimum bandwidth conditions. Table 5.14 summarises the experimentally

observed optimum bandwidth positions of the DR in the b-a-d orientation, when

excited by feeds of varying lengths

=1j9 =119cm‘
DR

a = 2.25 cm

= 2.25 cm

a

P11

.feed.line...

fee oint(8) (b)
Figure 5.26 Lateral positions of the DR with respect to the feed axis

(d,.,d,) - distance of the DR vertex ‘P’ from the reference
point along the x and y direction respectivelyDR-1 orientation: b-a-d
(a) symmetrical (b) asymmetrical

Chapter 5



180

cm
large (4 x 4) 0.5,1.5

2 truncated (2 x 4) 0.6,] .2

large (5 x 4) 0,0.5
3 truncated (3 x 4) 0.6,2.5

large (6 x 4) 0.5,]
4 truncated (4 x 4) 0.6,2.8

large (7 x 4) 0.15,]
5 truncated (5 x 4) 0.6,2.6

large (8 x 4) 0.6,2.5
6 truncated (6 x 4) 0,4.5

large (9 x 4) 0,2
7 truncated (7 x 4) 0.6,2.6

large (10 x 4) 0,2.5

8 truncated (8 x 4) 0.6,3.7

large (ll x 4) 0.5,3
9 truncated (9 x 4) 0.6,2.5

Table 5.14 The optimum bandwidth positions of the DRDR-1 orientation: b-a-d
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5.1.1.10 Resonant behaviour of the DRA when the DR is placed

symmetrically with respect to the feed axis

The dependence of the characteristics of the DRA on the dimensions of the

feed line and ground plane at the optimum bandwidth position of the DR has been

discussed in the preceding sections. The perfonnance at varying positions of the DR

with respect to the feed axis was also analysed. This section discusses the resonant

behaviour of the DRA experimentally measured for varying feed lengths when the

DR in the b-a-d orientation is placed at a symmetrical position with respect to the

feed axis (dx = b/2) at dy = 0.5 cm. The influence of the feed line length at positions

other than the optimum bandwidth position is therefore investigated. Figure 5.27

illustrates the variation in resonant frequency and % bandwidth of the DRA with feed

length on a large ground plane.

3.8 7

_ _ --Lev frequency 13.01 GHzlo 3.67 GHz.i,.' Q 1.’3.5 -  '-, --O- as bandwidth : 3.733; to usen .-°'   .
_, 3.4 >.  .. 3E’ O’ "-0.: .... .. 5 Eg .- .- ~. -. .-  33-2 ' ~' '15.. .'-.-L? ------   .’Jg in  I , * « _.»  ..... ~ ,.l-L .' ‘. ._. . _. 43.0 1 1 '._ .
2.8 . . . . . . . 32 3 4 5 s 1 s 9

Feed line length (cm)

Figure 5.27 Variation in resonant frequency and % bandwidth of the
DRA with feed length measured at a symmetrical
position of the DR
(d,,d,) = (b/2, 0.5) cm large ground planeDR-1 orientation : b-a-d

The varying feed lengths excite frequencies ranging from 3.01 GHz to 3.67 GHz,

with an average bandwidth of 4.9%. Low frequency resonant bands (3.01-3.205

GHz) are excited by all the feeds except the 9 cm feed, which excites 3.67 GHz. The
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2 cm feed excites the lowest frequency, with a bandwidth of 4.5%. Maximum

bandwidth of 6.4% is exhibited by the 4 cm fed DRA at 3.19 GHz and the minimum

bandwidth of 3.73% at 3.19 GHz by the 6 cm fed DRA. The resonant characteristics

are summarised in Table 5.15.

FeedLength
(Cm)2 3 4 5 6 7 3 9

Fm‘ 301 3325 319 319 319 316 3205 3.67(GHZ) . . . . . . .
%BW 4.5 5.9 6.4 3.9 3.73 4.96 4.92 4.93

Table 5.15 Resonant behaviour of the DRA for varying feed
lengths measured at a symmetrical position of the DR
(d,.,d,) = (b/2.0.5) cm large ground planeDR-1 orientation : b-a-d

The return loss characteristics measured at the symmetrical position of the

DR for varying feed lengths are shown in Figure 5.28. It is observed that the feed

length has a profound effect on the input impedance, thereby influencing the
reflection characteristics.

0 .E . §_- :5 5E E§ ' 2
1 j If = 2 cm: 3.01 GHZ 4.5% BW & —— If 3 C I: 3.19 GHZ 3.73‘/u BW

-: If = 3 cm: 3.325 GHZ 5.9‘/u BW |[ = 7 C 3.15 GHZ 4.96‘/u BW
_3o . j l[ = 4 cm: 3.19 GHZ 5.4% BW -30 T l1= 3 E 3,205 GHZ 4.92"/u BW

j If = 5 cm: 3.19 GHZ 3.9‘/o BW I1‘ 9 I: 3.87 GHl 4.93‘/u BW

2.3 3.0 3.2 3.4 3.5 3.3 4.0 2‘ 3_o 31 34 33 1. to
-'|‘WlII0|‘|¢v (GHI) Frequency (Gllz)(3) (b)

Figure 5.28 Return loss characteristics of the DRA for varying feed lengths
measured at a symmetrical position of the DR
(a) feed length = 2 cm to 5 cm (b) feed length = 6 cm to 9 cm
large ground plane (d,,d,) = (b/2.0.5) cmDR-1 orientation: b-a-d

Outcome of Numerical Computation and Experimental Observations



183

5.1.1.11 Salient features of the b-a-d orientation

The b-a-d orientation is the most compact among the various orientations

of the rectangular DR upon the feed line. At 3.175 GHz the 2 cm line fed DRA offers

~59% size reduction with respect to a rectangular Microstrip antenna resonating at the

same frequency. Tables 5.12 and 5.13 sum up the characteristics of this orientation.

The varying feed line lengths on a large ground plane excite frequencies in the S

band, providing an average gain of 6.7 dBi and average 2:1 VSWR bandwidth of

7.6%. The 3 cm feed offers the maximum gain (8.7 dBi). The lowest resonant

frequency (2.95 GHz) is excited by the 9 cm feed and maximum bandwidth (13.4%)

is provided by the 7 cm feed. The radiation patterns are generally broad - the average

half-power beam width along the E plane and H plane being 850 and 89° respectively.

The 8 cm line fed DRA offers the broadest radiation pattern with 144° and 1 16° half

power beam width respectively in the E and H planes [Figure 5.25]. The 2 cm line fed

DRA is the most attractive among all the configurations; offering 10.2% bandwidth,

7.15 dBi average gain and broad radiation patterns in an operating band centred at

3.175 GHz. In addition, this compact antenna configuration exhibits good cross

polarisation characteristics.

The truncated ground plane configuration exhibits an average gain of 4.1

dBi and average bandwidth of 10.6% for varying feed lengths. The performance is

therefore relatively inferior to that of the large ground plane configuration.

Nevertheless, it acquires significance where the size of the antenna is of priority. The

4 cm line fed DRA in the truncated ground plane configuration is strikingly different

from the rest [Figure 5.22(b)], offering 15.1% bandwidth and 5.74 dBi average gain

in an operating band centred at 3.085 GHZ [Figure 5.23.2].

The investigations performed on the Dielectric Resonator Antenna

incorporating the rectangular resonator sample DR-1 in the b-a-d orientation confirm

the dependence of the antenna characteristics upon the feed length, ground plane

dimensions and position of the DR.
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5.1.2 The a-b-d orientation

The a-b-d orientation is also a low profile configuration [aspect ratio=0.47].

A schematic representation and 3D view of this orientation is shown in Figure 5.29.

The distance of the reference vertex ‘P ’ from the feed axis and the feed end indicate

the position of the DR along the x and y axes (dx,d,) respectively. The radiation
characteristics of the 2 cm line excited DRA in the a-b-d orientation of the resonator

for varying feed line lengths and ground plane dimensions are discussed in this
section.

+~—~—:Wge~—>
ZA

Y

b-d$2.. 3 Y
P

(dud?)

Large ground plane

Feed point(a) (b)
Figure 5.29 The a-b-d orientation of the DR

substrate: 3, = 4.28, h = 0.16 cm
DR-1 a x b x d = [2.25 x 1.19 x 0.555] cm3
(a) schematic lay out (b) 3D view

5.1.2.1 Return Loss Characteristics

The return loss characteristics of the DRA are computed numerically

employing the FDTD method and the position of the DR with respect to the feed line

(dx,d,) is optimised for maximum 2:] VSWR bandwidth. The numerical results are

validated experimentally as shown in Figure 5.30. Theoretically the antenna is found

to resonate at 3.3669 GHz in a band operating from 3.2888 GHz to 3.445 GHZ with
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156.2 MHz bandwidth (4.82%) when placed at (dx,dy) =(l.25,l) cm. Maximum 2:]

VSWR bandwidth is experimentally observed in a band centred at 3.4675 GHz and

operating from 3.2435 GHZ to 3.69 GHZ when two resonant modes at 3.325 GHz and

3.61 GHz combine to display a bandwidth of 446.5 MHZ (12.9%). The fractional

difference between the experimentally measured and numerically computed resonant

frequency is +2.9%.

E3
to
In0
_l
E3
'6
0! -20  — FDTD

—- Experiment-30 V I 1 I I1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

Figure 5.30 Return loss characteristics of the DRA at the optimum
bandwidth position.
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: a-b—d (dx,dy)= (1.25,1)cm

The accuracy of the FDTD analysis in predicting the resonant frequency of

the antenna is evident from the figure. However, the bandwidth measured

experimentally is considerably larger due to the merging of the two closely spaced

modes. The resonant frequency at the optimum position of the a-b—d orientation is

slightly greater than that of the b-a-d orientation.
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5.1.2.2 Radiation Pattern

The co-polar and cross-polar radiation patterns in the a-b-d orientation of the

resonator at the centre frequency of the operating band are shown in Figure 5.31. The

experimental radiation patterns agree reasonably well with the theoretical curves. The

patterns are broad in both the planes. Table 5.16 summarises the radiation
characteristics of the DRA in the a-b-d orientation.

: Experiment
Figure 5.31 Radiation Pattern of the DRA at the optimum bandwidth

position (f = 3.4675 GHz) _ co-polar  cross-polar
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: a-b-d (d,.,d,) = (1 .25,1) cm

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory 100 75 20 19 -12 -ll
Experiment 130 94 15 18 -5 -5

Table 5.16 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 3.4675 GHz)
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: a-b-d (d,.d,,) = ( 1.25.1) cm
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The half-power beam width measured in the E plane measured is considerably large

and hence well suited for Mobile Communication applications. However, the cross

polarization is only -5 dB. A pattem of this kind is desirable in mobile handset

antenna applications.

5.1.2.3 Polarization

The DRA in the a-b-d orientation exhibits linear polarization in the optimum

resonant band centred at 3.4675 GHz. The polarization of both the resonant modes

within the operating band is along the dimension ‘b’ of the DR, parallel to the feed

axis. The analysis confirms this result.

5.1.2.4 Gain

The DRA exhibits 7.8 dBi gain in the optimum resonant band as shown in

Figure 5.32. The gain is comparable to that exhibited by the antenna in the b-a-d

orientation of the resonator as discussed in Section 5.1.1.4.

Galn (dB|)

O

avenge gain In the optimum band -7.8 dB!
-10 

f3.20 1.32 3.2.10 3:40
Frequency (GHz)

Figure 5.32 Gain of the DRA measured in the optimum band
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : a-b-d (d,,d,) = (1 .25,1) cm
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5.1.2.5 Resonant Mode

The field distribution within the DR simulated using the commercially

available software - HFSST”, at the numerically predicted fi'equency (3.3669 GHz) is

shown in Figure 5.33 (a). The variation of the nonnalized Magnetic field monitored

experimentally by a loop probe along the three dimensions is shown in Figure

5.33(b).

z1 Id!
X
la!

0

Y

‘b

Figure 5.33 (a) Simulated H field distribution within the DR at the optimum
bandwidth position f= 3.3669 GHz
feed line length = 2 cm large ground plane: 4x4 sq cm
DR-1 orientation : a-b—d (d.,d,) = (1 .25,1) cm

> AI V I Va b
Figure 5.33 (b) Variation of the normalized Magnetic field distribution

along the dimensions ‘a’, ‘b’ and ‘d’ of the DR monitored
experimentally TE’1o5 mode
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : a-b—d (dx,dy) = (1 .25,1) cm

Outcome of Numerical Computation and Experimental Observations



189

The fields undergo one half-wave variation along the dimension ‘a’ and

remains constant along dimension ‘b’. They undergo less than a half-wave variation

along dimension ‘d’. The resonant mode is therefore identified as TEZIO5. FDTD

theory also predicts similar results.

5.1.2.6 Compactness

In order to ascertain the compactness of the DRA in the a-b-d orientation at

3.4675 GHz, the antenna is compared with a circular and rectangular Microstrip

antenna resonating at the same frequency. Table 5.17 provides a comparison of the

dimensions of different antennas operating at 3.4675 GHz. The DRA incorporating

the resonator in the a-b-d orientation is found to exhibit 50.5% and 37.2% reduction

in the cross-section area with respect to a rectangular and circular Microstrip antenna

designed to operate at the same frequency.

Cross-sectional
DimensionsAntenna (cm) area

(Sq Cm)
DRA in the a-b-d Length(a) = 2.25 (b x a)
orientation Width (b) = 1.19 2.7
Rectangular Length = 2.05 5.45
microstrip antenna Width = 2.66

Circular microstrip Radius = 1.17 4.3
antenna

Table 5.17 Dimensions of different antennas operating at 3.4675 GHz

5.1.2.7 Truncated ground plane configuration

In the previous section the experimental observations of the rectangular DRA

on a large ground plane was presented. The effect of the truncated ground plane is

presented in this section. Figure 5.34 shows the return loss characteristics and gain of

the DRA at the optimum bandwidth position [(d,,d,) = (1.1,0.9) cm] in the a-b-d
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orientation of the resonator. Numerical computation predicts a dominant resonant

mode at 3.5631 GHz and a higher order mode at 3.753 GHz in a band centred at

3.645 GHZ, operating from 3.428 GHz to 3.83 GHz and displaying maximum 2:1

VSWR bandwidth of 402 MHz (l1.03%). Two resonant modes are experimentally

observed at 3.535 GHz and 3.895 GHz, which combine to display 519 MHz

bandwidth (13.9%) from 3.415 GHz to 3.934 GHz in a band centred at 3.715 GHz.

The fractional difference between the measured and predicted frequency is 1.9 %.

10<

average gain in the optimum band = 4.5dBi
.10 .

3.52 3.50 3.00
Frequency (GHz)

('3)

3.“ 3.4!

Figure 5.34 Characteristics of the DRA measured at the optimum bandwidth
position(a) Return loss (b) Gain

truncated ground plane: 2 x 4 sq cmfeed line length = 2 cm
DR-1 orientation : a-b-d (d,.d,) = (1.1, 0.9) cm

The truncation of the ground plane is found to increase the resonant

frequency and also enhance the bandwidth. The DRA exhibits 4.5 dBi gain in the

optimum resonant band. Therefore, in comparison with the resonant behaviour of the

DRA on a large ground plane, the truncated ground plane configuration exhibits

maximum bandwidth in a higher frequency band, with slightly reduced gain, thus

leading to deterioration of the antenna characteristics in the a-b-d orientation.
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The radiation patterns in the principal planes are shown in Figure 5.35. The

patterns indicate broad radiation coverage along the E plane and H plane. Table 5.18

summarises the radiation characteristics of the DRA in the truncated ground plane

configuration.

E plane H plane

Experiment
Figure 5.35 Radiation Pattern of the DRA at the optimum bandwidth

position (f = 3.715 GHz) co-polar  cross-polar
feed line length = 2 cm truncated ground plane: 2x4 sq cm
DR-1 orientation: a-b-d (d,,.d,) = ( 1.1.0.9) cm

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory H6 110 12 13 -16 -15
Experiment l20 106 7 10 -l 5 -10

Table 5.18 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 3.715 GHz)
feed line length = 2 cm truncated ground plane: 2x4 sq cm
DR-1 orientation 2 a-b-d (d,..d,) = (1.1.0.9) cm
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Table 5.19 compares the radiation performance of the 2 cm fed DRA in the a

b-d orientation of the resonator for different ground plane dimensions. It is observed

that the overall radiation perfonnance of the antenna is superior for the large ground

plane configuration.

Large ground plane Truncated ground plane

Optimum bandwidth (1.25,l) (1 .1,0.9)
position (dx,dy) cm
Operating frequency band 3.2435-3.69 3.415-3.934
(GHz)% bandwidth 12.9 13.9
Mode of operation TE‘,05 TEZN5
Polarisation Linear Linear
3 dB beamwidth

E plane 130° 120°H plane 94° 106°
Cross Polarisation (dB)E plane -5 -15H plane -5 -10
Front to back ratio (dB)E plane 15 7H plane 18 10
Maximum gain in the 8.4 5.6
operating band (dBi)
Size of the antenna with 4 x 4 sq cm 2 x 4 sq cm
feeding structure

Table 5.19 Radiation perfonnance of the DRA for different ground
plane dimensions measured at the optimum bandwidth
position
DR-1 feed line length = 2 cm orientation : a-b-d
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5.1.2.8 Resonant behaviour at different positions of the DR with respect to

the feed

The radiation characteristics of the DRA at the optimum bandwidth position

of the DR on the feed line were discussed in the preceding sections. This section

discusses the resonant behaviour of the antenna when the DR is placed at discrete

intervals of 0.25 cm along the x and y directions on a 2 cm feed [0.25 sd, 5 2, 0.55

dys l]. The experiment is repeated for all orientations of the DR. Figures 5.36 (1-3)

illustrate the return loss characteristics for the a-b-d orientation on a large ground

plane.

Multi-mode behaviour is observed as the DR is moved with respect to the

feed line. Two resonant modes are observed along all dy positions at d, = 0.25 cm, as

illustrated in Figure 5.36.1(a). When the DR is shified laterally to d, = 0.75 cm as

shown in Figure 5.36.1(b), the impedance matching of the lower mode deteriorates,

while that of the higher mode improves considerably. Resonant modes at an

intermediate frequency (~3.4 GHZ) display moderate bandwidth (~8%) when the DR

is positioned laterally at d, = 1.25 cm as shown in Figure 5.36.2 (a). Two modes at

3.325 GHz and 3.61 GHz combine to exhibit wide band characteristics (12.9%

bandwidth in a band centred at 3.4675 GHz) as the DR is moved along the feed axis

to dy = 1. This is the optimum bandwidth position [(d,.,d,)=(l.25,l)] as explained in

Section 5.1.2.1 [Figure 5.30]. The two modes separate and the impedance matching

of the lower order mode exhibits considerable improvement at d, = 1.75 cm as seen

from the sharp resonance curves in Figure 5.36.2(b).

Almost similar behaviour is numerically predicted using FDTD at all the feed

point locations. The numerically evaluated results are presented in Figure 5.36 beside

the experimental results. An overall frequency variation of the dominant mode from

3.085 GHZ to 3.46 GHZ and bandwidth variation from 1% to 14.5% is observed

experimentally as the DR is displaced with respect to the feed line as indicated in

Figure 5.37 (a). The corresponding variation of resonant frequency and % bandwidth
Chapters



194

computed numerically is also presented. An overall frequency variation of the
dominant mode from 3.04 GHz to 3.47 GHz and bandwidth variation from 1.1% to

8.2% is observed. This shows that the FDTD method can predict the radiation

characteristics of the Rectangular DRA with reasonable accuracy.

Experiment FDTD
0 .

a-1° ‘ *- av 1:E E.1 -20 - .1 _E E3 B.2 -30 J a M _
j dy = o_5; 1: 3_175GHz(.11¢5)_3 =1.4-/,, j dY= 0.5: 1= 3.1543 GHz(-11dB),BW =1.3%

‘O ‘ — dy = O.75:1= J.145GHz (-15dE|), BW = 3.52“/. — dy= 0.75: 1= 3.1586 GHz (-18 dB), BW = 3.92%
—— dy = 1: 1= 3.16GH1(-2DdB), BW = 4.3% -40 — 111-121: 3.1490 GHz (-17 dB), BW = 3.6%2,: 3,0 3,2 3.4 3,9 3,: 2.8 3.0 3.2 3.4 3.3 3.8fnquoncy (GHz) F"¢l|-|0fl¢V (GHI)

(8)
d. = 0.250 - 0~40 - “-10 % E‘J 3'3 8.1 .29 -| _m .E 5§ ‘a"‘ -so “‘ 4. .

-— dy = 0.5: f= 3.175 GHz (- dB). BW = 3.8% — dy= 0.5: f= 3.1543 GHz (-12 dB), BW = 2.2%
: dy = 0.75: 1= 3.175 GHz( 2 dB), BW = 2% j dy= O.75:1= 3.1499 GH1(-11dB),BW =1.7"/.

4° ' — dy=1= f=3-175 GHz(-11 B). BW=1'/- .40 - — d'=1:1=3.176GHz(-11 uB),Bw=1.4-/.2.! 3.0 3.2 3.4 3.6 3.! 2.! 3.0 3.2 3.4 3.6 3.0Troquoncy (GHz) -'|'Ul||0"¢V (GHZ)
(b)

d. = 0.75

Figure 5.36.1 Return loss characteristics of the DRA at different d,
locations of the DR
(a) d, = 0.25 cm (b) d,. = 0.75 cm
feed line length = 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation : a-b-d
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Wide band characteristics are displayed due to mode merging at (d,,d,) = (l.25,l) and

(1.5,0.5) [Figure 5.37 (a)]. However, the two resonant modes excited at the position

(d,(,d,) = (1.5,0.5) are orthogonally polarized. Therefore, the wide bandwidth (14.5%)

exhibited by the antenna can be exploited for dual polarization applications.

Experiment H3790 0
3-10 « 3-10 A3 EI I5-20 - 3 -20 E E
E : dy = 0.5: r= 3.34GHz (-17 dB). Bw=a.5°/. E : uy = 0.5: 1: 3.3001 Hz (-25 as). aw = 4.1-/.

.39 - — a, = 0.75: r: 3.46GHz (-10 dB), Bw=7.4°/. .30 - : dy = 0.75; r: 3.411 GHz (-19 dB), aw = 2.9"/..
—— dy =1: f1 = 3.326GHz (-16-18) — dy =1:r- 3.3000 GHz (-15 dB), aw - 4.32-/.

12 - 3.01 GHz (-14 us)
-40 centre freq = 3.4015, BW = 12.0% -4.0 
2.0 3.0 3.2 3.4 3.0 3.0 2.0 3.0 3.2 3.4 3.0 3.0

Frequency (GHz) (3) Frequency (GHI)
d, = 1.25

o .B - E-10 ‘3 %O8 8.1 _ .1 _2o _5 EE g — ay= 0.5 : r= 3.0979 GH1 (-10 dB), BW = 3.2-/.
-30 - : dy 3 0.5: I: was Gm Hz dB)’ aw: 5.1% -30 - — dY= 0.75 : 1: 3.1109 GHz (-24 dB), aw = 2.5%

— .1, = 0.75 ; r= 3.115 cm (15 as), aw = 3.0% : "1: 1 : '= 3'12" GHIH1 “E” SW‘ 3'27‘
.40 — dy=1: f-3.16GHz(-11dB),BW=2.53'/. 4,‘, .
2.0 3.0 3.2 3.4 3.0 3.0 2.0 3.0 3.2 3.4 3.0 3.0Frequency (GHz) Frequency (GHz)

(D)
d. = 1.75

Figure 5.36.2 Return loss characteristics of the DRA at different d,
locations of the DR
(a) d, = 1.25 cm
feed line length = 2 cm
DR-1

(b) d, =1.75 cm
large ground plane: 4 x 4 sq cm

orientation : a-b-d

Chapter 5



196

The resonant behaviour of the rectangular DRA in the a-b-d orientation is summed up

in Table 5.20 (1-2).

.9o

fitalndwlflhlthodonlnnntrllodo

Iymmotrlcnl pol(d,Inl2-1.12§cm)

Resonant Frequency of the dominant mode (GHz)
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0.75

-9- u, = 0.15 cm(1115lo 3.46 GHz)
-u— dy - 1 cm (1161:: 3.43 GHz)

Po

.5 O

.5 B

.:~ro
1-00 1-25 1-50 1-75 100 0.25 0.90 0.15 1.00 1.25 1.50 1.15 zoo

‘I ‘°"" -0- av - 0.5 cm Muaw - 14.5-/. *1: (cm)
-0- dy I 0.16 cm MaxBW I 7.4%
+ dy -1cm.uuaw -12.9%

(3)
Experiment

1''5

0.26 0.60 0.76
Rnonnnt Fnquoncy ofthn dominant mode (GI-I1)

—D— dy I 0.6 cm (3.04 to 3.3001 GHZ)

-.&
1.26

I
xalndwldthflhodonlnnntmodn

1.00 1.60

‘I “mi
1 .76 2.00

-9- dy = 0.75 cm (3.095 to 3.47 GHz)
-9- ii, I 1 cm (3.000 to 3.3069 GH1)

Figure 5.37

(b)
FDTD

.n G

0 .
0.26 0.60 0.76 1.00
-0- dy I 0.6 cm MIIBW I 6.2%
-0- cl, I 0.76 cm MIIBW I 4.1%
-0- dy I 1 cm, MIIBW I 4.62%

ZN1.26 1.60 1.76
cl, (cm)

Variation in the resonant behaviour of the DRA with the
position of the DR on the feed
(a) Experiment
feed line length : 2 cm
DR-1

(b) FDTD
large ground plane: 4 x 4 sq cm

orientation: a-b-d
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Resonant fi'equency (GHZ)dy dx (cm)
(cm) 0.25 0.5 0.75 1 1.25 1.5 1.75 2

0.5 3.175 3.145 3.175 3.31 3.34 3.16 3.085 3.1
0.75 3.145 3.13 3.175 3.43 3.46 3.175 3.115 3.13
1 3.16 3.16 3.175 3.295 3.325 3.43 3.16 3.175

(8)

%Bandwidthd, d, (cm)
(cm) 0.25 0.5 0.75 1 1.25 1.5 1.75 2
0.5 1.4 2.3 3.8 6.4 8.5 14.5 5.1 4.9
0.75 3.52 3.6 2 6.9 7.4 2.14 3.8 4.2
1 4.3 2.4 1 6.8 12.9 1 2.53 2.9

(b)

Table 5.20.1 Experiment ally observed resonant behaviour of the DRA at
various positions of the DR on the feed line
(a)
(b)

Resonant frequency (GHz)
% Bandwidth
feed line length : 2 cm ground plane: 4 x 4 sq cm
DR-1 orientation: a-b-d
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Resonant fiequency (GHz)dy dx(cm)
(cm) 0.25 0.5 0.75 1 1.25 1.5 1.75 2
0.5 3.1543 3.1378 3.1543 3.275 3.3061 3.11 3.0979 3.04
0.75 3.1586 3.1104 3.1499 3.345 3.2471 3.16 3.1109 3.095
1 3.1499 3.145 3.176 3.202 3.3669 3.325 3.1282 3.089

(a)

%Bandwidthd)’ dx (cm)
(cm) 0.25 0.5 0.75 1 1.25 1.5 1.75 2
0.5 1.3 2.1 2.2 3.8 4.1 8.2 3.2 4.1
0.75 3.92 4.1 1.7 2.7 2.9 1.8 2.5 3.4
1 3.6 2.1 1.4 2.78 4.82 1.1 3.2 2.1

(b)

Table 5.20.2 Numerically predicted resonant behaviour of the DRA at
various positions of the DR on the feed line

Resonant frequency (GHz)(8)
(b) % Bandwidth

feed line length 2 2 cm
DR-1

ground plane: 4 x 4 sq cm
orientation: a-b-d

Outcome of Numerical Computation and Experimental Observations
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5.1.2.9 Characteristics for varying feed lengths

The characteristics of the DRA in the a-b-d orientation excited by a 500

Microstrip Line feed of length 2 cm were discussed in the preceding sections. This

section describes the characteristics for varying feed lengths. Figure 5.38 shows the

theoretically predicted and experimentally measured return loss characteristics of the

DRA at the optimum bandwidth position when the resonator is excited by a feed of

length 3 cm.

-10 - ———————————————————————— -

.20 .

Return Lou (dB)

-30 
— FDTD

Experiment
-401.0 1.5 2.0 2.5 3.0 3.5 4.0

Frequency (GHz)

Figure 5.38 Return loss characteristics of the DRA at the optimum
bandwidth position.
feed line length = 3 cm large ground plane: 5x4 sq cm
DR-1 orientation: a-b-d (d,,d,,)= (2.408) cm

The FDTD method predicts 191 MHz bandwidth (6%) at 3.163 GHz in a band

operating from 3.059 GHz to 3.25 GHz at the position (dx,d,)= (2.4,0.8). A resonant

mode at 3.205 GHz operating from 3.085 GHZ to 3.34 GHz exhibiting 255 MHz

bandwidth (7.96%) is observed experimentally at this position. The fractional

difference between the experimentally measured and numerically computed resonant

frequency is +1.3%. The measured radiation patterns are broad in both the planes as

shown in Figure 5.39. The front to back ratio measured along the maxima is 16 dB in

both the E and H planes. The cross polarization along the maxima is better than -12

dB in both the planes. The experimentally measured radiation patterns agree well
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with the numerically computed patterns as is evident from the figure. The radiation

characteristics of the DRA are summarised in Table 5.21.

Experiment
Figure 5.39 Radiation Pattern of the DRA at the optimum bandwidth

position (f= 3.205 GHz) _ co-polar  cross-polar
feed line length = 3 cm large ground plane: 5 x 4 sq cm
DR-1 orientation : a-b-d (d,.d,)= (2.4,0.8) cm

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane planeTheory 98 98 7 9 -16 -14

Experiment 95 70 16 16 -12 -14

Table 5.21 Radiation characteristics of the DRA at the optimum

In the optimum resonant band centred at 3.205 GHz, the 3 cm fed DRA in the a-b-d

orientation exhibits linear polarization along the longer dimension ‘a’ of the DR,

bandwidth position (f= 3.205 GHz)
feed line length = 3 cm
DR-1 orientation : a-b-d (dx-dy)

large ground plane: 5 x 4 sq cm
= (2.4,0.8) cm

Outcome of Numerical Computation and Experimental Observations
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perpendicular to the feed axis. The DRA offers an average gain of 7.05 dBi in the

optimum resonant band as shown in Figure 5.40.

0| 4.

Gain (dBi)

In 0

wverage gain In theoptlmum band = 7.05 dBI-10
—r3.20 3.24 3.28 3.32

Frequency (GHz)

Figure 5.40 Gain of the DRA measured in the optimum band
feed line length = 3 cm large ground plane: 5 x 4 sq cm
DR-1 orientation : a-b-d (d,,d,)= (2.4,0.8) cm

The measured return loss and gain characteristics of the DRA at the optimum

bandwidth position [(dx,dy) = (l .l,l.9) cm] when the ground plane is truncated at the

end of the 3 cm feed is illustrated in Figure 5.41. A high frequency resonant mode at

3.49 GHz operating from 3.34 GHz to 3.58 GHz exhibits 240 MHz bandwidth (6.9%)

and offers 7.75 dBi average gain.

f ‘”‘\V/
l= 3.49 GHI (3.34-3.58) GHZ 8.9% BW

.. a

[mum Lose (ca)3 :.
Glln (dBi)

0

average gain In the optimum bend - 1.75dBI
_e

&

“° “ ’:nqu.n‘; ‘Gulf’ " ”‘ 3.40 afmmfln 3.52 3.56(a) (b)
Figure 5.41 Characteristics of the DRA measured at the optimum

bandwidth position (a) Return loss (b) Gain
feed line length = 3 cm truncated ground plane: 3x 4 sq cm
DR-1 orientation : a-b-d (d.,dy) = (1.1,1.9) cm
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The truncation of the ground plane results in a compact antenna configuration

displaying good radiation characteristics. The experimentally measured radiation

patterns of the 3 cm line fed DRA in the truncated ground plane configuration are

shown in Figure 5.42. The radiation characteristics are summarised in Table 5.22. The

front to back ratio along the maxima is 20 dB and 22 dB in the E and H planes

respectively. The cross polarization along the maxima is better than -11 dB in both

the planes.

Figure 5.42

Table 5.22

H plane

Radiation Pattern of the DRA measured at the optimum
bandwidth position (f = 3.49 GHz)
: co-polar .... .. cross-polar
feed line length = 3 cm truncated ground plane: 3 x 4 sq cm
DR-1 orientation : a-b-d (d,.,d,) = (1.1,1.9) cm

Half power Front-to- Cross
beam width Back Ratio Polarisation

along the along the
Maxima Maxima

(degree) (dB) (dB)E H E H E H
plane Plane plane plane plane plane84 46 20 22 -14 -11

Radiation characteristics of the DRA measured at the
optimum bandwidth position (f = 3.49 GHz)
feed line length = 3 cm truncated ground plane: 3x4 sq cm
DR-1 orientation : a-b-d (d,,d,) = (1.1,1.9) cm
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Figure 5.43 shows the return loss and gain characteristics of the DRA in the a-b-d

orientation at the optimum bandwidth position [(d,(,d,) = (1.5, 2.4) cm] of the

resonator, when the length of the Microstrip Line feed is increased to 4 cm.

average gain In the optimum band - 1.4 «:18!

LN MM SM
Fluluucy (CH1)

(b)

Figure 5.43 Characteristics of the DRA at the optimum bandwidth position(a) Return loss (b) Gain
feed line length = 4 cm large ground plane: 6 x 4 sq cm
DR-1 orientation : a-b-d (d.,d,,) = (1.5, 2.4) cm

The FDTD method predicts 442.5 MHz bandwidth (14.3%) at 3.0849 GHZ in a band

operating from 2.7942 GHz to 3.2367 GHz at the position (d,.,d,) = (1.5,2.4). A

resonant mode at 3.025 GHz operating from 2.94 GHz to 3.1 12 GHz exhibiting 172

MHz bandwidth (5.7%) is observed experimentally at this position. The fractional

difference between the experimentally measured and numerically computed resonant

frequency is -1.9 %. The DRA exhibits an average gain of 7.4 dBi in the optimum

resonant band.

Figure 5.44 shows the radiation patterns of the 4 cm line fed DRA in the a-b

d orientation. The front to back ratio measured along the maxima is 6 dB and 20 dB

in the E and H planes respectively. The cross polarization along the maxima is — 31

dB and — 18 dB in the E and H planes respectively. The radiation characteristics are

summarised in Table 5.23. The theoretically computed patterns agree well with the

measured patterns. In the optimum resonant band centred at 3.025 GHz, the antenna
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exhibits linear polarization along the longer dimension ‘a’ of the DR, perpendicular to

the feed axis.

we
—— Experiment

Figure 5.44 Radiation Pattern of the DRA at the optimum bandwidth
position (f = 3.025 GHz) : co-polar  cross-polar
feed line length = 4 cm large ground plane: 6 x 4 sq cm
DR-1 orientation : a-b-d (d.,d,) = (1.5, 2.4) cm

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory 124 72 10 16 -19 -17
Experiment 87 92 6 20 -31 -18

Table 5.23 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 3.025 GHz)
feed line length = 4 cm large ground plane: 6 x 4 sq cm
DR-1 orientation : a-b-d (d,.,d,) = (1 .5, 2.4) cm

Figure 5.45 shows the return loss and gain characteristics of the DRA at the optimum

bandwidth position [(d,.,d,) = (1.2, 3)] when the ground plane is truncated at the end

of the 4 cm feed. A high frequency resonant mode at 3.385 GHz operating from 3.315

GHz to 3.497 GHz exhibits 182 MHz bandwidth (5.4%). A lower resonant mode is

Outcome of Numerical Computation and Experimental Observations
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also observed at 2.89 GHz. But it fails to achieve sufficient impedance matching. The

DRA exhibits an average gain of 7.8 dBi in the lower band and 3.7 dBi in the

optimum resonant band. The radiation patterns of the 4 cm line fed DRA in the

truncated ground plane configuration is shown in Figure 5.46.

10
0

5 "\fi.» M- 53 -10 33 3 05 3K -10 -I
avnrloo gnln In the optilmm Ilnd I 3.1 dB!

4“ — n-b-1| 1.3» cu: (3.315-5.491) on: use aw "°1.0 1.‘ 1.0 LI 3.0 3.‘ 4.0 3.!‘ 3.40 3.“ 31'
Fnqmncy ‘GHz) . nmauvcy (CH1)(3) (D)

Figure 5.45 Characteristics of the DRA measured at the optimum
bandwidth position (a) Return loss (b) Gain
feed line length = 4 cm truncated ground plane: 4 x 4 sq cm
DR-1 orientation 2 a-b-d (d,.,d,) = (1.2, 3) cm

E plane H plane

Figure 5.46 Radiation Pattern of the DRA measured at the optimum
bandwidth position (f = 3.385 GHz)

_ co-polar  cross-polar
feed line length = 4 cm truncated ground plane: 4 x 4 sq cm
DR-1 orientation : a-b-d (d,,d,,) = (1.2, 3) cm

In both the planes the front to back ratio is 8 dB and the cross polarization along the

maxima is better than — 5 dB. The H plane pattern is broader than the E plane pattern.

The radiation characteristics are summarised in Table 5.24. The broadband coverage
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and moderate gain of the antenna make it suitable for Mobile Communication

applications. It is thus observed that the length of the feed line is an important

parameter deciding the resonant behaviour of feed line. The return loss characteristics

of the DRA in the a-b-d orientation, when excited by feed lengths ranging from 2 cm

to 9 cm on varying ground plane dimensions are summarised in Figure 5.47.

Half power Front-to- Cross
beam width Back Polarisation

Ratio along along the
the maxima maxima

(degree) (dB) (dB)E H E H E H
plane Plane plane plane plane lane93 162 8 8 -5 -10

Table 5.24 Radiation characteristics of the DRA measured at the
optimum bandwidth position (f = 3.385 GHz)
feed line length = 4 cm truncated ground plane: 4 x 4 sq cm
DR-1 orientation : a-b-d (d,,dy) = (1.2, 3) cm

Figure 5.48 illustrates the variation in resonant frequency and bandwidth of the

dominant mode at the optimum bandwidth position of the resonator for increasing

feed lengths in different ground plane configurations. As the feed length is increased

from 2 cm to 9 cm in the large ground plane configuration of the a-b-d orientation,

the resonant frequency of the dominant mode exhibits a variation from 3.01 GHz to

3.61 GHZ. The 2:1 VSWR bandwidth varies from 5.7% to 14.1%. In the truncated

ground plane configuration, the frequency varies fi'om 3.04 GHz to 3.715 GHZ, and

the bandwidth varies from 5.3 % to 13.9 %. The experimental results described above

suggest that, in comparison with the truncated ground plane the perfonnance of the

large ground plane is superior, exciting lower resonant frequencies for all feeds

except the 5 cm and 7 cm feed. The overall bandwidth is also better. However, a

decision on the suitable configuration can be made only after the gain and radiation

patterns are compared The gain of the DRA in the a-b-d orientation, when excited by

varying feed and ground plane dimensions are shown in Figures 5.49 [1-2].

Outcome of Numerical Computation and Experimental Observations
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E- :.a _._ h . am. 1* 1,ffllffllll 00‘E ' + -mu-a um» mm x :'"":..'::.*.,....E at 141
EE ' 12‘3 :4g 10 l'5 3.2 3§ ~ ~:.o.E c
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Figure 5.48 Variation in resonant behaviour of the DRA with feed length and

ground plane dimensions measured at the optimum bandwidth
position
(a) Resonant frequency (b) % BandwidthDR-1 orientation : a-b-d

The variation in average gain of the DRA in the optimum resonant band for

varying feed lengths and ground plane dimensions is summarised in Figure 5.50. The

overall compactness of the truncated ground plane may be exploited by integrating

suitable amplifier circuits to compensate for the reduced gain. The radiation

characteristics in the a-b-d orientation of the DRA for varying feed lengths is

summarised in Table 5.25. The gain perfonnance described above indicate that the

DRA excited by all the feed lines except the 8 cm feed exhibit good gain in the large

ground plane configuration. Feed lines of length 3 cm, 6 cm, 7 cm and 9 cm excite

resonant modes exhibiting good gain in the truncated ground plane configuration.

The principal plane radiation patterns are measured in the a-b-d orientation of

the resonator for feeds varying in length from 2 cm to 9 cm. The patterns of the DRA

excited by the 2 cm, 3 cm and 4 cm feeds in the large ground plane configuration

were described in the previous sections. Figure 5.5] shows the principal plane

patterns of the DRA excited by the 5 cm, 6 cm and 7 cm feeds in the large ground

plane configuration.
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Figure 5.50 Variation in gain of the DRA with feed length and
ground plane dimensions measured in the
optimum bandDR-1 orientation : a-b-d

Feed Large Ground plane Truncated Ground planeLine Av Avlength Freq %BW .g Freq ,, .ggain /oBW gain(cm) (GI-Iz) (dBi) (GHZ) mm)
2 3.4675 12.9 7.8 3.715 13.9 4.5
3 3.205 7.96 7.05 3.49 6.9 7.75
4 3.025 5.7 7.4 3.385 5.4 3.7
5 3.46 9.8 6.5 3.1 5.3 2.1
6 3.01 8.5 8.02 3.625 10.2 6.42
7 3.61 14.1 6.7 3.115 10.6 7.9
8 3.34 11.7 2.3 3.525 6.9 3.5
9 3.0625 10.3 6.8 3.04 7.8 7.7

Table 5.25.
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Variation in radiation characteristics of the DRA with feed length
and ground plane dimensions measured at the optimum
bandwidth position
DR-1 orientation: a-b-d
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feed length = 5 cm

110

feed length = 6 cm
3.01 GHz .,.

'7' feed length = 7 cm 1"
3.61 GHz

Figure 5.51 Radiation Pattern of the DRA for varying feed lengths
measured at the optimum bandwidth position

— co-polar .... .. cross-polar
DR-1 large ground plane orientation 2 a-b-d
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The characteristics obtained from the radiation pattern measurements are summed up

in Table 5.26.

Feed Half power F ront-to- Cross
Length beam width Back Polarisation

Ratio along along the
the maxima maxima

(degree) (dB) (dB)E H E H E H
(cm) plane plane plane plane plane plane

2 130 94 15 18 -5 -5
3 74 52 14 16 -13 -13
4 124 60 10 l6 -19 -40
5 86 74 14 11 -11 -12
6 100 58 12 21 -11 -7
7 102 156 8 9 -5 -9
8 100 80 ll 7 -l8 -l2
9 1 07 82 8 12 -29 -22

Table 5.26 Radiation pattern characteristics of the DRA for varying
feed lengths measured at the optimum bandwidth
position
DR-1 large ground plane orientation : a-b-d

It is seen that at the optimum bandwidth positions, the DR is not always

placed symmetric with respect to the feed axis. The optimum position also varies with

feed length and orientation. Figure 5.52 clearly illustrates the two positions of the DR

in the a-b-d orientation at dx= a/2 (the symmetrical position) and d,=0 (DR edge lying

Chapter 5



214

along the feed axis). d, < a/2 indicates a displacement to the left from the symmetrical

position, and dx > a/2 indicates a displacement to the right from the symmetrical

position. Similarly, 0< dy < b indicates that the feed end lies within the DR. In the

remaining positions (dyzb), the configuration behaves like a DR loaded Microstrip

line. The experimental observations suggest that this situation prevails at a majority

of the optimum bandwidth conditions. Table 5.27 summarises the optimum

bandwidth positions of the DR in the a-b-d orientation, when excited by feeds of

varying lengths.

a = 2.25cm

DR

1.19cm 1.19 cm

b: b: P?‘

N >1
feed line. . .

‘U

fee  point

(3) (D)
Figure 5.26 Lateral positions of the DR with respect to the feed axis

(d,.,d,) - distance of the DR vertex ‘P’ from the reference
point along the x and y direction respectivelyDR-1 orientation: a-b-d
(a) symmetrical (b) asymmetrical
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Feed length Ground plane (dx, dy) cm
(cm) (lg x wg) sq cm

large (4 x 4) 1.25, 1

2 truncated (2 x 4) 1.1, 0.9

large (5 x 4) 2.4, 0.8

3 truncated (3 x 4) 1.1, 1.9

4 large (6 x 4) 1.5, 2.4
truncated (4 x 4) 1.2, 3

large (7 x 4) 0.5, 3

5 truncated (5 x 4) 0.8, 2.3

large (8 x 4) 0.6, 5

6 truncated (6 x 4) 0.7, 3.8

1arge(9x4) 1,1,4
7 truncated (7 x 4) 2, 1.9

large (10 x 4) 1.8, 5.5

8 truncated (8 x 4) 1.1, 2

large (11 x 4) 1.6, 5

9 truncated (9 x 4) 0.5, 7.8

Table 5.27 The optimum bandwidth positions of the DR
DR-1 orientation: a-b-d
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5.1.2.10 Resonant behaviour of the DRA when the DR is placed

symmetrically with respect to the feed axis

This section discusses the resonant behaviour of the DRA for varying feed

lengths when the DR in the a-b-d orientation is placed symmetrically with respect to

the feed axis at (dx,d,) = (a/2,0.5). Figure 5.53 illustrates the variation in resonant

frequency and % bandwidth of the DRA with feed length.4.0 . B
I. ..... . , E, ....... H TH Er '.'_." an 3:‘_El  3.8 '-. " - 6E "- '~. g<2,   §>~  .' 0 3g 3.6 «  _ ....   - 43Q) . . - - .3 . '  33 -. 33u_ _. 0..3.4 « _: ._  - 2

:  frequency : 3.31 GHitg3f§1 GHz

3 2  ‘,4 bandwidth :1'/. to 1.7‘/. 02 3 4 5 6 7 B 9
Feed Ilne length (cm)

Figure 5.53 Variation in resonant frequency and % bandwidth of
the DRA with feed length measured at a symmetrical
position of the DR
(d,,dy) = (a/2, 0.5) cm large ground planeDR-1 orientation 2 a-b-d

The varying feed lengths excite frequencies ranging from 3.31 GHZ to 3.925

GHz, with an average bandwidth of 4.1%. The 2 cm feed excites the lowest

frequency, with a good bandwidth of 6.3% resulting in a highly compact design.

Maximum bandwidth of 7.7% is exhibited by the 8 cm fed DRA at 3.925 GHz and

the minimum bandwidth of 1% at 3.67 GHz by the 6 cm fed DRA. The resonant

characteristics are summarised in Table 5.28. Figure 5.54 shows the return loss

characteristics at the symmetrical position of the DR for varying feed lengths.
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Feed Length
(cm)2 3 4 5 6 7 8 9

Freq
(GHZ) 3.31 3.865 3.91 3.895 3.67 3.895 3.925 3.85

%BW 6.3 2.5 3.5 3.4 -1- 4.1 7.7 4.4

Table 5.28 Resonant behaviour of the DRA for varying feed lengths
measured at a symmetrical position of the DR
(d,,d,) = (a/2.0.5) cm
DR-1

large ground plane
orientation : a-b-d

4.0

0 4B ifE - 3' 35 35 S
.2 ——I1-2cm:3.J1GHz5.3%BW E -—-lr'0I=m:3-07GH11%BW

jp,-;;m;3_|uGHl1_55gaw :11-7cm:3.lD5GHz4.‘|%BW
4° _ __ |'=4¢m; 191 GHI15-,4 aw 4° _ : lg=Icrn:J.925 GHz 7.1% BW

— If - 5 cm : 3.395 GHz 3.4% aw — Ir -= 9 cm I 3-85 GHz 4.4% BW

2.8 3:0 3:2 3:4 3:0 3; ‘J 2,3 go 3:2 3:4 3:3 3:3
Fnqmncy (Gm) Frequency (GHz)(8) (b)

Figure 5.54 Return loss characteristics of the DRA for varying feed lengths
measured at a symmetrical position of the DR
(a) feed length = 2 cm to 5 cm
large ground plane
DR-1

(b) feed length = 6 cm to 9 cm
(d,., dy) = (a/2.0.5) cm

orientation: a-b-d
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5.1.2.11 Salient features of the a-b-d orientation

The a-b-d orientation is the second most compact among the various

orientations of the Rectangular DR upon the feed line, possessing a low aspect ratio

(height/width = 0.47). At 3.4675 GHz the 2 cm line fed DRA offers ~50% size

reduction with respect to a Rectangular Microstrip Antenna resonating at the same

frequency. Table 5.25 and 5.26 sum up the characteristics of this orientation. The

varying feed line lengths excite frequencies in the S-band, providing an average gain

of 6.6 dBi, and average 2:1 VSWR bandwidth of 10.1%. The 6 cm feed offers the

maximum gain (8.02 dBi). The lowest resonant frequency (3.01 GHz) is excited by

the 6 cm feed and the maximum 2:1 VSWR bandwidth (14.1%) is provided by the 7

cm feed. The radiation patterns are generally broad - the average half-power beam

width along the E plane and H plane being 98 ° and 67 0 respectively. The 2 cm line

fed DRA offers broad radiation coverage with 130° and 94° half-power beam width

respectively in the E and H planes [Figure 5.31] and is highly suitable for mobile
communications.

The truncated ground plane configuration exhibits an average gain of 5.5 dBi

and average 2:] VSWR bandwidth of 8.4%. The performance is therefore relatively

inferior to that of the large ground plane configuration, similar to the b-a-d

orientation. Nevertheless, it acquires significance where the size of the antenna is of

priority.

The investigations performed on the Dielectric Resonator Antenna

incorporating the Rectangular resonator sample DR-1 in the a-b-d orientation confirm

the dependence of the antenna characteristics upon the feed length, ground plane

dimensions and position of the DR. The perfonnance of the DRA excited by

Microstrip line feed of length 2 cm is noteworthy in lieu of its overall compactness,

bandwidth, gain and broad radiation pattern, though at a relatively high resonant

frequency.
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5.1.3 The d-a-b orientation

The d-a-b orientation is also a low profile orientation [aspect ratio = 0.53]. A

schematic representation and 3D view of this orientation is shown in Figure 5.55. The

distance of the reference vertex ‘P’ from the feed axis and the feed end (dx,dy) indicate

the position of the DR along the x and y axes respectively. The radiation
characteristics of the 2 cm line excited DRA in the d-a-b orientation of the resonator

for varying feed line and ground plane dimensions are discussed in this section.«aw:-T»
Z

Y
d

X a b
1; %
(dmdfla fezdline ,1

E substrate (en h)

Y

32?”X

(8) (b)
Figure 5.55 The d-a-b orientation of the DR

substrate: 3, = 4.28, h = 0.16 cm
DR-1 a x b x d = [225 x 1.19 x 0.555] cm3
(a) schematic lay out (b) 3D view

5.1.3.1 Return Loss Characteristics

The return loss characteristics are computed numerically employing the

FDTD method. The offset distance of the DR from the feed (d,.,d,) is optimised for

maximum 2:1 VSWR bandwidth and measurements are recorded for varying

dimensions of the feed line and ground plane. The numerically predicted results are

validated experimentally as shown in Figure 5.56. Theoretically the antenna is found

to resonate at 3.1413 GHZ in a band operating from 2.6423 GHz to 3.2497 GHz with

607 MHz bandwidth (19%) when placed at (d,,dy) = (0.25,l.5) cm. A resonant mode
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at 3.175 GHz, operating from 3.074 GHz to 3.311 GHz and exhibiting 237 MHz

bandwidth (7.5%) is experimentally observed at this position.

0 1

E -10 

2 -at
%
K

.30 .
— FDTD

Experiment

1.0 1.6 2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

Figure 5.56 Return loss characteristics of the DRA at the optimum
bandwidth position
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: d-a-b (d,.,dy) = (025.15) cm

Though a low fi‘equency resonant mode is observed at 2.6 GHz in the optimum

bandwidth position, it fails to achieve sufficient impedance matching. The fractional

difference between the experimentally measured and numerically computed resonant

frequency is +l.l%. The accuracy of the FDTD analysis in predicting the resonant

frequency of the antenna is evident from the figure. However the predicted bandwidth

is considerably larger due to the merging of the two closely spaced modes. This may

be due to the different tolerance level of the experimental configiration as mentioned

in Section 5.1.1.1.

5.1.3.2 Radiation Pattern

The radiation patterns in the d-a-b orientation of the resonator at the centre

frequency of the optimum resonant band are shown in Figure 5.57. The theoretical

radiation patterns agree reasonably well with the experimental curves. The patterns

are broad in both the planes, unlike in the b-a-d and a-b-d orientation. This mode is
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thus highly suitable for Mobile phone applications. The radiation characteristics are

summarised in Table 5.29.

E plane H plane
to

Z70 :- Experiment
Figure 5.57 Radiation Pattern of the DRA at the optimum bandwidth

position (f = 3.175 GHz) : co-polar  cross-polar
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: d-a-b (d,.,d,) = (0.25,1.5) cm

Half power On axis On axis
beam width Front-to- Cross

Back Ratio Polarisation
(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theory 1 15 130 16 17 -40 -40
Experiment 138 139 18 16 -25 -12

Table 5.29 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 3.175 GHz)
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: d-a-b (d,.,d,) = (0.25,1.5) cm

5.1.3.3 Polarization

The DRA in the d-a-b orientation exhibits linear polarization in the optimum

resonant band centred at 3.175 GHZ. The antenna is polarized along the longer

dimension ‘a’ of the DR, parallel to the feed axis.
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5.1.3.4 Gain

The DRA exhibits 5.8 dBi gain in the lower resonant band and 1.4 dBi gain

in the higher resonant band as shown in Figure 5.58.

W 10i
Olh (CIBI)

a

Gnh Nil)

0

Ivonne gain In the lower ruonnnt band - 5.0 «ml IVOFIOO Olin In the optimum bend - 1.4 dBi49 -10
2.6! 2.71 1.10 3,11 3,15 3.20

Fnw-ncv (OH!) Fnqu-icy (mu)(8) (b)
Figure 5.58 Gain of the DRA measured at the optimum bandwidth

position
(a) lower resonant band (b) higher resonant band
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation: d-a-b (d,,,d.,) = (025.15) cm

5.1.3.5 Resonant Mode

The field distribution within the DR simulated using the commercially

available sofiware - HFSST”, at the numerically predicted frequency 3.175 GHz is

shown in Figure 5.59 (a). The variation of the nonnalized Magnetic field monitored

experimentally by a loop probe along the three dimensions is shown in Figure 5.59

(b). It is found that the field exhibits one half-wave variation along the dimension ‘a’,

less than a half-wave variation (6) along the dimension ‘b’ and is constant along the

dimension ‘d’. The resonant mode is therefore identified as TE‘.5o. This is also

verified using FDTD theory.
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Figure 5.59(a) Simulated H field distribution within the DR at the
optimum bandwidth position f= 3.175 GHz
feed line length = 2 cm large ground plane: 4x4 sq cm
DR-1 orientation : d-a-b (d,,d,) = (0.25,1.5) cm1 1

4;7a' b'
Figure 5.59 (b) Variation of the normalized Magnetic field distribution

along the dimensions ‘a’, ‘b’ and ‘d’ of the DR monitored
experimentally TE‘15o mode
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : d-a-b (d,,d,,) = (0.25,1.5) cm

5.1.3.6 Compactness

In order to ascertain the compactness of the DRA in the d-a-b orientation at

3.175 GHz, the antenna is compared with a circular and rectangular Microstrip

antenna resonating at the same frequency. Table 5.30 provides a comparison of the

dimensions of the different antennas at 3.175 GHZ. The 2 cm line fed DRA
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incorporating the resonator in the d-a-b orientation is found to possess 80.8 % and

76% reduction in the cross-section area with respect to a rectangular and circular

Microstrip antenna designed to operate at the same frequency. Though the DRA in

the b-a-d orientation resonates at the same frequency in the optimum band [Table

5.4], the size reduction with respect to conventional patch antennas is greater in the d

a-b orientation because of the lower cross-sectional area.

Dimensions CroisAntenna sectional
(cm) area (sq cm)

DRA in the d-a-b Length (d)= 0.555 (d x a)
orientation Width (a) = 2.25 1.25
Rectangular Length = 2.24 6 52
microstrip antenna Width = 2.91 '

C”°“"" "‘i°’°S“1P Radius = 1.29 5.23
antenna

Table 5.30 Dimensions of different antennas operating at 3.175 GHz

5.1.3.7 Truncated ground plane configuration

In the previous section the experimental observations on a rectangular DRA

on a large ground plane was presented. The effect of the truncated ground plane is

presented in this section. Figure 5.60 shows the return loss characteristics and gain of

the DRA in the d-a-b orientation at the optimum bandwidth position [(dx,dy) = (0.28,

1) cm]. Numerical computation predicts a resonant mode at 2.7511 GHz in a band

operating from 2.6597 GHz to 2.8115 GHZ, displaying 5.5% bandwidth. A low

frequency resonant mode is experimentally observed at 2.725 GHz displaying 77

MHz bandwidth from 2.686 GHz to 2.763 GHz (2.8%). The fractional difference

between the experimentally observed and numerically computed frequency is -0.96%.

An obvious difference from the behaviour of the large ground plane is the lower

resonant fi'equency. The DRA exhibits 1.9 dBi gain in the optimum resonant band.

The radiation pattems in the principal planes are shown in Figure 5.61.
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o l

in2. ._g -10 5ll = »§ 3-an .5
j FDTD

Ew_d"_m 4, average gain In the optimum hand I 1.! «BI
-301.0 1.: an 2.5 3.0 u u u. 1.7; 1,7.FIIII-ncv(0NIl Fruqu-ucy(oiu)(8) (b)
Figure 5.60 Characteristics of the DRA measured at the optimum

bandwidth position (a) Return loss (b) Gain
feed line length = 2 cm truncated ground plane: 2 x 4 sq cm
DR-1 orientation : d-a-b (d..d,.) = (028.1) cm
E plane H plane

,,. "'__ FDTD "' ,,.
—— Experiment

Figure 5.61 Radiation Pattern of the DRA at the optimum bandwidth
position (f = 2.725 GHz) co-polar  cross-polar
feed line length = 2 cm truncated ground plane: 2x4 sq cm
DR-1 orientation: d-a-b (d..dy) = (028.1) cm

The patterns are broad in both the planes, with a maxima along the broad side

direction and good cross-polarisation characteristics. Table 5.31 summarises the

radiation characteristics of the DRA in the d-a-b orientation at 2.725 GHz. The

radiation perfonnance of the 2 cm fed DRA in the d-a-b orientation of the resonator

for different ground plane dimensions are compared in Table 5.32.
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Half power On axis On axis
beam width Front-to- Cross

Back Ratio Polarisation
(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane

Theorx 119 108 12 17 -16 -14
Egeriment 95 136 14 12 -33 -38

Table 5.31 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 2.725 GHz)
feed line length = 2 cm truncated ground plane: 2x4 sq cm
DR-1 orientation : d-a-b (d.,d,) = (028.1) cm

Large ground plane Truncated ground plane

Optimum bandwidth (0.25,1.5) (0.28,l)
position (dx,dy) cm
Operating frequency band 3.074 - 3.31 1 2.686-2.763
(GHz)% bandwidth 7.5 2.8
Mode of operation TE‘,5_0 TE‘,5_0
Polarisation Linear Linear
3 dB beamwidth

E plane 138° 95°H plane 139° l36°
Cross Polarisation (dB)E plane -25 -33H plane -l2 -38
Front to back ratio (dB)E plane 18 14H plane 16 12
Maximum gain in the 2.81 2.76
operating band (dBi)
Size of the antenna with 4 x 4 sq cm 2 x 4 sq cm
feeding structure

Table 5.32 Radiation performance of the DRA for different ground
plane dimensions measured at the optimum bandwidth
position
DR-1 feed line length = 2 cm orientation : d-a-b
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5.1.3.8 Resonant behaviour at different positions of the DR with respect to

the feed

This section discusses the influence of the position of the DR upon the

antenna characteristics. The resonant behaviour is studied by positioning the DR at

discrete intervals of 0.25 cm along the x and y directions on a large ground plane. The

return loss characteristics at the lateral positions d, = 0.25 cm and 0.5 cm are

illustrated in Figure 5.62.

n .5 O_1o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..
u,-0.5, 1,-2.11:; - :

1,-:i.e1cHz(-1sdB)s.J -.

dy-O.75,f1=2.725GHz(-11dB)1.3 :
i2I3.87GHz(-1JdB) use :

—. a,=a 11:2 725cm; ms)

— u,-0.5.11-1.725GHz(-ode)
- I’;-J.595GHz(-2'IdB) 4.2% aw

— u,=o.15,r1=z.7z5cHz(-sue)
f =3.67GHl(-15dB) 3.6% BW

« — dy=l H13 725 GHII .568)
Return Loee(dB)

3

Return Loee(dB)

8

l;~3325GH1(»19dB)4A .5 ma AGH“ wdajmgw
: dy=1-25-'1=2 725GH1(-NB! .— dy=1.25,I'1=2.725GHz(~3dB).40 - 'z=3-1JGHz(-21dB) 51% BW .49 . r2=3 zaorm-zsuay 6-/. aw
: a,-1.5.11-zeoeoeuax-1¢B) — dy-1.5.11-1.11GHq-MB)I;-3.11souz14un)7.5ssaw r2-mzeaer-u.(41ea)e1L aw

2.0 2.4 _ 2.3 3.2 3-G 2.0 2.4 2.0 3.2 3.0' "°l'-'°"°Y (Gm) Frequency (GHz)(a) (b)d. = 0.25 d, = 0.5
Figure 5.62 Return loss characteristics of the DRA measured at

different d, locations of the DR
(a) d, = 0.25 cm (b) d, = 0.5 cm
feed line |ength=2 cm large ground plane: 4 x 4 sq cmDR-1 orientation : d-a-b

Multi-mode behaviour is observed as the DR is moved with respect to the

feed line. A unique feature observed in the d-a-b orientation is the presence of a lower

order mode centred at ~2.725 GHz, though it fails to obtain sufficient impedance

matching at all the positions. On the other hand, the higher frequency modes exhibit

excellent impedance matching and wide band characteristics (1.73% to 7.5%

bandwidth variation). As the DR is moved along the feed line from the open end to

the source end (increasing dy)’ the impedance matching of the lower resonant mode
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deteriorates and the higher mode dominates. A resonant mode at 3.175 GHz operating

from 3.074 GHZ to 3.311 GHz exhibits the highest bandwidth (7.5%) at (d,,d,) =

(0.25,1.5) as shown in Figure 5.62(a). Figure 5.63 indicates the experimentally

observed variation in the resonant frequency and 2:1 VSWR bandwidth of the

dominant mode as the DR is located at different positions with respect to the feed.

The fi'equency shows an overall variation from 2.71 GHz to 3.76 GHz and the
bandwidth shows a variation from 1% to 7.5%. The resonant behaviour of the

Rectangular DRA in the d-a—b orientation is summed up in Table 5.33.

0.00 0.20 ill (cm) 0.50 0.00 0.26 .1‘ (cm) 0.00
-(B-— dy=0.5 an (2.71 GHz to 3.61 GHz)

a,=o.5 an Max%BW = 6.3 (r = 3.61GHz). at d.=oan
-‘“- “v=° 75 '3'“ (2 735 GH1‘° 3 715 GHZ) a,=o 75 cm Max“/oBW= 41 (r = 3.715 GHz), at a,=or3," CW — " “Mir gym cmMax“w8W:44rl: 3325012; ara,:.o 25:
-‘- dy“ 25 5"‘ 1313 GHI *0 3 45 GHZ’ a,=1z5 cm Max“/oBW= 5 7 (r = 313 GHz) at a,:o 2:
-9- “y=‘v5°''‘ (1175 G"l'°3-‘3 5”!) dy-1.5cm Mmsaw- 7.5(r= 3.115 Griz). ma,-0,2:(3) (b)
Figure 5.63 Resonant behaviour of the DRA measured with varying

position of the DR on the feed line

1.;£:G>1:to’5 rm 1

Hill

(a) Resonant frequency (b) % Bandwidth
feed line length : 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: d-a—b

The impedance matching at the lower resonant frequency in the d-a—b

orientation of the DR can be improved by introducing a stub near the source end as

shown in Figure 5.64. The dimensions of the stub chosen for the study are ls=2.8 cm

and ws=0.3 cm. The length of the stub is designed to be ~7td/2 at a lower resonant

frequency of 2.7 GHz. (Ad is the wavelength within the substrate). The excitation of

diflerent resonant frequencies at various positions of the stub-matched DRA is

illustrated in Figure 5.65.
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Resonant frequency (GHz) % Bandwidth
dy d, (cm) dy d, (cm)(cm) 0 0.25 0.5 (cm) 0 0.25 0.5
0.25 3.58 2.71 3.58 0.25 6.6 1 7
0.5 3.61 2.71 3.595 0.5 6.3 2.95 4.2
0.75 3.715 2.725 3.67 0.75 4.1 1.8 3.6
1 3.76 3.325 3.4 1 2.9 4.4 4
1.25 3.46 3.13 3.28 1.25 1.74 6.7 5.95
1-5 3.43 3.175 3.265 1.5 3.8 7.5 5.94(3) (I?)

Table 5.33 Resonant behaviour of the DRA measured at various positions of
the DR on the feed line
(a) Resonant frequency (GHz)
(b) % Bandwidth
feed line length : 2 cm
DR-1

large ground plane: 4 x 4 sq cm
orientation: d-a-b

V W9 +7
“ Top View

i:% dx

3 DR
'9

“’-t‘

Microstrip
feed line '1 dn

‘ Is
w V J’ _l_v 5

Figure 5.64 Stub matching to improve the impedance matching of the
low frequency resonant mode
feed line: l,=2 cm, w,=0.3 cm
stub: |.=2.8 cm, w, = 0.3 cm , d.=1.8 cm
large ground plane: (I, x w,) = 4 x 4 sq cmDR-1 orientation : d-a-b
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Figure 5.65 Resonant behaviour of the stub matched DRA measured at d,
= 0.25 cm
feed line length = 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation : d-a-b
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It is observed that the stub improves the impedance matching of the lower

resonant frequency. The variation in resonant frequency and % bandwidth of the

dominant mode with position of the DR is illustrated in Figure 5.66.2.54 5.0
--E1" frequency (2.515 GHz to 2.62 GHz)

132 :--0-- % Bandwidth (3 % to 4.6_"(.) """ "_'_'.'.g,___. _ ‘.5s... , . ,I; 2.60 - ' _. 4 o: =-='~- '- -.  '2E’ __ _. ._  lb 3.5 ES 2.56 -   E  3E :3 i  l i  - 3.0 3‘L 154 . "-----2.52 -  252.50 . 2.00.25 0.50 1.25
0.'75 dy (cm) 1.i)0

Figure 5.66 Resonant behaviour of the stub matched DRA measured
with varying position [dy] of the DR along the feed axis
[d,.=0.25 cm]
feed line length = 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: d-a-b

The resonant frequency of the dominant mode exhibits a variation from 2.515

GHz to 2.62 GHz when the DR is placed laterally at d, = 0.25 cm and moved along

the feed line from the open end of the feed to the source end. The bandwidth exhibits

an overall variation from 3 % to 4.6 %. Maximum bandwidth (4.6%) is observed at

2.62 GHz when the DR is placed at (dx,d,)=(0.2S,l). Tuning the stub length (Is) and

the distance (ds) has a significant effect on the resonant frequency.

The d-a-b orientation of the DR is thus significant by virtue of its relatively

low profile nature and the low frequency resonant mode with moderate bandwidth.

Chapter 5
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5.1.3.9 Characteristics for varying feed lengths

This section describes the characteristics of the DRA in the d-a-b orientation

for varying feed lengths. Figure 5.67 shows the theoretically predicted and

experimentally measured return loss characteristics of the DRA at the optimum

bandwidth position when the resonator in the d-a-b orientation is excited by a feed of

length 3 cm.

.3 O

Return Loss (dB)

in 9'.» ' O O

- -— FDTD
Experiment

-401.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

Figure 5.67 Return loss characteristics of the DRA at the optimum
bandwidth position.
feed line length = 3 cm large ground plane: 5x 4 sq cm
DR-1 orientation: d-a-b (d..d,) = (0.28.1.3) cm

The FDTD method predicts 269 MHZ bandwidth (9.6%) at 2.78] 1 GHz in a

band operating from 2.651 GHz to 2.92 GHz at the position (d,,d,) = (0.28,1.3) cm. A

resonant mode at 2.845 GHZ operating from 2.73 GHz to 2.94 GHZ, exhibiting 210

MHz bandwidth (7.4%) is observed experimentally at the same position. The

fractional difference between the experimentally measured and numerically computed

resonant fi'equency is +2.2%.

The measured radiation patterns are broad in both the principal planes as

shown in Figure 5.68. The radiation characteristics of the DRA are summarised in

Table 5.34.

Outcome of Numerical Computation and Experimental Observations
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In the optimum resonant band centred at 2.845 GHz, the 3 cm fed DRA in the d-a-b

orientation exhibits linear polarization along the longer dimension ‘a’ of the DR,

along the feed axis. The average gain in the optimum resonant band is 6.7 dBi as

shown in Figure 5.69.

E Plane H plane

-1 Experiment
Figure 5.68 Radiation Pattern of the DRA at the optimum bandwidth

position (f = 2.845 GHz) co-polar  cross-polar
feed line length = 3 cm large ground plane: 5 x 4 sq cm
DR-1 orientation : d-a-b (d,.,d,) = (0.28,1.3) cm

Half power On axis On axis
beam width Front-to- Cross

Back Polarisation
Ratio

(degree) (dB) (dB)E H E H E H
plane Plane plane plane plane plane

Theory 126 100 6 8 -13 -14
Experiment 176 58 15 17 - l 4 - 19

Table 5.34 Radiation characteristics of the DRA at the optimum
bandwidth position (f = 2.845 GHz)
feed line length = 3 cm large ground plane: 5 x 4 sq cm
DR-1 orientation : d-a-b (d,,,d,) = (0.28,1.3) cm
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.5 O

Glln (dfll)

in o 0:

average gain In the optimum band = 6.7dBl
.5 O

2.84 2.02
FrIquenze;'(GHz)

Figure 5.69 Gain of the DRA measured in the optimum band
feed line length = 3 cm large ground plane: 5 x 4 sq cm
DR-1 orientation : d-a-b (d,.,dy) = (0.28,1.3) cm

Figure 5.70 shows the return loss and gain characteristics of the DRA measured at the

optimum bandwidth position [(d,,d,) = (0,2.1)cm] when the ground plane is truncated

at the end of the 3 cm feed. A low frequency resonant mode at 2.785 GHz operating

from 2.702 GHz to 2.897 GHz exhibits 195 MHz bandwidth (7%). The DRA exhibits

5.] dBi gain in the optimum resonant band. Thus the truncation of the ground plane

results in a compact antenna configuration displaying good radiation characteristics.

\/”\/’”"
O

4 O

.n O

R_otum LoI_e (dB)

3 in GnInc(’dBl)

: 1. 2135 Gm (210; . z_a97)(;p-|; 1-/,aw average gain In the optimum band - 5.1dB|.5 O

-301.0 1.5 2.0 2.5 3.0 3.5 4.0 2.72 219 130
FWQUWCV (GHZ) Fnquoncy (GH1)(a) (b)

Figure 5.70 Characteristics of the DRA measured at the optimum
bandwidth position
(a) Return loss (b) Gain
feed line length = 3 cm truncated ground plane: 3 x 4 sq cm
DR-1 orientation : d-a-b (d.,d,) = (02.1) cm
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The radiation patterns of the 3 cm line fed DRA measured in the truncated ground

plane configuration are shown in Figure 5.71. The H plane pattern is broader than the

E plane pattern. The radiation characteristics are summarised in Table 5.35.

Figure 5.71

Table 5.35

E plane

Radiation Pattern of the DRA measured at the optimum
bandwidth position (f= 2.785 GHz)
_ co-polar .... .. cross-polar
feed line length = 3 cm truncated ground plane: 3 x 4 sq cm
DR-1 orientation : d-a-b (d..d,) = (02.1) cm

Half power F ront-to- Cross
beam width Back Ratio Polarisation

along the along the
Maxima Maxima

(degree) (dB) (dB)E H E H E H
plane plane plane plane plane plane70 126 10 19 -18 -16

Radiation characteristics of the DRA measured at the
optimum bandwidth position (f = 2.785 GHz)
feed line length = 3 cm truncated ground plane: 3 x 4 sq cm
DR-1 orientation : d-a-b (d,.,d,) = (02.1) cm
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Figure 5.72 illustrates the variation in resonant frequency and bandwidth of the DRA

measured for increasing feed lengths. As the feed length is increased from 2 cm to 9

cm in the large ground plane configuration of the d-a-b orientation, the resonant

frequency of the DRA at the optimum bandwidth position exhibits a variation from

2.65 GHz to 3.415 GHz. The 2:1 VSWR bandwidth varies from 5.1% to 10.3%. In

the truncated ground plane configuration, the frequency varies from 2.53 GHz to

2.995 GHZ, and the bandwidth varies from 2.8 % to 8.4 %.

3.0 - r - - 12 . . + .
'“' """"°"“""" -0- lnrgoyundphnc

gs“ —¢—uunutIdgroundp|an 1° _._"uM.hd'wndphm' 3.2 I5 ' . .E‘ 30 ‘a IE 2.8 ;Q '
3 r2.0 4' 12,4 1 . . . .2 3 4 6 O 1 I D 2 3 4 5 Q 1 5 9

Fudrrmiongmcm) F"¢""°'°"W'l°"'l(3) (D)
Figure 5.72 Variation in resonant behaviour of the DRA with feed length

and ground plane dimensions at the optimum bandwidth
position
(a) Resonant frequency (b) % BandwidthDR-1 orientation : d-a-b

The return loss characteristics of the DRA in the d-a-b orientation, when excited by

feed lengths ranging from 2 cm to 9 cm are summarised in Figure 5.73. Two resonant

modes are observed at the optimum bandwidth position of the DRA excited by the 4

cm feed on a large ground plane. The lower mode exhibits lesser bandwidth with

larger gain and the higher mode displays maximum bandwidth, though with lesser

gain.

The experimental results suggest that the overall bandwidth performance is

superior for the large ground plane configuration. However, a decision on the suitable

configuration can be made only afier the gain and radiation patterns are studied. The

gain of the DRA in the d-a-b orientation, when excited by varying feed lengths and

ground plane dimensions is shown in Figure 5.74.

Outcome of Numerical Computation and Experimental Observations
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Gain of the DRA measured in the optimum band for varying
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DR-1 orientation : d-a-b
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The variation of average gain in the optimum resonant band of the DRA for varying

feed lengths is illustrated in Figure 5.75. The observations indicate that good gain is

exhibited by the DRA in the d-a-b orientation when excited by all the feed lines in the

large ground plane configuration, the 2 cm and 9 cm feed being exceptions. The gain

perfonnance deteriorates in the truncated ground plane configuration. The variation in

radiation characteristics of the DRA with feed length is summarised in Table 5.36.

Gain (dBi)

-h

—v— large ground plane
-'v'- truncated ground plane0 I I 4L I I I2 3 4 5 6 7 8 9

Feed line length (cm)

Figure 5.75 Variation in gain of the DRA with feed length
and ground plane dimensions measured in
the optimum bandDR-1 orientation: d-a-b

The principal plane radiation patterns are measured in the d-a-b orientation of the

resonator for feeds varying in length from 2 cm to 9 cm. The patterns of the DRA

excited by the 2 cm and 3 cm feeds in the large ground plane configuration were

described earlier [Figures 5.57 and 5.68]. Figure 5.76 shows the principal plane

patterns of the DRA excited by the 4 cm, 7 cm and 8 cm feeds. The characteristics

obtained from the radiation pattern measurements are summed up in Table 5.37.

Outcome of Numerical Computation and Experimental Observations



Feed Large Ground plane Truncated Ground plane
Line

féfilz) %BW Si {$12) %BW /g:ll?_(dBn) (dBi)
2 3.175 7.5 1.4 2.725 2.8 1.9

3 2.845 7.4 6.7 2.785 7 5.1
4 2.56 3.8 5.6 2.56 8.4 4.2
5 2.845 5.1 6.65 2.575 6.2 4.91

6 2.845 6.32 6.92 2.695 7.24 5.1

7 2.65 8.1 5.2 2.995 4.] 1.2
8 2.905 10.3 5.1 2.55 5.2 4.3

9 3.205 6.1 3.4 2.53 7.9 5.9

Table 5.36 Variation in radiation characteristics of the DRA with feed
length and ground plane dimensions measured at the
optimum bandwidth position
DR-1 orientation: d-a-b
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Feed Half power Front-to- Cross
Length beam width Back Polarisation

Ratio along along the
the maxima maxima

£16336) (<13) (<13)E H E H E H
(cm) plane plane plane plane plane plane
2 S0 80 13 6 -1 l -28
3 176 58 15 17 -14 -19
4 94 136 14 12 -19 -38
5 70 104 l0 17 -l 3 -30
6 70 126 10 19 -l 8 -16
7 62 88 10 14 -17 -9
8 134 130 15 19 -12 -15
9 75 40 6 17 -7 -4

Table 5.37 Radiation pattern characteristics of the DRA measured
for varying feed lengths at the optimum bandwidth
position
DR-1 large ground plane orientation : d—a-b
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It is seen that the optimum bandwidth positions are not always symmetric

with respect to the feed axis. The optimum position also varies with feed length and

orientation. Figure 5.77 clearly illustrates the two positions of the DR in the d-a-b

orientation at d,=d/2 (the symmetrical position) and d,=0 (DR edge lying along the

feed axis). d, < d/2 indicates a displacement to the left from the symmetrical position,

and d, > d/2 indicates a displacement to the right from the symmetrical position.

Similarly, 0< d, < a indicates that the feed end lies within the DR. In the remaining

positions (dy 2a), the configuration behaves like a DR loaded Microstrip line. Table

5.38 summarises the optimum bandwidth positions of the DR in the d-a-b orientation,

when excited by feeds of varying lengths.d d0-555 Gm 0.555 cmDR DR.3 .5.N. N.N Nin IIat in
(8) (D)

Figure 5.77 Lateral positions of the DR with respect to the feed axis
(d,.,d,) - distance of the DR vertex ‘P’ from the reference
point along the x and y direction respectivelyDR-1 orientation: d-a-b
(a) symmetrical (b) asymmetrical
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Feed length Ground plane (dx, dy) cm
(cm) (lg x W“) sq cm

large (4 x 4) 0.25,1.5

2 truncated (2 x 4) 0.28,]

large (5 x 4) 0.28,1.3

3 truncated (3 x 4) 0,2.1

large (6 x 4) 05,2

4 truncated (4 x 4) 0.2,3.2

large (7 x 4) 0,0.8

5 truncated (5 x 4) 028,33

large (8 x 4) 0.28,]

6 truncated (6 x 4) 0,3

large (9 x 4) O.6,5.3

7 truncated (7 x 4) 0.28,5.5

large (10 x 4) 0.28,0.5

8 truncated (8 x 4) 0.28,3.2

large (1 l x 4) 0.28,4.4

9 truncated (9 x 4) 0.28,3.2

Table 5.38 The optimum bandwidth positions of the DR
DR-1 orientation: d-a-b
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5.1.3.10 Resonant behaviour of the DRA when the DR is placed

symmetrically with respect to the feed axis

This section discusses the resonant behaviour of the DRA for varying feed

lengths when the DR in the d-a-b orientation is placed symmetrically with respect to

the feed axis at (d,,d,,) = (d/2,0.5). Figure 5.78 illustrates the variation in resonant

frequency and % bandwidth of the DRA with feed length.3.1 10
---ta" frequency : 2.71 GHzto 3.04 GHz _g_

3.0 - ---0; %bnndwldth : 3.32% to8.9'/c ' B

>~ ,'  .' ' H‘E _. _n """"  _. a_._,_.. " 6 I:3 2.3- .-'   -' I3up .‘ .' ". -‘ 1 ‘Q.. _- "0 ....... --' ----- .. ‘L : .-4
2] ii2.5 . . . I . . 22 3 4 5 6 1 B 9

Feed line length (cm)

Figure 5.78 Variation in resonant frequency and % bandwidth of the DRA
with feed length measured at a symmetrical position of the DR
[(dx,dy) = (d/2, 0.5)] cm large ground planeDR-1 orientation : d-a-b

The varying feed lengths excite frequencies ranging from 2.71 GHz to 3.04

GHz, with an average bandwidth of 5.34%. Maximum bandwidth of 8.9% is

exhibited by the 8 cm fed DRA at 2.86 GHz and the minimum bandwidth of 3.32% at

2.71 GHz by the 2 cm fed DRA. However, the low resonant frequency excited by the

2 cm feed results in a compact antenna configuration. The resonant characteristics are

summarised in Table 5.39. The return loss characteristics for varying feed lengths are

shown in Figure 5.79. Increase in feed length does not cause a significant change in

the resonant frequency at this position of the DR. However, the bandwidth exhibits

considerable variation as shown in Figures 5.78 and 5.79.
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Feed Length
(cm)2 3 4 5 6 7 8 9

Freq 2.71 2.98 2.845 2.8 2.89 2.83 2.86 3.04
(GHz)

%BW 3.32 5.7 5.6 4.5 4.7 5.2 8.9 4.8

Table 5.39 Resonant behaviour of the DRA for varying feed lengths
measured at a symmetrical position of the DR

gin d,) = (d/2, 0.5) cmR1
large ground plane
orientation : d-a-b

.98 GHz 5.7% BW
2.845 GHZ 5.6% BW

Z I; = 5 cm _ 2.8 GHz 4.5% BW : 3.04 GHz 4.8% BW

2.0

Figure 5.79

2.0 3.0
Fnquoncy (GHz)

(3)

3.2

Fnquoncy (GHz)

2.3

(D)

3.0 3.2

Return loss of the DRA for varying feed lengths measured at a
symmetrical position of the DR
(a) feed length = 2 cm to 5 cm
large ground plane
DR-1

(b) feed length = 6 cm to 9 cm
(d,., dy) = (d/2.0.5) cm

orientation: d-a-b
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5.1.3.11 Salient features of the d-a-b orientation

The d-a-b orientation is noteworthy because of the low resonant frequencies

excited as the DR is positioned at various locations upon the feed line. At 3.175 G1-I7,

the 2 cm line fed DRA offers 58.5% size reduction with respect to a rectangular

Microstrip antenna resonating at the same frequency. Table 5.36 and 5.37 sum up the

characteristics of this orientation. In the large ground plane configuration, the varying

feed line lengths excite frequencies in the S-band, providing an average gain of 5.12

dBi, and average 2:1 VSWR bandwidth of 6.82%. The 6 cm feed offers the maximum

gain (6.92 dBi). The lower order mode excited by the 4 cm feed at the optimum

bandwidth position has the lowest resonant frequency (2.56 GHz), while the

maximum 2:1 VSWR bandwidth (10.3%) is provided by the 8 cm feed. The radiation

patterns are generally broad - the average half-power beam width along the E plane

and H plane being 9l.4° and 953° respectively. The 8 cm line fed DRA offers the

broadest radiation pattern with 134° and 130° half-power beam width respectively in

the E and H planes [Figure 5 .76].

The tnmcated ground plane configuration exhibits an average gain of 4.1 dBi

and average 2:1 VSWR bandwidth of 6.1%. The overall performance is therefore

comparable to that of the large ground plane configuration for most of the feed

lengths unlike the a-b-d and b-a-d orientations. Also, this configuration acquires

significance where the size of the antenna is of priority.

Investigations performed on the Dielectric Resonator Antenna incorporating

the rectangular resonator sample DR-1 in the d-a-b orientation confirm the

dependence of the antenna characteristics upon the feed length, ground plane

dimensions and position of the DR. The performance of the DRA excited by

Microstrip line feed of length 3 cm is noteworthy in lieu of its overall compactness,

bandwidth and gain.



249

5.1.4 The d-b-a orientation

In comparison with the a-b-d, b-a-d and d-a-b orientations discussed in the

previous sections, the d-b-a orientation is a relatively high profile orientation [aspect

ratio=1.9], as explained in Section 5.1. Figure 5.80 illustrates the orientation.

substrate (En h)

Figure 5.80 The d-b-a orientation of the Dielectric Resonator
DR-1 a x b x d = [2.25 x 1.19 x 0.555] cm3
substrate: 2, = 4.28, h = 0.16 cm

5.1.4.1 Return loss characteristics

The return loss characteristics are computed numerically employing the

FDTD method and the position of the DR with respect to the feed line (d,.,d,) is

optimised for maximum 2:] VSWR bandwidth. The numerical results are validated

experimentally. Measurements are recorded for varying dimensions of the feed line

and ground plane. Figure 5.8] shows the return loss characteristics of the DRA

excited by the 2 cm feed. Theoretically the antenna is found to resonate at 3.2931

GHz in a band operating from 3.1239 GHZ to 3.3842 GHz with 260 MHz bandwidth

(7.9%) when placed at (dx,dy) = (0.28,1.3) cm. Two resonant modes are observed

experimentally at 3.16 GHz and 3.4 GHz, operating from 3.079 GHz to 3.426 GHz in

a band centred at 3.28 GHz, exhibiting 347 MHz bandwidth (10.6%). The

polarization of both these modes is linear and is directed along the dimension ‘b’ of

the resonator, parallel to the feed axis. The centre frequency of the experimentally
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observed resonant band difiers from the numerically computed frequency by -0.4%.

The field distribution within the 2 cm fed DR in the d-b-a orientation at 3.2931 GHz

is shown in Figure 5.82. The resonant mode is identified as TEz21o through simulation

using HF SST“. The resonant fields undergo two half-wave variations along dimension

‘a’ and one half-wave variation along dimension ‘b’. The fields remain constant along

dimension ‘d’. FDTD theory and experiment also give similar results.

Return LOCI (dB)

1.0 1 .5 2.0 2.6 3.0 3.5 4.0
Frequency (GHz)

Figure 5.81 Return loss characteristics of the DRA at the optimum
bandwidth position
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : d-b-a (d,..d,) = (0.28.1.3) cm

mjn

Y

lb!

Figure 5.82 Simulated H field distribution within the DR at the
optimum bandwidth position f= 3.2931 GHz
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : d-b-a (d,,d,) = (O.28,1.3) cm
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At 3.28 GHZ, the 2 cm fed DRA incorporating the resonator in the d-b-a

orientation is found to possess 89% and 86.3% reduction in cross-section area with

respect to a Rectangular and Circular Microstrip antenna designed to operate at the

same frequency. Table 5.40 provides a comparison of the dimensions of different

antennas operating at 3.28 GHz.

antenna

Table 5.40

A Dimensions Areantenna (cm) (sq cm)
DRA in the d-b-a Length (d) =0.55S (d x b)
orientation Width (b) = 1.19 0.67
Rectangular Length = 2.17 6 1Microstrip antenna Width = 2.81 '
Circular Microstrip Radius = I 245 4 87

Dimensions of different antennas operating at 3.28 GHz

The truncation of the ground plane results in deterioration of the resonant behaviour

of the DRA as shown in Figure 5.83. A resonant mode at 3.46 GHz operating from

3.43 GHz to 3.48 GHz exhibits a narrow bandwidth of 50 MHz (1.5%) at the position

(dx,d,) = (0.5,l) cm.

04 fl NE
E

E -10E -10 V
S

-N

-15 j I‘ 3.46 GHZ (1434.40) GHz 1.5% BW

~N1.0 1.5 2.0 2.0 3.0 3.6 40

Figure 5.83
Frequency (BN1)

optimum bandwidth position.
feed line length = 2 cm truncated ground pIane:2x4 sq cm
DR-1 orientation : d-b-a

Return loss characteristics of the DRA measured at the

(d.,d,) = (0.5,1) cm
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The variation in return loss characteristics with increasing feed lengths is illustrated in

Figure 5.84. At the optimum bandwidth position, frequencies in the range 3.1 GHz to

3.325 GHz are excited by different feed lengths when the DR in the d-b-a orientation

is placed on a large ground plane. The 4 cm feed excites the highest frequency and

the 6 cm feed excites the lowest frequency. The 3 cm feed displays maximum

bandwidth (15.4%). Minimum bandwidth (4.27%) is exhibited by the 4 cm feed. The

average bandwidth observed in the d-b-a orientation on a large ground plane is

10.21%. When the DR is placed on a truncated ground plane, fi'equencies in the range

3.1 GHz to 3.46 GHz are excited by different feed lengths at the optimum bandwidth

position. Highest frequency is excited by the 2 cm feed and the lowest frequency is

excited by the 6 cm feed. Maximum (11.6%) and minimum (1.45%) bandwidth is

exhibited by the 7 cm and 2 cm feeds respectively. The average bandwidth observed

in the d-b-a orientation on a truncated ground plane is 6.77%.

9' 0| .— . ‘U u
_._ “,9. "mum, Pl”. -0- largo ground plane

,_ —I— truncated ground plane 15 ‘.' Wfluhd 97°‘-‘"5 Pill“
E’; 3.4' 12g 3.3 E I ,E 3 ‘'E 3.2 5E 39 G ’
3I 3.1 J

I3.0 02 3 4 5 8 7 I 9 2 3 4 5 C 7 I 9
Food lino long»: (cm) F"" ""' ""'"' ‘°""(a) (D)

Figure 5.84 Variation in resonant behaviour of the DRA with feed
length and ground plane dimensions measured at the
optimum bandwidth position
(a) Resonant frequency (b)% BandwidthDR-1 orientation 2 d-b-a

5.1.4.2 Radiation Pattern

The principal plane radiation patterns are measured in the d-b-a orientation of

the resonator for feed lengths varying from 2 cm to 9 cm. Figure 5.85 illustrates the

principal plane patterns measured experimentally at both the resonant frequencies

Outcome of Numerical Computation and Experimental Observations
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(3.16 GHz and 3.4 GHz) in the optimum band of the 2 cm fed DRA in the d-b-a

orientation. It is observed that the radiation patterns are broad throughout the

operating band and have a broad coverage. This is highly suitable for Mobile

Communication applications.

E plane H plane

no (a)   l
Feed length = 2 cm nono f= 3.16 GHz no

.. (bl ....
Feed length = 2 cm ,,110

f= 3.4 GHz

Figure 5.85 Radiation Pattern of the DRA measured at the optimum
bandwidth position — co-polar .... .. cross-polar
feed length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : d-b-a (d,.,d,) = (0.28,1.3) cm
(a) f= 3.16 GHz (b) f= 3.4 GHz

The radiation patterns of the 3 cm fed DRA also exhibit broad radiation coverage as

shown in Figure 5.86. Table 5.41 summarises the radiation pattern characteristics of

DRA excited by varying feed lengths.
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Figure 5.86 Radiation Pattern of the DRA measured at the optimum
bandwidth position (f = 3.115 GHz)

—- co-polar .... .. cross-polar
feed line length = 3 cm (d,.,d,) = (0.25.0.6) cm
DR-1 orientation : d-b-a large ground plane: 5 x 4 cm

Feed Half power F ront-to— Cross
Length beam width Back Polarisation

Ratio along along the
the maxima maxima

(degree) (<13) (<13)E H E H E H
(cm) plane plane plane plane plane plane2 159 90 12 10 -4 -17
3 102 90 9 16 -1 I -8
4 38 86 9 7 -4 -11
5 66 84 14 6 -16 -14
6 58 104 6 7 -16 -13
7 84 28 10 16 -7 -11
8 62 62 8 5 -11 -14
9 24 42 13 9 -6 -21

Table 5.41 Radiation pattern characteristics of the DRA for varying
feed lengths measured at the optimum bandwidth
position
DR-1 large ground plane orientation : d-b-a

Outcome of Numerical Computation and Experimental Observations
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The 2 cm line fed DRA in the d-b-a orientation of the resonator exhibits an

average gain of 5.9 dBi and 4.74 dBi in the optimum resonant band when placed on a

large ground plane and truncated ground plane respectively as shown in Figure 5.87.

The variation in the average gain of the DRA in the optimum resonant band for

varying feed lengths and ground plane dimensions is illustrated in Figure 5.88.

10

avenue gain In the optimum band = 5.9dBl

Glln (1184)

average gain In the optimum band a 4.74 dBi
-10

3.20 3.24
Fnduoncv (G12)

(3)

Figure 5.87

3-32 3.40 us
Frequency (Griz)

(D)

3.28 1“
Gain of the DRA measured in the optimum band
(a) large ground plane: 4 x 4 sq cm (d,.,d,) = (0.28,1.3) cm
(b) truncated ground plane: 2x 4 sq cm (d,.,d,) = (O.5,1) cm
DR-1

Figure 5.88

.n O

Glln (dB|)

feed line length = 2 cm orientation : d-b-a

-v- largo ground plane
-v- truncated ground plane

5 O

4 4

N

1

Food line length (cm)

. ; ;
Variation in gain of the DRA with feed length and
ground plane dimensions measured in the
optimum bandDR-1 orientation 2 d-b-a

Chapter 5



256

Though the d-b-a orientation exhibits good gain when excited by different feed

lengths, the large aspect ratio of the DR makes it attractive only in applications where

the antenna footprint is not a major concern. The truncated ground plane
configuration is attractive in view of its overall compactness. But, the resonant and

radiation behaviour is found to deteriorate as the ground plane dimensions are

reduced. Consequently this configuration will be useful in compact antenna structures

where other compensation techniques can be employed to improve the antenna

performance. The variation in radiation characteristics of the DRA with feed length

and ground plane dimensions in the d-b-a orientation is summarised in Table 5.42.

Feed Large Ground plane Truncated Ground plane

Fm“ %BW gairgi Fm‘ %BW iii(cm) (GHz) (dm) (GHz) @130
2 3.28 10.6 5.9 3.46 1.5 4.74
3 3.115 15.4 7.4 3.13 7.4 5.6
4 3.325 4.3 5.8 3.145 9.01 5.5
5 3.2125 12 6.4 3.1975 9.7 6.06
6 3.1 7.3 7.6 3.1 4.5 1.8
7 3.25 10.6 6.3 3.2125 11.6 7.97
8 3.2425 11.6 9.3 3.2 5.2 3.5
9 3.1975 10 3.9 3.175 5.32 3.9

Table 5.42 Variation in radiation characteristics of the DRA with feed
length and ground plane dimensions measured at the optimum
bandwidth positionDR-1 orientation: d-b-a

Outcome of Numeril Computation and Experimental Observations
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5.1.4.4 Resonant behaviour at different positions of the DR with respect to

the feed

The resonant behaviour of the antenna when the DR in the d-b-a orientation

is placed at discrete intervals of 0.25 cm along the x and y directions [0.25 sd, 5 0.5,

0.255 d,s0.75], on a 2 cm feed is discussed in this section. Figure 5.89 illustrates the

return loss characteristics on a large ground plane at discrete positions of the DR. The

resonant frequency varies from 3.565 GHz to 3.64 GHz and the 2:1 VSWR
bandwidth in the dominant resonant band exhibit a variation from 0.4% to 3.96%.

Rltum Ln|I(dB)

—— d, = 0.25: r=3.5a GHz(-1BclB) j dy=0.Z5 : f = 3.64GHz(-11dB)
—— dy=0.-5: f= 3.565 GHz (- 20dB) — a,=o.5: 11: 3.61 GHz (- 24dB)

40. j cly=075 f=3.625 GH1 (-11 dB) __ dyzo 75 [=354GHZ(.11dB)- v - 4o . . 3.0 3.2 3.4 3.0 3.0 4.( 10 3.2 14 .u .u 4.0fnau-ncv (OH!) Fnquoncy (em)
(8)d. = 0.25 d, = 0.5

Figure 5.89 Return loss characteristics of the DRA at different d,
locations of the DR
feed line length = 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation : d-b-a

It is observed that the higher resonant modes exhibit considerably greater

bandwidth (up to 8.8%). But at an intenncdiate position [(dx,dy) = (0.28,l.3) cm], two

resonant modes at 3.16 GHz and 3.4 GHz combine to exhibit 10.6% bandwidth in a

band centred at 3.28 GHZ as described in Section 5.1.4.1 [Figure 5.81]. Figure 5.90

illustrates the dependence of the resonant frequency and bandwidth of the dominant

mode on the position of the DR with respect to the feed line. The resonant behaviour

of the DRA at the discrete positions in the d-b-a orientation is summarised in Table

5.43.
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Resonant frequency (Griz)

-6- dy=0.25 crn ( 3.55 GHZ to 3.64 GHZ)
-19- dy=0.5 an (3,565 GHZ lo 3.625 GHZ)
-1?-_)— 0)/=0 75 cm (3 625 GHZ lo 3 64 GHZ)

Figure 5.90

0.25 0.25 0.50.1, (cm) a, (cm)
-% dy=0.25 cm : Max%BW = 2.1
-0- dy=O.5 cm: Max% BW= 3.96
-0- dy=0 75 cm Max”/6 BW =1(8) (D)

Variation in the resonant behaviour of the DRA measured
with the position of the DR on the feed
(a) Resonant frequency (b) % Bandwidth
feed line length 2 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: d-b-a

Resonant frequency (GHZ) % bandwidth
dll dx (cm) dy dx (cm)(Cm) (Cm)0 0.25 0.5 0 0.25 0.5
0.25 3.61 3.58 3.64 0.25 1.5 2.1 0.4
0.5 3.625 3.565 3.61 0.5 1.6 3.96 2.1
0.75 3.64 3.625 3.64 0.75 1 0.8 0.55(3) (I?)

Table 5.43 Resonant behaviour of the DRA measured at various
positions of the DR on the feed line
(a) Resonant frequency (GHz)
(b) % Bandwidth
feed line length : 2 cm
DR-1

large ground plane: 4 x 4 sq cm
orientation: d-b-a

Outcome of Numerical Computation and Experimental Observations
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It is observed that for varying feed length and ground plane dimensions, the

maximum bandwidth is not always obtained when the DR is placed symmetrically

with respect to the feed [dx = d/2 = 0.2775 cm]. Table 5.44 summarises the optimum

bandwidth positions of the DR in the d-b-a orientation when excited by feeds of

varying lengths.

f.f,°S,.‘.°"g"‘ 5':‘:“:::‘,‘:';";$.. mm d» cm

large (4 x 4) 0.28, 1.3

2 truncated (2 x 4) 0.5, 1

large (5 x 4) 0.25, 0.6

3 truncated (3 x 4) 0, 1.7

4 large (6 x 4) 0.5, 2.4
truncated (4 x 4) 0.25, 2

large (7 x 4) 0, 1.5

5 truncated (5 x 4) 0.25, 3.9

large (8 x 4) 0.25, 4.5

6 truncated (6 x 4) 0.25, 1.5

large (9 x 4) 0.25, 1.8

7 truncated (7 x 4) 0.25, 4.3

large (10 x 4) 0, 1.2

8 truncated (8 x 4) 0.25, 1.6

large (11 x 4) 0.25, 1.5

9 truncated (9 x 4) 0.25, 4

Table 5.44 The optimum bandwidth positions of the DR
DR-1 orientation: d-b-a
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5.1.4.5 Resonant behaviour of the DRA when the DR is placed

symmetrically with respect to the feed axis

This section discusses the resonant behaviour of the DRA for varying feed

lengths when the DR in the d-b-a orientation is placed symmetrically with respect to

the feed axis at (d,.,d,) = (d/2, 0.5) cm. Figure 5.91 illustrates the variation in resonant

frequency and % bandwidth of the DRA with feed length at this position of the DR.3.63 10
L. ____ __  *3 ........ »- ' 5E 3.54  _ 6 5Q E V--E!-~ frequency 2>-   %bandwldth .g‘E q -' 4 =5' lmg 3.50 at‘L ....., - 2

. ________ ‘I. ........ ..o ....... W. _ , . . . . . . . . . . . __+-’¢.- 0
a

3.56 

2 3 4 5 6 7 B 9
Feed Ilne length (cm)

Figure 5.91 Variation in resonant frequency and % bandwidth of
the DRA with feed length measured at a symmetrical
position of the DR
(d.,d,) = (d/2, 0.5) cm large ground planeDR-1 orientation : d-b-a

The varying feed lengths excite frequencies ranging from 3.565 GHz to 3.67

GHz, with an average bandwidth of 1.4%. The 3 cm feed fails to provide sufficient

impedance matching to the resonant fi'equency at 3.625 GHz at this position.

Maximum bandwidth of 3.92% is exhibited by the 2 cm fed DRA at 3.565 GHz. The

observations indicate that the bandwidth perfonnance of the DRA in the d-b-a

orientation of the resonator placed at [(d,.,d,) = (d/2, 0.5)] is far inferior to that of the

other orientations at the same position. Nevertheless, the influence of the feed length

on the return loss characteristics is evident from Figure 5.91. The 2 cm fed DRA is

preferred over the rest because of its overall compactness and moderate bandwidth.

Outcome of Numefical Computation and Experimental Observations
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5.1.4.6 Salient features of the d-b-a orientation

The d-b-a orientation is a relatively high profile orientation. Nevertheless, at

3.28 GHz the 2 cm fed DRA offers ~89% size reduction with respect to a Rectangular

Microstrip Antenna resonating at the same frequency. Table 5.41 and Table 5.42 sum

up the characteristics of this orientation. The varying feed line lengths excite

frequencies in the S-band in the large ground plane configuration, providing an

average gain of 6.6 dBi, and average 2:1 VSWR bandwidth of 10.2%. The 8 cm feed

offers the maximum gain (9.3 dBi). The lowest resonant frequency (3.1 GHZ) is

excited by the 6 cm feed and the maximum 2:1 VSWR bandwidth (15.4%) is

provided by the 3 cm feed. The 2 cm line fed DRA offers the broadest radiation

pattern at 3.4 GHZ with 1590 and 90° half-power beam width respectively in the E and

H planes [Figure 5.85(b)]. The truncated ground plane configuration exhibits an

average gain of 4.8 dBi and average 2:] VSWR bandwidth of 6.8% for varying feed

lengths. The perfonnance is therefore relatively inferior to that of the large ground

plane configuration. However, it acquires significance where the size of the antenna is

of priority.

The above investigations perfonned on the Dielectric Resonator Antenna

incorporating the rectangular resonator sample DR-1 in the d-b-a orientation confinn

the dependence of the antenna characteristics upon the feed length, ground plane

dimensions and position of the DR. The performance of the DRA excited by

Microstrip line feeds of length 2 cm and 3 cm is noteworthy in lieu of its overall

compactness, bandwidth, gain and broad radiation pattern.
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5.1.5 The a-d-b orientation

The a-d-b orientation has the second highest profile among the six possible

orientations of the rectangular resonator [aspect ratio =2.l4]. Figure 5.92 illustrates

the orientation.

Figure 5.92 The a-d-b orientation of the Dielectric Resonator
a x b x d = [2.25 x 1.19 x 0.555] cm?‘
substrate: Sr = 4.28, h = 0.16 cm

5.1.5.1 Return loss characteristics

The retum loss characteristics are computed numerically employing the

FDTD method and the position of the DR with respect to the feed line (d,,d,) is

optimised for maximum 2:1 VSWR bandwidth. The numerical results are validated

experimentally. Measurements are recorded for varying dimensions of the feed line

and ground plane. Figure 5.93 shows the return loss characteristics of the DRA

excited by the 2 cm feed. Theoretically the antenna is found to resonate at 3.6315

GHz in a band operating from 3.5665 GHz to 3.6793 GHZ with 112.8 MHz

bandwidth (3.1%) when placed at (dx,d,) = (l.5,0.25) cm. Two closely spaced

resonant frequencies at 3.55 GHz and 3.685 GHz observed experimentally at this

position combine together in a frequency band centred at 3.6175 GHz, operating from

3.479 GHz to 3.814 GHz, to provide 335 MHz bandwidth (9.3%). Both these modes

are linearly polarized along the dimension ‘d’ of the resonator, parallel to the feed

axis. The centre frequency of the experimental data differs from the numerically

Outcome of Numerical Computation and Experimental Observations
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predicted frequency by — 0.38%. The field distribution within the 2 cm fed DR in the

a-d-b orientation at 3.6315 GHz is shown in Figure 5.94. The resonant mode is

identified as TE’m through simulation using HFSST“. The resonant fields undergo

two half-wave variations along dimension ‘a’ and one half-wave variation along

dimension ‘b’. The fields remain constant along dimension ‘d’. FDTD theory and

experiment also give similar results

Rotum Lou (dB)

—— FDTD
: Experiment

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Fr-nu-ncy(GHz)

Figure 5.93 Return loss characteristics of the DRA at the optimum
bandwidth position.
feed line length = 2 cm large ground plane: 4 x 4 sq cm
DR-1 orientation : a-d-b (dx,dy) = (1 .5,0.25) cm

:fN

Figure 5.94 Simulated H field distribution within the DR at the
optimum bandwidth position (f = 3.6315 GHz)
feed line length = 2 cm large ground plane: 4x4 sq cm
DR-1 orientation 2 a-d-b (d,.,d,) = (1.5,0.25) cm
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At 3.6175 GHz, the 2 cm fed DRA incorporating the resonator in the a-d-b orientation

is found to possess 75% and 68.5% reduction in the cross-section area with respect to

a Rectangular and Circular Microstrip Antenna designed to operate at the same

frequency. Table 5.45 provides a comparison of the dimensions of different antennas

operating at 3.6175 GHz.

Antenna Dimensions Area(cm) (Sq cm)
DRA in the a-d-b Length (a) =2.25 (a x d)
orientation Width (d) = 0.555 1.25
Rectangular Length = 1.9581 4 997
Microstrip Antenna Width = 2.5520 '

M‘°'°“”P Radius = 1.125 3.93

Table 5.45 Dimensions of different antennas operating at 3.6175 GHz

Figure 5.95 illustrates the resonant behaviour of the DRA in the truncated ground

plane configuration. A resonant mode at 3.565 GHz operating from 3.454 GHz to

3.615 GHz and exhibiting a bandwidth of 161 MHz (4.5%) is experimentally

observed at (d,,d,) = (1.125, O.5)cm. The variation in return loss characteristics with

increasing feed lengths is illustrated in Figure 5.96.

7 \\(/“
Z 1- 3.505 G01: (3454-8315) 6011 4.5% BW

a0

nuum L»: (as) B-N .1 .0 I .l 1.0 1.0 3.0 3.0 4.0
Fnqumcy (OI-lz)

Figure 5.95 Return loss characteristics of the DRA measured at the
optimum bandwidth position.
feed line length = 2 cm truncated ground plane: 2x4 sqcm
DR-1 orientation : a-d-b (d.,d,) = (1 .125, O.5)cm

Outcome of Numerical Computation and Experimental Observations



265

Po
-0- large gmundplnne
—II— truncated ground plane

9u

Rnomnt fnquoncy (GI-lz)

P .9VI 0

.'~’A A_ . 1 .2 3 4 5 8 1 O I 2 J 4 5 I 7 I I
Feed Ilm ranger (cm) ‘W’ ""‘ ''"9‘'' “"0(a) (b)

Figure 5.96 Variation in resonant behaviour of the dominant mode of
the DRA with feed length and ground plane dimensions
measured at the optimum bandwidth position
(a) Resonant frequency (b)% BandwidthDR-1 orientation : a-d-b

When the DR in the a-d-b orientation is placed on a large ground plane at the

optimum bandwidth position, different feed lengths excite frequencies in the range

2.68 GHz - 3.6175 GHz. The 2 cm feed excites the highest frequency and the 5 cm

feed excites the lowest frequency. The 2 cm feed displays maximum bandwidth

(9.3%). Minimum bandwidth (5.5%) is exhibited by the 4 cm feed. The average

bandwidth observed on a large ground plane is 8.04%.

Frequencies in the range 2.785 GHz to 3.565 GHz are excited by different

feed lengths in the optimum bandwidth condition when the DR is placed on a

truncated ground plane. Highest frequency is excited by the 2 cm feed and the lowest

frequency is excited by the 4 cm feed. Maximum (9.65%) and minimum (3.02%)

bandwidth is exhibited by the 9 cm and 3 cm feeds respectively. The average

bandwidth observed in the a-d-b orientation on a truncated ground plane is 5.59%.
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5.1.5.2 Radiation Pattern

The principal plane radiation patterns are measured in the a-d-b orientation of

the resonator for feed lengths varying from 2 cm to 9 cm. Figure 5.97 illustrates the

principal plane patterns measured experimentally at 3.6175 GHZ in the optimum band

of the 2 cm fed DRA in the a-d-b orientation. The pattern in both the planes are not as

broad as that exhibited by the other orientations.

E plane

Figure 5.97 Radiation Pattern of the DRA at the optimum bandwidth
position — co-polar .... .. cross-polar (f = 3.6175 GHz)
feed line length = 2 cm (d.,d,) = (1.5,0.25) cm
DR-1 orientation: a-d-b large ground plane : 4x4 sq cm

The patterns of the DRA excited by the 3 cm, 5 cm and 8 cm feeds are shown in

Figure 5.98. These antenna configurations with broad radiation coverage may find

applications in Mobile Communications. The radiation pattern characteristics of the

DRA excited by varying feed lengths are summarised in Table 5.46.
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(a)
Feed length = 3 cm

" ._ 2.77 GHz

(b)
Feed length = 5 cm

'° u 2.68 GHz 110

... (c) u.
no Feed length = 8 cm m

2.725 GHz

Figure 5.98 Radiation Pattern of the DRA for varying feed
lengths at the optimum bandwidth position
orientation : a-d-b — co-polar .... .. cross-polarDR-1 large ground plane
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Feed Half power Front-to-Back Cross
Length beam width Ratio along the Polarisation

maxima along the
maxima

(degree) (dB) (dB)E H E H E H
(Cm) plane plane plane plane plane plane
2 108 30 7 8 -9 -13
3 76 74 28 1 1 -20 -19
4 148 60 15 l 1 -13 -24
5 82 80 18 15 -26 -20
6 70 126 10 19 -18 -16
7 52 34 13 l l -7 -7
8 104 92 1 1 13 -16 -17
9 54 22 2 2 -4 -12

Table 5.46 Radiation pattern characteristics of the DRA for varying
feed lengths at the optimum bandwidth position
DR-1 large ground plane orientation : a-d-b
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5.1.5.3 Gain

Figure 5.99 shows the gain characteristics of the 3 cm fed DRA in the a-d-b

orientation of the resonator. The variation in the gain of the DRA in the optimum

resonant band for varying feed lengths and ground plane dimensions is illustrated in

Figure 5.100. 10 
5 .

E
E 9 .................................................................................. ..
E
Qo

.5 T

average gain in the optimum band = 8.9 dBi
.10 

2.72 2.76 2.80
Frequency (GHz)

Figure 5.99 Gain of the DRA measured in the optimum band
feed line length = 3 cm large ground plane : 5x4 sq cm
DR-1 orientation : a-d-b (d.,d,) = (0,0.5) cm

15 a . 1' 1 .
-v- large ground plane

+ —v- truncated ground plane10

7

5 .

§ 1
E 0 ._ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ 
E
5 V

.5 

10 <-15 ' ‘ ‘ ' ' 2 3 4 5 6 7 8 9
Feed Ilne length (cm)

Figure 5.100 Variation in gain of the DRA with feed length and
ground plane dimensions measured in the
optimum bandDR-1 orientation : a-d-b
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Table 5.47 summarises the variation in radiation characteristics of the DRA

with feed length and ground plane dimensions in the a-d-b orientation. It is observed

that the overall radiation perfonnance of the truncated ground plane configuration is

inferior in comparison to that of the large ground plane configuration.

llieed Large Ground plane Truncated Ground planeme Avg Avg
‘:35? (ESE) %BW (fig?) (2133) %BW (33?)
2 3.6175 9.3 poor 3.565 4.5 poor
3 2.77 7.2 8.9 3.535 3.02 poor
4 2.71 5.5 7.1 2.785 4.6 7.25
5 2.68 6.9 6.8 3.505 4.72 poor
6 2.74 8.8 7.1 3.475 6.04 poor
7 3.455 8.9 poor 3.4675 8.6 poor
8 2.725 8.8 5.4 3.525 3.6 poor
9 3.4075 8.95 poor 2.83 9.65 7.15

Table 5.47 Variation in radiation characteristics of the DRA with feed
length and ground plane dimensions at the optimum bandwidth
positionDR-1 orientation: a-d-b

Outcome of Numerical Computation and Experimental Observations
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5.1.5.4 Resonant behaviour at different positions of the DR with respect to

the feed

The resonant behaviour of the antenna at different positions of the DR in the

a-d-b orientation is discussed in this section. The DR is placed at discrete intervals of

0.25 cm along the x and y directions on a 2 cm feed for the study [0.25 sd, 5 2, 0.255

d,s0.75]. Figure 5.101 illustrates the return loss characteristics for the a-d-b

orientation on a large ground plane at different locations of the DR. A feature

observed in this orientation (similar to d-a-b) is the presence of a low frequency mode

at 2.78 GHz at certain positions of the DR, though it fails to achieve sufficient

impedance matching. Stub matching may be attempted to improve the impedance

matching of the lower resonant modes.

When the DR is placed laterally at d, = 0.5 cm as shown in Figure 5.10l(a),

the second mode achieves better impedance matching at all dy positions. The

frequency of the second mode decreases to ~3.5 GHz when the DR is moved laterally

to d, = 1 cm.

0 4

F10 
E.

3
—:-2o 
E

§

--—-— dy'0-25:11'!-755GHl(-5dB)12-3-B85GHz(-2268) “do _— dy'°.25Z t1-3.55GHz(-14dB) l2=J.685GHz (-17dBI— u,-0.5: l1-2.77GHz(- ode) 1;-a.e7cHz(. zaaa) —- uy-o.s: I1-3.6J5GHz (-12:13) lg-3.115GHt(-20dB
— u,,=o.7s: f1=2.785GHz(-6dB) l'2=3.805GHz(-25dB — dy=0-75: f1=3-36-'vGH2 (- 22dB)v - v .40 . .1-3 3-1 3-9 4-0 2.3 3.2 an 4.0F"'q“'“°V (Gm) irequency (GHz)(8) (b)d.= 0.5 cm d,.= 1.5 cm
Figure 5.101 Return loss characteristics of the DRA measured at different

dy locations of the DR
feed line length = 2 cm
DR-1

large ground plane: 4 x 4 sq cm
orientation : a-d-b
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However, maximum bandwidth (9.3%) is observed in the frequency band

centred at 3.6175 GHZ (3.479 GHz -3.814 GHz), when the DR is placed at (d,,d,) =

(l .5,0.25) [Figure.5.10l(b)]. Two resonant modes at 3.55 GHz and 3.685 GHz merge

at this position of the DR as explained in Section 5.1.5.1 [Figure 5.93].

Figure 5.102 illustrates the shifi in the resonant frequency and 2:1 VSWR

bandwidth of the higher order mode, as the DR is located at different positions with

respect to the feed. Table 5.48 summarises the resonant behaviour of the DRA in the

a-d-b orientation. The frequency varies from 3.46 GHz to 3.865 GHz and the
bandwidth exhibits a variation from 2% to 9.3%.4.0 5 ..9. 5  ‘ g3.3 E  I§ it- £1 - EE -E E1." as ' 1.1:‘E 3.0 E n at ‘-213 E  fir‘>.. It .5 I3 " 2"’ E?, E= 3'6‘3.4 ' ‘0.5 1.0 1.5 2.0 (3.5 1_o 1,5 2,0a. tan) cl. (cm)

—a— ay=o.2s cm (3.415 GHz to 3.686 GHz) —o— dy=0.25 cm, Max%BW = 9.3
+ dy-0.5 cm (3.40 GHz to 3.01 GHz) -9- "v=°-5 °'"- M“‘*BW ‘ 7-‘(8) (b)

Figure 5.102 Measured variation in the resonant behaviour of the DRA
with position of the DR on the feed
(a) Resonant frequency (b) % Bandwidth
feed line length : 2 cm large ground plane: 4 x 4 sq cmDR-1 orientation: a-d-b

From Figure 5.102 it is inferred that the positions of the DR corresponding to

d,=l cm and 1.25 cm are ideal for exciting lower resonant frequencies (3.46-3.505

GHz) with moderate bandwidths (~7%). The optimum bandwidth positions of the DR

in the a-d-b orientation, when excited by feeds of varying lengths are summarised in

Table 5.49. It is observed that for varying feed length and ground plane dimensions,

the maximum bandwidth is not always obtained when the DR is placed symmetrically

with respect to the feed i.e, dx = a/2 = 1.125 cm.

Outcome of Numerical Computation and Experimental Observations
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Resonant frequency (GHz)01 dx(cm)
(cm) 0.25 0.5 0.75 1 1.25 1.5 1.75 2

0-25 3.595 3.685 3.565 3.505 3.475 3.55 3.625 3.595

0-5 3.61 3.67 3.535 3.46 3.475 3.535 3.67 3.595
0-75 3.64 3.805 3.865 3.52 3.535 3.865 3.82 3.65

(a)

%Bandwidth

d)’ dx(cm)
(cm) 0.25 0.5 0.75 1 1.25 1.5 1.75 2

0-25 7.8 5.7 2 4.9 6.6 9.3 6.7 7.5
0-5 7.1 6.13 2.12 5.8 5.4 2.6 7.5 7.1
0-75 2.2 4.4 3.1 — - 2.3 3.1 

(b)

Table 5.48 Resonant behaviour of the DRA measured at various
positions of the DR on the feed line
(a) Resonant frequency (GHz)
(b) % Bandwidth
feed line length : 2 cm
DR-1

large ground plane: 4 x 4 sq cm
orientation: a-d-b
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Feed length Ground plane (dx, dy) cm
(lg) cm (lg x wg) sq cm

large (4 x 4) 1.5, 0.25

2 truncated (2 x 4) 1.125, 0.5

large (5 x 4) 0, 0.5

3 truncated (3 x 4) 1,2

4 large (6 x 4) 2, 2.5
truncated (4 x 4) 1.4, 2.4

large (7 x 4) 1.5, 2.3

5 truncated (5 x 4) 0.9, 1.8

large (8 x 4) 0.5, 2.5

6 truncated (6 x 4) 1.125, 4.1

large (9 x 4) 1.125, 4

7 truncated (7 x 4) 1.125, 4

large (10 x 4) 1.5, 5.2

8 truncated (8 x 4) 1.125, 6.5

large (11 x 4) 1.125, 6.5

9 truncated (9 x 4) 1.5, 2.2

Table 5.49 The optimum bandwidth positions of the DRDR-1 orientation: a-d-b
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5.1.5.5 Resonant behaviour of the DRA when the DR is placed

symmetrically with respect to the feed axis

This section discusses the resonant behaviour of the DRA for varying feed

lengths when the DR in the a-d-b orientation is placed symmetrically with respect to

the feed axis at (d. 'dy) = (a/2,0.5). Figure 5.103 illustrates the variation in resonant

frequency and % bandwidth of the DRA with feed length at this position of the DR.3.64 1
~-Kw frequency

ii1'“   %blndwldth .'°
3;’; 3.55 - _. ---- ~97 """ " “‘ - 5 -5
C 1.52 -  - 4 EW I - I3  ._  in
3.44 -i    — 2.. .‘3.-so . . . . . . 12 3 4 5 6 7 B 9

Feed Ilne length (cm)

Figure 5.103 Variation in resonant frequency and % bandwidth of
the DRA with feed length measured at a symmetrical
position of the DR
[(d,..dy) = (a/2, 0.5)] cm large ground planeDR-1 orientation 2 a-d-b

The varying feed lengths excite frequencies ranging from 3.445 GHz to 3.595

GHz with an average bandwidth of 3.02%. The 2 cm feed is attractive since it excites

the lowest frequency with a maximum bandwidth of 6.1%, resulting in a compact

antenna configuration. Minimum bandwidth of 1.6% at 3.595 GHz is exhibited by the

9 cm fed DRA. The 3 cm and 6 cm feed fail to excite resonance at this position. The

influence of the feed length on the return loss characteristics is evident from Figure

5.103.
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5.1.5.6 Salient features of the a-d-b orientation

The a-d-b orientation is a relatively high profile orientation. Nevertheless, at

3.6175 GHz the 2 cm fed DRA offers 75% size reduction with respect to a

Rectangular Microstrip Antenna resonating at the same frequency. Table 5.46 and

Table 5.47 sum up the characteristics of this orientation. The varying feed line lengths

excite frequencies in the S-band, providing an average 2:1 VSWR bandwidth of

8.04%. The 3 cm feed otfers the maximum gain (8.9 dBi). The lowest resonant

frequency (2.68 GHZ) is excited by the 5 cm feed and the maximum 2:1 VSWR

bandwidth (9.3%) is provided by the 2 cm feed. The 3 cm line fed DRA also offers

broad radiation patterns at 2.77 GHz with 76° and 74° half-power beam width

respectively in the E and H planes [Figure 5.98(a)]. Though the truncated ground

plane configuration exhibits an average 2:1 VSWR bandwidth of 6.7%, the overall

gain perfonnance is far inferior to that of the large ground plane configuration.

Nevertheless, it acquires significance where the size of the antenna is of priority.

The above investigations performed on the Dielectric Resonator Antenna

incorporating the rectangular resonator sample DR-1 in the a-d-b orientation confirm

the dependence of the antenna characteristics upon the feed length, ground plane

dimensions and position of the DR. The perfonnance of the DRA excited by the 3 cm

long Microstrip line feed is noteworthy in lieu of its overall compactness, low

resonant frequency, good bandwidth, gain and broad radiation pattern.
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5.1.6 Performance of the DRA in various orientations of the

DR upon the feed line

A comparison of the performance of the DRA in various orientations of the

DR upon the feed line is presented in this section. Figure 5.104 illustrates the

variation in resonant frequency at the optimum bandwidth position of the DRA in

different orientations, for varying lengths and ground plane dimensions.

.16 ’
it
9.
>
2 ii
E12 f .
‘E
B

5 2.3
8z2.4 .2 3 4 5 6 7 8 9

feed llno length (cm)

(a)

..3.8i
Q

E
g 3.2

E
E 2 8
§
ii:2.4 .2 3 4 5 6 7 8 9

feed Ilne length (cm)

(b)
Figure 5.104 Variation in resonant frequency of the DRA with feed length

for different orientations of DR-1 measured at the optimum
bandwidth position
(a) large ground plane (b) truncated ground plane
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The variation in the maximum % bandwidth is illustrated in Figure 5.105.

Table 5.50 and Table 5.51 summarise the resonant behaviour and average gain of the

DRA excited by varying feed lengths in different orientations of the DR in the

optimum resonant band.

-0- b-a-d
-0- a-b-d

food Ilno length (cm)

(a)

20
-0- b-a—d
-0- a-b-d16 4 —o— d-a-b

2 5 ; ; it 9 A 9
food Ilne length (cm)

(b)

Figure 5.105 Variation in % bandwidth of the DRA with feed length
for different orientations of DR-1 measured at the
optimum bandwidth position
(a) large ground plane (b) truncated ground plane
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|Fe‘:e‘t'h (a) large ground plane
(en?) b-a-d a-b-d d-a-b d-b-a a-d-b

2 3.175 3.4675 3.175 3.28 3.617510.2% 12.9% 7.5% 10.6% 9.3%
3 3.265 3.205 2.845 3.115 2.776.9% 7.96% 7.4% 15.4% 7.2%
4 3.325 3.025 2.56 3.325 2.716.4% 5.7% 3.8% 4.3% 5.55
5 3.34 3.46 2.845 3.2125 2.685.9% 9.8% 5.1% 12% 6.9%
6 3.085 3.01 2.845 3.1 2.745.02% 8.5% 6.32% 7.3% 8.8%
7 3.055 3.61 2.65 3.25 3.45513.4% 14.1% 8.1% 10.6% 8.9%
8 3.19 3.34 2.905 3.2425 2.7257.05% 11.7% 10.3% 11.6% 8.8%
9 2.95 3.0625 3.205 3.1975 3.40755.8% 10.3% 6.1% 10% 8.95%

Feed (b) truncated ground plane
length
(cm) b-a-d a-b-d d-a-b d-b-a a-d-b

2 3.115 3.715 2.725 3.46 3.5659.95% 13.9% 2.8% 1.5% 4.5%
3 3.085 3.49 2.785 3.13 3.5355.93% 6.9% 7% 7.4% 3.02%
4 3.085 3.385 2.56 3.145 2.78515.1% 5.4% 8.4% 9.01% 4.6%
5 3.07 3.1 2.575 3.1975 3.5055.3% 5.3% 6.2% 9.7% 4.72%
6 2.935 3.625 2.695 3.1 3.4756.5% 10.2% 7.24% 4.5% 6.04%
7 3.01 3.115 2.995 3.2125 3.46758.73% 10.6% 4.1% 11.6% 8.6%
8 2.875 3.525 2.55 3.2 3.5254.6% 6.9% 5.2% 5.2% 3.6%
9 3.2275 3.04 2.53 3.175 2.837.75% 7.8% 7.9% 5.32% 9.65%

Table 5.50 Resonant frequency (GHz) and % bandwidth of the DRA
excited by varying feed lengths in different orientations
of DR-1 measured at the optimum bandwidth position
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Feed
length
(cm) b-a-d a-b-d d-a-b d-b-a a-d-b

2 7.15 7.8 1.4 5.9 poor
3 8.7 7.05 6.7 7.4 8.9
4 6.1 7.4 5.6 5.8 7.1
5 7.4 6.5 6.65 6.4 6.8
6 7.5 8.02 6.92 7.6 7.1
7 5.3 6.7 5.2 6.3 poor
8 7.52 2.3 5.1 9.3 5.4
9 3.8 6.8 3.4 3.9 poor

(a)

Feed
length
(cm) b-a-d a-b-d d-a-b d-b-a a-d-b
2 2.1 4.5 1.9 4.74 poor
3 6.2 7.8 5.1 5.6 poor
4 5.74 3.7 4.2 5.5 7.25
5 3.56 2.1 4.91 6.06 poor
6 4.5 6.42 5.1 1.8 poor
7 2.7 7.9 1.2 7.97 poor
8 4.82 3.5 4.3 3.5 poor
9 2.8 7.7 5.9 3.9 7.15

(b)
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The low profile orientations [a-b-d, b-a-d and d-a-b] are suitable for compact

antenna configurations. For varying feed lengths on a large ground plane, the b-a-d

and a-b-d orientations display an average gain of ~ 6.7 dBi and 6.6 dBi in their

optimum resonant bands, centred at ~3.l7 GHZ and 3.27 GHZ, respectively [Table

5.51(a)]. The d-a-b orientation differs from the rest, displaying an average gain of

6.92 dBi in an optimum resonant band centred at a low frequency of ~2.8 GHz when

excited by varying feed lengths fabricated on large ground planes [Figure 5.104(a)]. It

is observed that the average bandwidth for varying feed lengths is greater than 7 % in

all the above configurations as seen in Figure 5.lO5(a). The radiation patterns are

generally broad as discussed in the previous sections. However, though the truncated

ground plane configuration offers better size reduction, it exhibits reduced bandwidth

[Figure 5.105(b)] and gain [Table 5.5l(b)] for all orientations.

The high profile orientations [d-b-a and a-d-b] do not provide consistently

good perfonnance when excited by varying feed lengths. Therefore, it is inferred that

the low profile orientations of the DR upon the Microstrip feed line fabricated on a

large ground plane are suited for antenna applications.

The radiation performance of the DRA in five different orientations of the

DR has been described in this chapter. It is noted that the b-d-a orientation of the DR

does not excite any resonance within the DR in the observed frequency band (1-4

GHz), perhaps due to the largest aspect ratio (a/d = 4.05).
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5.2 Radiation Characteristics of the Microstrip line fed

Rectangular Dielectric Resonator Antenna incorporating
DR-2 and DR-3

The investigations performed on a Microstrip line fed DRA incorporating the

resonator sample DR-1 discussed in the previous sections indicate the significant

influence of the orientation, position, feed line and ground plane dimensions on the

perfonnance of the antenna. The low profile orientations b-a-d, a-b-d and d-a-b are

attractive in tenns of the overall compactness of the antenna. The b-a-d and a-b-d

orientations exhibit almost similar characteristics. However, the d-a-b orientation

excites lower resonant frequencies with reasonable gain and bandwidth. This section

describes the radiation characteristics of the DRA incorporating the Rectangular

Dielectric Resonator samples DR-2 and DR-3. These samples are fabricated from the

same ceramic material Ca5Nb2TiO.2 ( 5, = 48), but are of different dimensions [DR-2 :

(3.4 x 1.7 x 0.555) cm’ and DR-3 : (3.4 x 1.7 x 1.1 cm)3]. The dimensions of the

resonator sample are chosen so as to excite frequencies in the Mobile Communication

bands. The behaviour of these DR samples is similar to that of the first sample (DR-1)

envisaged in the previous sections. As such, only the salient features of the antenna

are presented in this section.

The position of the DR with respect to the feed line was optimised for good

bandwidth perfonnance in the previous section. Nevertheless, the outcome of these

investigations suggests that fine-tuning of the resonant frequency is achieved by

selecting the suitable orientation and proper positioning of the resonator sample. The

characteristics of the DRA in the b-a-d and d-a-b orientations of the resonator is

discussed in this section. The lay out of the b-a-d and d-a-b orientation is described in

Section 5.1.1 [Figure 5.1] and Section 5.1.3 [Figure 5.55] respectively.
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The measured return loss and impedance characteristics of the antenna are

shown in Figure 5.106.

DR-2 : d-a-b

Return Loss (dB)
a :.'.’.'.'.'.'.',’_"I

— DR-2 : b-a-d : DR-3 3 b-a-d
DR-3 : d-a-b

//5' 2.455 GHz-30 - .1/~ " 5.3% BW
1.795 GHz1.63 GH . 1.915 GH

e.13°/. B1/v 5'1” BW 5.2% awz

1.5 2.0 2.5
Frequency (GHz)

Start Stop
Freq Freq
(GHz) (GHz)j

b_a_d 2.38 2.53
DR-2

- - - - - d_a_b 1.87 1.99
— DR-3

b_a_d 1.72 1.86I I I I I
d_a_b 1.57 1.68

Figure 5.106 Measured return loss characteristics and impedance
curve of the DRA
(increasing frequency is in clockwise direction)

ground plane : 9 cm x 4 cmfeed length length : 7 cm

The DRA in the b-a-d orientation of the resonator DR-2 placed at (dx,d,) =

(0.74, 5.5)cm operates in a resonant band from 2.39 GHz to 2.52 GHz, centred at

2.455 GHz, offering 130 MHz bandwidth (5.3%). Hence this antenna configuration is
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suitable for 2.4 GHz WLAN applications in the designated band (2.4-2.484 GHz).

When the resonator sample DR-3 in the b-a-d orientation is placed at (d,,d,) =

(1,4.2)cm, a resonant band centred at 1.795 GHz operates from 1.73 GHz to 1.84

GHz offering 110 MHz bandwidth (6.12%). This antenna configuration finds

application in GSM 1800 (1710-1880 MHz) bands.

The d-a-b orientation gives rise to a lower resonant frequency. When the

sample DR-2 is placed at (d,.,d,) = (0.25,2.5) cm, a resonant band centred at 1.915

GHz operating from 1.87 GHz to 1.97 GHZ, displaying 100 MHz bandwidth (5.25%)

and covering the PCS 1900 (1.85-1.99 GHz) frequency band is observed. When the

resonator sample DR-3 in the d-a-b orientation is placed at (d,.,dy) = (0.5,5) cm, a

resonant band centred at 1.63 GHz operates fi'om 1.57 GHz to 1.67 GHz offering 100

MHz bandwidth (6.13%). This antenna configuration finds application in GPS

(1.565-1.585 GHz) bands. The experimental data agree reasonably well with the

FDTD predicted values as shown in Table 5.52.

orientation DR Experiment F DTD % error
Freq % Freq % in fieq
(GHz) BW (GHz) BW

b-a-d DR-2 2.455 5.3 2.42 4.13 +1.42
DR-3 1.795 6.12 1.8 4.1 -0.3

d-a-b DR-2 1.915 5.25 1.9 6.3 +0.78
DR-3 1.63 6.13 1.6 4.7 +1.84

Table 5.52 Comparison of experimental and predicted results

5.2.2 Resonant mode

The resonant mode is identified through simulation using HF SST“. The field

distribution within the DR in various antenna configurations is shown in Figure

5.107. TEZZO5 resonant mode is observed within DR-2 resonating at 2.42 GHz in the b

a-d orientation [Fig.5.107(1)]. The resonant mode is TE‘.5o in the d-a-b orientation of

DR-2 at 1.9 GHz [Fig.5.107(2)].
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When DR-3 is used as the radiating element, TEZH5 resonant mode is

observed at 1.8 GHZ in the b-a-d orientation[Fig.5.l07(3)] and TE’,5o mode at 1.6

GHZ in the d-a-b orientation[Fig.5.107(4)].

(1) (2)
DR-2 2.42 GHZ z DR-2 1.9 GHZb-a-d TEZZO;-, d-a-b TEZ1;-,0
(dx,dy) = (0.74, 5.5)cm X (dx,dy) = (0.25, 2.5)cm

(3) (4)DR-3 1.3 GHz DR-3 1.6 GHzb-a-d TE’1.5 d-a-b TE’u-,o
(dx,d,) = (1 ,4.2)cm (dx,d,) = (0.5.5)cm

Figure 5.107 Simulated H field distribution within the DR in various
antenna configurations incorporating DR-2 and DR-3
feed line length 2 7 cm ground plane : 9 x 4 sq cm
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5.2.3 Compactness

Table 5.53 provides a comparison of the dimensions of antennas in different

operating bands. The DRA offers good reduction in the cross-section area with

respect to a rectangular and circular Microstrip antenna designed to operate in the

same band.

Cross sectional Cmis Cross sectional Cr°§S
Antenna dimensions Sectlon dimensions section(cm) area (cm) area(sq cm) (sq cm)

b-a-d orientation d-a-b orientation
DR_2 2.455 GHz 1.915 GHz

Length (b) =1 .7 (b x a) Length (d)=0.555 (d x a)
Width (a) = 3.4 5.78 Width (a) = 3.4 1.89

R°.°“ . Length = 2.92 Length = 3.75
:‘n't‘;::f;"P Width = 3.76 “'97 Width = 4.32 13"
Circular
Microstrip Radius = 1.6 8.04 Radius = 2.16 14.7
antenna
% area
reduction Rectangular Circular Rectangular Circularwith ref 47.3% 28.1% 89.5% 87.1%
to:

b-a-d orientation d-a-b orientation
DR_3 1.795 GHz 1.63 GHz

Length (b) =1.7 (b x a) Length (d) = l.l (d x a)
Width (a) = 3.4 5.78 Width (a) = 3.4 6.8

Rect:

Microstrip Igjiffih ; gfj 20.6 l\;V°i':§1l‘ =‘54f 25antenna ' '
Circular
Microstrip Radius = 2.31 16.8 Radius = 2.55 20.4
antenna
% area
reduction Rectangular Circular Rectangular Circularwith ref 71.9% 65.6% 72.8% 66.7%
to:

Table 5.53 Comparison of dimensions of the DRA with
Microstrip antennas in similar operating bands
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5.2.4 Radiation Pattern

The radiation patterns are broad in all the operating bands, confirming the

suitability of the DRA for wireless communication applications. Figure 5.108

illustrates the principal plane radiation patterns of the antenna incorporating the

resonator DR-2 in the b-a-d orientation. The 3 dB beamwidth is 67° and 1 18° in the E

and H planes. The cross polarization along the boresight direction is better than -10

dB in both the planes.

5 Plane H plane

Figure 5.108 Radiation Pattern of the DRA measured at 2.455 GHz
co-polar ... .. cross-polar

feed line length = 7cm ground plane : 9x 4 sq cm
DR-2 orientation: b-a-d (d,,d,) = (0.74.5.5) cm

5.2.5 Gain

The antenna exhibits good gain in all the operating bands as listed in Table

5.54. The position of the DR with respect to the feed axis denoted as (dx,dy) is also

indicated. The gain characteristics in the b-a-d orientation of DR-2, operating in the

2.4 GHZ band is shown in Figure 5.109. The polarization is linear in all the

configurations and oriented in a direction along the feed length.
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Gain (dBi)

Good bandwidth, broad radiation patterns and moderate gain highlight the

significance of the above antenna configurations in Mobile Communication bands —

-1o 

orientation b-a-d d-a-b
DR DR-2 DR-3 DR-2 DR-3
(d,.,d,) cm 0.74,5.5 1,4.2 O.25,2.5 0.5,5

freq 2.455 1.795 1.915 1.63
E°$3§)ga‘" 7.2 6.6 5.3 6.2

Table 5.54 Average gain measured in the operating
band of various antenna configurations

10

: DR-2 :
orientation : b-a-d
resonant band (2.39 - 2.52) GHz
average gain = 7.2 dBi

(3.4 x 1.7 x 0.555) cm

2.40

1

2.45

Frequency (dBi)

1

2.50 2.55

Figure 5.109 Average gain measured in the operating

GPS 1600, PCS 1900, GSM 1800 and 2.4 GHz WLAN.

band of DR-2 centred at 2.455 GHz

Outcome of Numerical Computation and Experimental Observations



289

5.3 Radiation Characteristics of the Microstrip line fed
Rectangular Dielectric Resonator Antenna incorporating
DR-4 and DR-5

The characteristics of the DRA incorporating the rectangular resonator

samples DR-4 [l.85 x 1.7 x 0.85] cm3 and DR-5 [2.65 x 1.75 x 0.85] cm’, prepared

using the ceramic material (Ba,Sr)2Ti9O2o ( 5, = 34) are presented in this section. The

position of the DR is optimized for maximum bandwidth in the two low profile
orientations a-b-d and d-a-b and the radiation characteristics are studied. This

procedure is repeated for varying feed lengths.

5.3.1 Return Loss Characteristics

Figure 5.110 illustrates the measured variation in resonant frequency and %

bandwidth of the DRA at the optimum bandwidth positions for varying feed lengths

(If) on a ground plane ofdimensions (lg x wg), where (lg = If +2) cm and wg = 4 cm.

-0- DRA:l-D-d
--C" Dflazd-a-D

E 3.2
9.

g 1.05
g 2.0 '

1.0

Food mum lam) F.“ "mm mm(a) (b)
Figure 5.110 Variation in the resonant behaviour of the DRA with

feed length (I,) measured at the optimum bandwidth
position
ground plane : I9 = (|,+2) cm, wg = 4 cm
(a) Resonant frequency (b) % Bandwidth
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The average resonant frequency excited by the varying feed lengths in the a-b-d

and d-a-b orientations of DR-4 is 2.62 GHz and 2.38 GHz. As in the previous cases,

the d-a-b orientation excites resonant frequencies reduced by ~9.2% with respect to

that excited by the b-a-d orientation. However, the average resonant frequency

excited by the d-a-b orientation of DR-5 (1.9 GHz) is -20% lower in comparison to

that excited by the a-b-d orientation (2.39 GHz). It is thus inferred that the aspect

ratio of the two DR samples is critical in determining the extent of frequency

reduction. Table 5.55 differentiates the two resonator samples.

DR a b d aspect freq
cm cm cm ratio (d/a) reduction

DR-4 1.85 1.7 0.85 0.46 9.2%
DR-5 2.65 1.75 0.85 0.32 20 %

Table 5.55 Frequency reduction in the d-a-b orientation with
respect to the a-b-d orientation for DR-4 and DR-5

The bandwidth variation illustrated in Figure 5.110 (b) shows an improvement in the

bandwidth of the antenna with increase in feed length, when DR-4 is used. However,

an increase in feed length results in an increase in the overall size of the antenna

configuration. A trade-off between bandwidth and size is thus required.

The measured return loss and impedance characteristics of a 3 cm fed DRA

incorporating the resonator sample DR-4 and DR-5 in the a-b-d and d-a-b orientation

is illustrated in Figure 5.1 11. At the optimum bandwidth position [(dx,dy) =

(0.5,1.75)], the DRA in the a-b-d orientation of the resonator DR-4 operates in a

resonant band from 2.514 GHz to 2.795 GHz, centred at 2.62 GHZ, offering 281 MHz

bandwidth (10.7%). A resonant band centred at 2.26 GHZ, operates from 2.202 GHz

to 2.337 GHz offering 135 MHz bandwidth (5.97%) when the resonator sample DR-5

in the a-b-d orientation is placed at the optimum bandwidth position [(dx,d,) =

(2.4,0.6)].
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The d-a-b orientation gives rise to a lower resonant frequency. When the

sample DR-4 is employed, a resonant band centred at 2.455 GHz, operating from 2.39

GHz to 2.505 GHz, displaying 115 MHz bandwidth (4.7%) and covering the 2.4

WLAN (2.4 — 2.484 GHz) frequency band is observed at (dx,dy) = (0.5,0.5). When the

resonator sample DR-5 in the d-a-b orientation is positioned at (d,.,d,) = (O.4,0.5), a

resonant band centred at 2.065 GHz operates from 2 GHz to 2.12 GHz, offering 120

MHz bandwidth (5.8%) The experimental data agree reasonably well with the FDTD

predicted values as shown in Table 5.56.

: DR5 : a-b-d : DR4 2 I-b-d
0 ---- -- DR5 : d-a-b "" " DR4 2 d-I-b

3  ...... -2... . . . . . . . . -§ '.
_l

E -20 
E -30

2.065 GHz 2.62 GHz
40 _ 5.8% BW 226 GHZ 10.7‘/. BWI 5.97% BW ' I2.0 2.5 3.0

Frequency (GHz)

Start
Freq
(G112)

DR-4
\ ‘ a-b-d 2_5

DR-4
, . . . . d_a_b 2.38

DR-5
a_b_d 2.2

I I I I I
d_a_b 1.99

Figure 5.111

Stop
Freq
(GHZ)

2.8

2.53

2.35

2.14

Measured return loss characteristics and impedance
curve of the DRA at the optimum bandwidth position.
(increasing frequency is in clockwise direction)
feed line length 2 3 cm ground plane : 5 x 4 sq cm
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Experiment FDTD
orientation DR Freq % Freq %

(GHZ) BW (GHZ) BW
DR-4 2.62 10.7 2.647 9.3 -1.03
DR-5 2.26 5 .97 2.224 4.3 +1.6
DR-4 2.455 4.7 2.432 5.1 +0.93
DR-5 2.065 5.8 2.103 4.6 -1.8

% error
in fi'eq

a-b-d

d-a-b

Table 5.56 Comparison of experimental and predicted results

5.3.2 Resonant mode

The resonant mode is identified through simulation using HF SST”. The field

distribution within the DR in various antenna configurations is shown in Figure

5.1 12. TE ‘.15 resonant mode is observed within DR-4 resonating at 2.647 GHz in the

a-b-d orientation. At 2.432 GHz the resonant mode is TE ‘I50 in the d-a-b orientation

of DR-4.

When DR-5 is used as the radiating element, the resonant mode is TE ‘H5 at

2.224 GHz in the a-b-d orientation and TE ‘[50 at 2.103 GHz in the d-a-b orientation.

5.3.3 Compactness

The DRA ofiers good reduction in the cross-section area with respect to a

Rectangular and Circular Microstrip Antenna designed to operate at the same

frequency. The area reduction in the d-a-b orientation is better than the a-b-d

orientation because of the lower cross sectional area of the DR (a>b>d). Table 5.57

provides a comparison of the dimensions of antennas in the different operating bands.
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(b)DR-4 2.647 GHZ DR-4 2.432 GHZa-b-d TEZ115 d-a-b 1-E1150
(dx,d,)= (0.5,1.75) cm z (d,,d,) = (0.5,0.5) cm

N
Y

(C)DR-5 2.224 GHZ DR-5 2.103 GHZa'b'd TEZ115 d-a-b TEz15o
(d,,d,) = (2.4,0.6) cm (d,,d,) = (0.4,0.5) cm

Figure 5.112 Simulated H field distribution within the DR in various
antenna configurations
feed line length 2 3 cm ground plane : 5x4 sq cm
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Cross sectional Crmls Cross sectional 0055A . . section . . sectionntenna dimensions area dimensions area
(cm) (sq cm) (cm) (sq cm)
a-b-d orientation d-a-b orientation
2.62 GHz 2.455 GHz

Length (d) =DR-4 Length (b) =1 .7 (b x a) 0.85 (d x a)
Width (a) =1.85 3.145 Width (a) = 1.5725

1.85

1:1°i:‘r‘oStfi Length = 2.73 9 61 Length = 2.92 10 97P Width = 3.52 ' Width = 3.76 'antenna
Circular
Microstrip Radius = 1.57 7.75 Radius = 1.6 8.04
antenna

% 3:65 Rectangular Circular Rectangular Circularreduction. _ 67.3% 59.4% 85.6% 80.4%with ref. to
a-b-d orientation d-a-b orientation
2.26 GHz 2.065 GHz

DR-5 ::n7g5th (b) (b x a)  (d) = (d x a)
Width (a) =2.65 4'64 Width (a) =2.6S 2'25

Rect:. . Length = 3.17 Length = 3.48
M‘°’°“"p Width = 4.1 12'” width = 4.47 15"
antenna
Circular
Microstrip Radius = 1.83 10.5 Radius = 1.99 12.4
antenna

::d:::on Rectangular Circular Rectangular Circular. _ 64.3% 55.8% 85.6% 81.8%with ref. to

Table 5.57 Comparison of dimensions of the DRA with
Microstrip antennas in similar operating bands
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5.3.4 Radiation Pattern

The radiation patterns are broad in all the operating bands. Figure 5.113

shows the principal plane radiation patterns of the antenna at 2.455 GHZ,

incorporating the resonator DR-4 in the d-a-b orientation. The 3 dB beamwidth is 94°

and 150° in the E and H planes. The on-axis cross polarization is better than —l4 dB

in both the planes.

E Plane H plane

130

270

Figure 5.113 Radiation Pattern of the DRA measured at 2.455 GHz
co-polar ... .. cross-polar

feed line length = 3 cm ground plane: 5x4 sq cm
DR-4 orientation: d-a-b (d,,d,) = (0.5,0.5) cm

5.3.5 Gain

The antenna exhibits good gain in all the operating bands as listed in Table

5.58. The gain characteristics in the d-a-b orientation of DR-4, operating in the 2.4

GHz band is shown in Figure 5.114. The polarization is linear in all the

configurations and oriented in a direction along the feed length.
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orientation a-b-d d-a-b
DR DR-4 DR-5 DR-4 DR-5
(d,,dy)cm 0.5,l.75 2.4,0.6 0.5,0.5 0.4,0.5
centre freq
(GHZ) 2.62 2.26 2.455 2.065
avg gain(dBi) 7.1 6.7 6.1 5.6

Table 5.58 Average gain measured in the operating
band of various antenna configurations

10‘

5.
53
E 0 .............................................................................................................. _.
N0

-5 + —- DR4 : (1.85 x 1.7 x 0.85) cm
orientation : d-a-b
resonant band : (2.39-2.505) GHz

_1o _ average gain = 8.1 dBi

2.40 2.42 2.44 2.46 2.48 2.50
Frequency(GHz)

Figure 5.114 Average gain measured in the
operating band of DR-4 centred at
2.455 GHz

The above investigations confinn the suitability of Rectangular DRA

configurations for wireless communication applications. The antenna configuration is

more compact than conventional patch antennas. Good bandwidth, broad radiation

patterns and moderate gain are other attractive features.
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5.4 Concluding remarks

Exhaustive experimental and theoretical investigations perfonned on various

Rectangular Dielectric Antenna Configurations discussed in this chapter throw light

on several significant parameters controlling the radiation performance of the

antenna. Among the various orientations of the resonator, the low resonant frequency

excited by the d-a-b orientation is noteworthy. Table 5.59 compares the perfonnance

of different DRA configurations in the d-a-b orientation.

R t .
DR ., a b d ..::‘:::::.::, %BW  «Wcm cm cm GHZ dB1 cm
DR-1 48 2.25 1.19 0.555 2.65 8.1 5.2 0.6,5.3
DR-2 48 3.4 1.7 0.555 1.915 5.25 5.8 O.25,2.5
DR—3 48 3.4 1.7 1.1 1.63 6.13 6.2 0.5,5
DR-4 34 1.85 1.7 0.85 2.335 10.4 6.2 0.5,5.8
DR-5 34 2.65 1.75 0.85 1.95 9 5.9 0.25,4

Table 5.59 Comparison of DRA configurations
orientation : d-a-b feed line length = 7 cm
ground plane : 9x4 sq cm

The resonant frequency is primarily decided by the permittivity of the

material and the dimensions of the resonator, as is evident from Table 5.59.

However, the feed length, the orientation of the DR and its position upon the feed

line play a vital role in tuning the resonant frequency as described in the previous

sections. It is observed that a Microstrip line fed Rectangular DRA acts as a compact

antenna without deteriorating the radiation characteristics compared to an equivalent

conventional Microstrip patch antenna. The DRA can thus serve as an excellent

radiating element where antenna size is of concern.
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5. 5 Wideband Rectangular Dielectric Resonator Antenna for W-LAN

applications

Antennas for W-LAN applications ought to be compact, exhibit wide

impedance bandwidth and omni-directional radiation pattern. The Rectangular

Dielectric Resonator sample DR-1 (8, = 48) in the a-d-b orientation, excited by a 50 Q

Microstrip Line of length 1; = 3 cm and width w; = 0.3 cm, top loaded by a stub of

dimensions l5=0.3 cm and ws = 2.5 cm, forming a symmetric T shaped feed, exhibits

wide band characteristics. The Dielectric Resonator is placed at a distance ds = 2 cm

from the edge of the stub as shown in Figure 5.1 15.

Figure 5.115. Lay out of the wide band DRA configuration
a x b x d = (2.25 x 1.19 x 0.555) cm
|,=3cm w,=0.3cm,lg=7cm wg=4cm
Is = 0.3 cm ws = 2.5 cm, ds = 2 cm

The measured return loss is plotted in Figure 5.116 (a). The 2:1 VSWR

impedance bandwidth of the antenna configuration excited at 5.45 GHz in the band

operating from 4.5685 GHz to 5.7469 GHz is 1.178 GHZ (21.6%). The antenna thus

provides a broad coverage of the 5.15 — 5.35 GHz band centred at 5.2 GHz for W

LAN application. The antenna exhibits an average gain of 5.6 dBi in the operating

band as shown in Figure 5.116(b). The co-polar and cross-polar radiation

characteristics of the antenna at different frequencies within the band viz. 4.9 GHZ,

5.22 GHz and 5.5 GHz, corresponding to ds = 0.337., 0.351 and 0.377» respectively are

shown in Figure 5.1 17.
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o . —A  Iin2 /l5 “° §-1 "' oS 3
E .2. .

" ‘ i average gain In the optimum band - 5.0dBl
operating band = 4.5635-5.7469 GHz
centre frequency = 5.45 GHz 21.6% BW-30 r v - . . . . .1 2 3 4 5 6 ‘O no an no an an

frequency (GHz) F"'¢lUl“°V (GHI)(a) (b)
Figure 5.116 (a) Return loss characteristics of the wide band DRA

(b) Gain of the wideband DRA in the operating band

Ep|ane -50 -40 -30 -20 -10 0 Hp|ane 50 40 -30 -20 -10 0
Figure 5.117. Radiation pattern of the wideband DRA at

different frequencies in the operating band
co-polar  cross-polar

f, = 4.9 GHz 1‘, = 5.22 GHz f, = 5.5 GHz

Throughout the band the H plane patterns are broad, offering 3 dB beam

widths of 60°, 42°and 50° respectively at the three frequencies shown in figure.

However the E plane patterns are slightly distorted, probably due to the fact that the

effect of the stub in the 2-element array fonned by the DR and the stub is more

prominent in the E-Plane radiation pattern taken in the y-z plane along the feed axis.

It is evident from the patterns that the distance (ds) between the stub and the DR is an

important parameter deciding the radiation pattern of the array. It is therefore inferred

that even though the radiation pattern is slightly distorted, the T shaped feeding

technique ofiers large bandwidth with moderate gain.
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Chapter 6

Conclusions

The conclusions drawn from the numerical computation and experimental

investigations carried out on Rectangular Dielectric Resonator Antenna

configurations are presented in this chapter. The salient features of the present system

over other existing systems are examined. Suggestions for future work in the field are

also provided.
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6.1 Thesis Highlights

This chapter brings the thesis to a close by presenting the conclusions drawn

from the outcome of the Numerical Computation and Experimental Observations of

the radiation characteristics of a Microstrip excited Rectangular DRA. Chapter one

introduced the topic of research. Various methods of computational electromagnetics

for numerical analysis of antennas were also explained. Significant work in related

areas were discussed in Chapter two. Chapter three described the characteristic

features of the DRA, the scheme of work and experimental methodology. The

fundamentals of the F DTD method and its adaptation to the problem were discussed

in Chapter four. The essence of the thesis is Chapter five. This chapter presented the

outcome of the Numerical Computation and Experimental Observations. Rectangular

DRA configurations suitable for Mobile Communication applications were also

proposed. Appendix A of the thesis presents a very high pennittivity multi-band Eye

shaped DRA. A Microstrip antenna with reduced radiation hazards, suitable for

Mobile telephone handset applications is presented in Appendix B.

6.2 Inferences from Numerical Computation using FDTD
method

The FDTD method models the propagation through the elements of the

computational domain using the discrete fonn of Maxwell’s equations. In the thesis

the FDTD method is employed for the numerical computation of the radiation

characteristics of the Microstrip excited Rectangular DRA. Chapter four describes the

3D-FDTD modeller for the antenna configuration. The use of a Gaussian pulse

excitation enables characterization of the model over a broad frequency band. The

input impedance (Z.-,,) is calculated from the ratio of the FFT of the voltage derived

from the E field values over the entire time steps to the FFT of the current derived

from the H field values. The experimentally plotted return loss characteristics
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illustrated in Section 5.1.1.1 and the measured far field radiation patterns described in

Section 5.1.1.2 are akin to the numerically predicted figures and those computed from

the tangential field components defined in an aperture in the near field. Uniform

gridding has been employed while modelling. The use of non-unifonn gridding could

improve the results further. However this calls for more complex modelling

techniques. The FDTD method is thus found to be a viable altemative to the

conventional theoretical modelling techniques. This is also an efficient computational

tool in visualizing the EM field distribution within the DR as well. The numerically

predicted resonant modes are identified experimentally and also through simulation

using HFSSTM as illustrated in Section 5.1.1.5. The results are in good agreement.

6.3 Inferences from Experimental Observations

Experiments are performed using HP 8510C Vector Network Analyzer to

validate the computed results. The geometry of the Rectangular DRA permits six

different orientations upon the feed line as discussed in Chapter 3. A comprehensive

summary of the exhaustive investigations conducted in all these orientations is

presented in Section 5.1.6. Microstrip feed lines varying in length from 2 cm to 9 cm,

have been used for the study. The minimum length of 2 cm was chosen for

convenient mounting of the antenna on the ground plane. No significant improvement

in radiation characteristics was observed when the length was increased beyond 8 cm.

As a consequence, the study was limited to feed lengths in the range 2 — 9 cm.

Nevertheless, an increase in feed length also results in an increase in the overall size

of the antenna configuration.

The resonator sample DR-1 was used for the initial study. Among the six

possible orientations, the b-a-d, a-b-d and d-a-b orientations are attractive by virtue of

their low profile nature, resulting in compact antenna configurations. Though the d-b

a orientation exhibits good bandwidth and gain, this orientation may not be much

sought afier because of the larger aspect ratio. The a-d-b orientation displays good
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bandwidth characteristics. However, the gain perfonnance is not consistent for

varying feed lengths. No resonance was observed in the b-d-a orientation in the

frequency range under study (1-4 GHZ), perhaps due to the large aspect ratio. Thus,

the interest narrows down to the b-a-d, a-b-d and d-a-b orientations. The b-a-d and a

b-d orientations are the two orientations with the lowest profiles. In the large ground

plane configuration their resonant behaviour is quite similar, but for some subtle

differences as evident from Figures 5.104, 5.105 and Tables 5.50, 5.51. Nevertheless,

the lower resonant frequencies at the optimum bandwidth position and the lower

aspect ratio together make the b-a-d orientation more attractive between the two. The

d-a-b orientation strikingly differs from the rest because of the lower range of

resonant frequencies excited. As a result this orientation offers better size reduction in

comparison to a conventional rectangular patch antenna operating at the same

frequency. However when excited by the 2 cm feed, the low frequency resonant mode

fails to obtain sufficient impedance matching, the optimum bandwidth being observed

at 3.175 GHz. Stub matching is suggested as an alternative as explained in Section

5.1.3.8. The truncation of the ground plane results in reduced size of the antenna but

deteriorates the gain, perhaps due to the increased back scattering. Consequently, this

configuration is preferred where the overall size of the antenna is a major concem.

Active circuitry may be incorporated to compensate for the reduced gain.

The DR was positioned at intervals of 0.25 cm along the feed line and also

laterally, to ascertain the importance of the positioning of the DR. The return loss

characteristics showed significant variation as illustrated in Section 5.1.1.8 for the b

a-d orientation. Similar studies were conducted on all the orientations as detailed in

Sections 5.1.2.8, 5.1.3.8, 5.1.4.4 and 5.1.5.4. Numerous resonant modes were

observed as the DR was positioned at discrete intervals of 0.25 cm. At certain

positions, two closely spaced modes merged together displaying wideband

characteristics. For example, the 10.2% bandwidth exhibited by the b-a-d orientation

at the position (d,(,d,) = (0.5, 1.5), is due to the merging of two resonant modes at 3.04

GHz and 3.175 GHz. The dependence of the resonant frequency upon the DR
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position was thus continued. The optimum bandwidth positions of the DR in the b-a

d orientation for varying feed lengths are listed in Table 5.14 of Section 5.1.1.9.

Similar results for the other orientations are listed in Table 5.27 [Section 5.1.2.9],

Table 5.38 [Section 5.1.3.9], Table 5.44 [Section 5.1.4.4] and Table 5.49 [Section

5.1.5.4].

The influence of the feed line length on the antenna properties was further

confirmed by placing the antenna symmetrically to the feed line as described in
Section 5.1.1.10 for the b-a-d orientation. Similar studies were conducted on other

orientations also as detailed in Sections 5.1.2.10, 5.1.3.10, 5.1.4.5 and 5.1.5.5.

Though the resonant frequency did not exhibit drastic variations with increasing feed

lengths, significant changes were observed in the impedance characteristics as

illustrated by the return loss curves. Based on the above conclusions drawn from the

theoretical and experimental investigations, Rectangular DRA’s suitable for Mobile

Communication applications were developed using other resonator samples [DR-2

and DR-3] as described in Section 5.2 and 5.3.

6.4 Salient features of the Microstrip excited Rectangular
Dielectric Resonator Antenna

The Microstrip excited Rectangular DRA investigated in this thesis is highly

suitable for Mobile Communication applications. The antenna offers considerable

size reduction in comparison to conventional Rectangular and Circular Microstrip

patch antennas. More so, the compactness is achieved without causing deterioration

of the radiation properties. Good bandwidth, broad radiation pattems and high gain

are the salient features of this antenna. The simple geometry and ease of excitation

using direct Microstrip line feed are added attractions. The antenna can thus

effectively replace conventional patch antennas for use in Mobile Communication

handsets. Resonant fi'equency in the desired band may be obtained by choosing

suitable material parameters and dimensions of the DR.
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Suggestions for future work

The results of the numerical computation show good agreement with

experimental data. However in some orientations of the DR there are discrepancies.

These are presumably due to the approximations in the numerical model. The

problems for further investigations in continuation with the present work are listed

below.

9 Unifonn gridding has been employed in the computational domain. Non

unifon'n gridding, if applied to the regions in the vicinity of the feed would

model the excitation more accurately.

Mur’s first order ABC is used for the outer radiation boundary conditions.

The use of Mur’s second order ABC or Berenger’s PML boundary conditions

could be looked into.

Direct Microstrip line feed coupling is used to excite the DR. Other feed

configurations may be examined. The Coplanar waveguide feed is an

alternative. This feed has the advantage of connecting series and shunt

components on the same side of the substrate without via holes and is

therefore attractive from the point of view of integrating the DRA with active

circuitry.

The Rectangular DRA presented in this thesis is linearly polarized. The feed

configuration may be modified to obtain circular polarization.

The effect of conductor strip grating on the walls of the DRA is an interesting

field of work. This may find applications in Mobile telephone handsets where

the radiation pattern needs to be modified so as to direct minimum radiation

towards the user.
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Appendix A

A compact very high permittivity eye — shaped Dielectric

Resonator Antenna for multiband wireless applications

A very high permittivity (£,=100) multi-band Dielectric Eye Resonator Antenna is

presented. The compact antenna excited by a Microstrip line resonates at two

frequencies centered at ~ 1.9 GHz and 2.3 GHz with identical polarization. The

resonant behaviour of the antenna at dtflerent positions along the feed line is studied

and optimized. Multiple resonances with the same polarization and broad radiation

pattems suggest the suitability of the antenna for multi-band wireless applications.
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A.1 Introduction

The development of numerous Mobile Communication systems has led to the

increased demand for compact, efficient antennas. Small-integrated antennas play a

significant role in the progress of the rapidly expanding military and commercial

communications applications. Recently, with the booming wireless mobile

communications market, the urgency to design compact, multi-band antennas is even

more pronounced [1-3]. Dielectric Resonator Antenna (DRA) is attractive to antenna

designers due to the excellent radiation characteristics [4-6]. An eye shaped Dielectric

Resonator Antenna suitable for wireless applications is described in this section

A.2 Antenna Geometry

The eye shape is defined by the intersection of two circles of the same radius 3.15 cm

with their centres displaced by a small distance d=0.75 cm, as shown in Figure A.l.

Figure A.1 Two identical circles of radius r1 = r2 = r and centre -to 
centre spacing d, intersecting to form the eye
geometry.
a = major axis b = minor axis
r = 3.15 cm, d = 0.75 cm, a = 3.05 cm, b = 2.35 cm
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The DR is made of very high permittivity (e,=l00) ceramic material TiO2 doped with

1 mole % Fe2O3 prepared using the conventional solid-state ceramic route. By virtue

of its geometry, the DR can be placed in two orthogonal orientations upon the feed

line, resulting in two different antenna configurations. Figure A.2 illustrates a

In

schematic layout of the antenna.

eye 
shaped DR

> Feed line(3) SubstrateJ Ground
Orientation 1 Orientation 2
Symmetrical feed Asymmetrical feed

(b)

Figure A.2 The eye shaped DRA
(a) Geometry
(b) Top view of orientation 1 : d, = 1.25 cm
(c) Top view of orientation 2 : df = 0.6 cm, s = 0.75 cm

h=0.16 cm, t=0.75 cm
a = 3.05 cm, b = 2.35 cm, l.= 3.5 cm, w,=3 cm
ground plane dimensions : 7 x 7 sq cm

A compact very high pennittivity eye — shaped Dielectric Resonator Antenna for multiband wireless applications
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Dual band operation is obtained by exciting various resonant modes of the eye shaped

DR using a direct SOQ Microstrip line feed of length 3.5 cm fabricated on FR4

substrate (s,=4.28, h=0.l6 cm). The DR is moved along the feed line and its position

is optimized for maximum bandwidth. The measurements are repeated for the

orthogonal orientation of the DR upon the feed line.

A.3 Experimental results

Numerous resonant modes of the DRA are observed, the prominent being the bands

centered at ~l.9 GHz and ~2.3 GHz. The return loss characteristics at the optimum

bandwidth position of the DR in the two orientations is plotted in Figure A.3.

Orientation 1 — orientation 2
symmetrical feed asymmetrical feed

:2 = 2.23 GHz
1.1% aw

Return Loss(dB)

:1:0

f2 = 2.353 GHzf1 3   0.94%
5.2% BW

ino

1.6 1.8 2.0 2.2 2.4
Frequency (GHz)

Figure A.3 Reflection characteristics of the eye shaped DRA
measured at the optimum bandwidth position
ground plane dimensions : 7 x 7 sq cm
orientation 12d, = 1.25 cm
orientation 2: d,= 0.6 cm, s = 0.75 cm

The 2:1 VSWR bandwidth exhibited by the antenna in orientation 1 of the

symmetrically fed DR is 2.6% and 0.94% at 1.93 GHz and 2.353 GHz respectively.

In orientation 2, maximum bandwidth is exhibited by the antenna for the
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asymmetrical positions of the DR upon the feed line. Here the bandwidth is 5.2% and

1.1% at 1.99 GHz and 2.23 GHz respectively. Figure A.4. illustrates the gain of the

antenna measured in the lower resonant band of the two orientations. The measured

gain of the antenna is 8.57 dBi and 9 dBi in the two orientations respectively.

However the higher band exhibits lesser gain.10 - :
5 

E3
: 0 ................................................................................................ ..
‘E
(D

'5 ' : orientation 1 : average gain = 8.57 dBi
orientation 2 : average gain = 9 dBi

-10 

1.90 1.92 1.94 1.96
Frequency (GHz)

Figure A.4 Gain of the eye shaped DRA measured in
the lower resonant band
ground plane dimensions : 7 x 7 sq cm
orientation 1:d.= 1.25 cm
orientation 2: d,= 0.6 cm, s = 0.75 cm

The measured radiation patterns in the lower operating band of the DRA is

shown in Figure A.5. The patterns are reasonably broad in both E and H Planes in

both the orientations, indicating the usefulness of the antenna in wireless applications.

The E plane and H plane 3 dB beam width of the antenna is 98° and 94° in orientation

1 and 122° and 102° in orientation 2 respectively. Though the antenna exhibits broad

radiation patterns in the upper resonant band, the gain is less in comparison with the

lower band. Nevertheless, incorporating active components into the circuitry can

provide gain enhancement, thereby enabling efficient use of the upper operating band

as well. The antenna exhibits linear polarization in both the bands. The antenna is

A compact very high pennirtivity eye — shaped Dielectric Resonator Antenna for multiband wireless applications
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compact in geometry, with considerable reduction in area when compared to a

standard rectangular / circular patch operating at the same frequency as shown in

Table.A.1

H plane

Figure A.5. Radiation pattern of the eye shaped DRA in the
two orientations of the resonator

co-polar  cross-polar
orientation 1 : f= 1.93 GHz: d,= 1.25 cm
orientation 2 : f= 1.99 GHz (d., s) =(0.6, 0.75)cm

Dimensions (cm)
Resonant

Rectangular Circular
frequency Eye DRA Patch antenna Patch antenna

length = 3.78 _a=3.05 _ radius = 2.2351.9 GHz width = 4.86b=2.35 area = 15.7 sq cm
area = 18.4 sq cm

t=0.75
length = 3.12 _area = _ radius = 1.772.3 GHz width = 4.0111.48 sq cm area = 9.84 sq cm
area = 12.5 sq cm

Table A.1 Comparison of the dimensions of the eye —
shaped DRA with standard Microstrip patch
antennas operating in the same band
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A.4 Conclusions

The Very high pennittivity (e:,=l00) eye shaped DRA exhibits multiband

resonances centered at ~1.9 GHz and 2.3 GHz. Two different orientations of the DR

discussed here displays moderate bandwidth, broad radiation patterns and good gain

in the lower resonant band. The above features make the antenna highly suitable for

Mobile Communication applications.
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Appendix B

Microstrip Antenna with reduced radiation hazards for Mobile

telephone handset applications

A novel antenna configuration comprising of two Circular Microstrip Antennas

placed back to back and separated by a thickness comparable to a typical mobile

handset is presented. The antennas resonate in the fundamental T M, , and the higher

order TM), mode, producing a radiation pattern with a quiet zone in the quadrant

facing the user.
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B.l Introduction

The monopole antenna has been the dominant radiating element in mobile telephones

by virtue of its omnidirectional radiation pattern, large bandwidth and low cost. But

the need for a more compact, lightweight antenna makes the Microstrip antenna an

ideal substitute for mobile tenninals [1]. Also while in use, the handset is placed close

to the head of the user within the near field zone of the antenna where most of the

electromagnetic energy is stored rather than radiated. This results in considerable

amount of user exposure to the RF power. The energy absorbed in the head is

proportional to the square of the magnetic field strength at the location of the tissue

[2]. The mass energy absorption (referred to as the Specific absorption rate -SAR) is

limited to l.6W/Kg averaged over 1 gram of tissue [3]. In general, large absorption

values correlate with poor radiation perfonnance. A mobile telephone antenna must

therefore, not only radiate at full strength in order to communicate properly with the

base station transmitters, but also reduce the power density incident upon the user.

B.2 Design and Experimental details

The antenna configuration comprising of two Circular Microstrip Antennas (CMA’s)

is placed back-to-back on either side of the handset of thickness ‘d’ as shown in

Figure B.l. Both the antennas are excited in phase and amplitude using a 3 dB power

divider, with the CMA resonating in the higher order TM2. mode placed on the side of

the handset facing the user and the CMA resonating in the fundamental TM” mode

placed on the opposite side, away from the user. The antennas are mounted in such a

way so as to match the polarization. The CMA resonating in the fundamental TM”

mode radiates a broad side directed beam, whereas the higher order TMO2 and TM2.

modes radiate with a null in the broadside direction [4]. However, the area of a TM2,

mode CMA is nearly 35% less than that of a TMo2 mode CMA. Hence this mode is

used in obtaining the null in the radiation pattern, thereby fonning a silent zone where

the user’s head is safely located.

Appendix B
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The antennas are designed for a resonant frequency of 2 GHz and fabricated on a

substrate of relative permittivity 8, = 4.28 and thickness h=0.l6 cm. The TM” and

TM2. mode CMA’s of radii r. = 2.02 cm and r2 = 3.38 cm respectively, are fed at

radial distances of p. = 0.7 cm and p2 = 2 cm. Finite ground planes of radii 2.2 cm

and 3.5 cm respectively are used for the above antennas.

TM21 mode CMA
towards the userTM11 mode CMA

away from the user

(c)

Figure B.1 The back- to—back antenna configuration
(a) Back view (b) front view
(c) Geometry of the Microstrip antenna element

Microstrip Antenna with reduced radiation hazards for Mobile telephone handset applications
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The return loss characteristics of the individual antennas along with that of the

combined set up is shown in Figure B.2. It is observed that the TM” and TMZI

CMA’s operate in the same frequency band centred at ~2.0l GHz displaying 1.4%

and 1.3% bandwidth respectively. The combined antenna configuration gives a

bandwidth of 4.7%. The radiation pattern of the antenna along :1) = 0°, 45°, 90° and

135° planes are shown in Figure B.3 (a).

o - ---- -\\\\ II’...__ IQ I
3 .19 4:.‘ ............................... . .,,,..‘.._.’ .............................. ..;.....-.~.:g "\ _/ I /‘.1 \ .-/ II \_I /"/E \../ II \‘ I ‘3 -3° ' I '
OI

— W11
40. ---- TM21

------ Combined setup

4.. zbo Lbs {.0
Frequency (GHz)

Figure B.2 Return loss characteristics of the back
to-back antenna configuration

Och (dll)

e

jlvwqngohhtfnoplufiqtldilldll

Lno uu man um um
F-Inulncv (GM

(b)

Figure B.3 Radiation characteristics of the back-to-back
antenna configuration
(a) Radiation Pattern (b) Gain

4: = 0° :1; = 90°j. 4: = 45° ¢ = 135°
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The figure indicates considerable reduction in radiation intensity in the quadrant

facing the user [9=l80° to 270°]. The suitability of the antenna configuration for

Mobile telephone handsets is thus confinned. Proper spacing, excitation phase and

amplitude of TM” and TM-2, mode CMA’s can trim the radiation pattern further. The

combined antenna configuration exhibits good gain in the operating band as shown in

Figure B.3 (b). This may be due to the constructive interference between the back

lobe and front lobe of the CMA’s.

B.3 Conclusions

A compact Microstrip antenna configuration suitable for Mobile telephone handsets is

presented. The radiation characteristics of this novel configuration shows reduced

radiation intensity in the region facing the user’s head.
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