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PREFACE

With the recent progress and rapid increase in mobile terminals, the
design of antennas for small mobile terminals is acquiring great importance. In
view of this situation, several design concepts are already been addressed by the
scientists and engineers. Compactness, efficiency and radiation pattern are the
major criteria for mobile terminal antennas. The challenging task of the
microwave scientists and engineers is to device compact printed radiating
systems having multi-band behavior, together with good efficiency. Printed
antenna technology has received popularity among antenna scientists after the
introduction of microstrip antenna in 1970s. The successors in this kind such as
printed monopoles and Planar Inverted F Antenna (PIFA) are also equally
important. Scientists and Engineers are trying to explore this technology as a
viable coast effective solution for forthcoming microwave revolution. The
transmission line perspectives of antennas are very interesting. Any
electromagnetic system with a discontinuity will radiate. The size, shape and the
orientation of the discontinuities controls the radiation characteristics of the
system such as radiation pattern, gain, polarization etc. It can be either resonant

Oor non resonant structure.

The coplanar waveguide is an attractive device in microwave integrated
circuits due to its uniplanar nature, ease of fabrication and low production cost.
Several attempts are already done to explore the radiating modes in coplanar
waveguide transmission lines. Usually coplanar wave guides are excited by an
SMA connector with its centre conductor connected to the exact middle of the
centre strip and the outer ground conductor to the two ground strips. The mode
excited on it is purely 2 bound mode. The E-field distribution in the two slots are
out of phase and there for cancels at the far field. This thesis addresses an
attempt to excite an in phase E-field distribution in the two slots of the coplanar
waveguide by employing a feed asymmetry, in order to get radiation from the two
large slot discontinuities of the coplanar waveguide. The omni directional

distribution of the radiating energy can be achieved by widening the centre strip.



The first part of the thesis deals with the investigations on the resonance
phenomena of conventional coplanar waveguides at higher frequency bands.
Then an offset fed open circuited coplanar waveguide supporting
resonance /radiation phenomena is analyzed. Finally, a novel compact coplanar
antenna geometry with dual band characteristics, suitable for mobile terminal
applications is designed and characterized using the inferences from the above
study.
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CHAPTER 1
.ﬁ
Introduction

This chapter starts with a bnef overview of the progress in antenna rescarch.
Microstrip antennas, Planar inverted I antennas (PII'A), metamaterial antennas are
described to portrait the recent progress in antennas from half wavclength and
quarter wave resonant antenna systems to sub-wavelength ultra miniaturized
antennas. ‘The chapter also presents the coplanar waveguide and its potential
applications in microwave circuits and antennas. I'inally the motivation behind the

development of ‘coplanar antenna’ and the thesis organization are described.
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1.1 Introduction

The foundations for wireless communication research and industry were
established in 1864, when James Clerk Maxwell predicted that the electric and magnetic
fields will allow energy to be transported through materals and space at a finite velocity
[1]. Heinrich Rudolf Hertz demonstrated Maxwell’s theory of electromagnetic radiation
in 1888 by his classical spark transmitter. Hentz’s apparatus demonstrated the first

transmission of regulated radio waves, the ‘new form of energy [2].

The great Indian scientist Jagadish Chandra Bose made a revolutionary
attempt to demonstrate radio communication. In 1895, Bose gave his first public
demonstration of electromagnetic waves. The wavelengths he used ranged from 2.5 cm
to 5 mm. He was playing at 60 GHz over one hundred years ago!. Bose's investigations
included measurement of refractive index of a variety of substances. He also made

dielectric lenses, oscillators, receivers, and his own polarization device.

Guglielmo Marconi, dubbed the father of the wireless communications, tock the
discoveries of Maxwell and Hertz. It was in 1897 that Marconi demonstrated the
practical applications of wireless communication, when he established continuous radio
communication between the shore and ships traveling in the English Channel [3]. By
mid December in 1901, Marconi took a much greater step by performing the first
transcontinental wireless communication, between England and Canada. This
achievement triggered the scientists and engineers all over the world towards wireless

commurucation.

CREMA, CUSAT



4 Chapter 1

1.2 Over view of Antenna Research
Prior to World War II, most antenna elements were of wire types such as
long wires, dipoles, helices, rhombuses etc., and were used either as single elements or as
arrays. In the year 1926 Yagi-Uda antenna was introduced [4], which received wide
populanty due to the simple array structure and excellent radiation performance. It is sull

being used as home TV antenna.

World War IT was the most flourishing period in antenna research. During
and after World War II, many other radiators were introduced. Many of these were
aperture type such as open ended wavegudes, slots, homs, reflectors and lenses. They
were employed for radar, remote sensing and deep space applications [5]. In 1950s a
breakthrough in antenna evolution was created by V.H Ramsey [6] which extended the
maximum bandwidth as great as 40:1 or more. The structure is specified entirely by
angles, instead of linear dimensions, they offered an infinite bandwidth and popularly

referred to as frequency independent antennas.

It was not until almost 20 years later that a fundamental new radiating
element, which has received a lot of attention and many applications since its inception,
was introduced. Microstrip antennas received considerable attention starting mn the
1970s, although the idea of a microstrip antenna can be traced to 1953 [7]. Microstrip
antenna is simple, lightweight, inexpensive, low profile and conformal to Aircraft, Missile

etc. Major advances in millimeter wave antennas have been made in recent years,

Development and Analysis of a Compact Dual-band Coplanar Antenna



Introduction 5
including integrated antennas where active and passive circuits are combined with the
radiating elements into one compact unit to form monolithic circuits [8].

The inherent narrow bandwidth properties of microstrip antennas has
limited its usage from many applications. Recently, printed monopole elements have
received wide acceptance due to its omm directional radiation charactensucs and
compact nature. Very recently ultra wideband communication has received wide
popularity. It can provide high speed data transfer rate for short range applications. The
wide band behavior of ultra short pulse used for this communication requires ultra wide
band antennas to accommodate the large frequency spectrum. This is one of the
developing areas in antenna design [9]. The time domain characterization of the antenna
and formulation of transfer function for such antennas are active research topic n these

days.

There has been much interest in electrically small antennas. Antennas that
are electrically small, efficient, and have significant bandwidth would fill many needs if
antenna engineers could reconcile these usually contradictory requirements. This is
especrally true recently with increased uses of wireless technologies for communications
and sensor networks. It 1s well known that small electric dipole antenna is an inefficient
radiator, ie., because it has a very small radiation resistance with very large capacitive
reactance. Consequently, to obtain a high overall efficiency, considerable effort must be
expended on a matching network that produces an impedance that is conjugately
matched to the dipole’s impedance; ie., it forces the total reactance to zero by
introducing a very large inductive reactance which cancels the very large capacitive

reactance of a small electric dipole, and that then matches this resonant system to a feed
CREMA, CUSAT




6 Chapter 1
network. Recently, this problem has been overcome by introducing metamaterial
concept in antennas. A metamateria] medium is introduced in antennas to obtain
electrically small antenna element with good efficiency [10].

Antenna research is now progressing rapidly. Active integrated antenna
technology allows the integration of active devices with antenna elements, and the
radiator is assigned with some other functions in addition to its role as a radiator in
COMMUIICAtIoN Systems.

1.3 Small mobile terminal antenna performance and effect of ground plane
In designing antennas for small mobile terminals, the prime considerations

have been taken into account are

small size

light weight
compact structure
low profile
robustness
flexibility

low cost

© N S U R W N e

ease of mass fabrication

In addition to these, durability against the users rough handling,
environmental conditions, such as temperature vanations should be taken into account.
From the 1980s to the present the downsizing of mobile terminals made remarkable
progress and, accordingly, the size of the antennas are becoming smaller. The

miniaturization of mobile handset is beneficial for users. It is a serious challenge for

Nomislnwsseant and Anahicic of 2 Comvact Dual-band Coplanar Antenna



Introduction 7
antenna engineers. The miniaturization should not sacnfice the antenna performance
[11].

Almost all of the equipment cases in these days are made of plastics, not of
metals. Some ‘conducting materials’ existing in the equipment will also act as a radiator.
The typical conducting material in the equipment is a rectangular shielding plate or box,
where RF and other circuits are included. Usually a built-in antenna element is placed on
this plate or box, and it acts as a ground plane.

As a ground plane performs as a part of a radiator, when a small antenna
element is placed on it and induces currents on it, the antenna’s size is effectively
enlarged and, hence, the antenna’s performance is enhanced. The gain and bandwidth
may be increased, although this depends on the size of the ground plane and the type of
the antenna. An important conclusion obtamned from the research 1s that the role of
ground planes in mobile communication equipments is very important. The ground

plane contributes very much to the total radiation.

1.4 State of the Art technologies

Mobile communications, wireless interconnects, wireless local area networks
(WLANs), and cellular phone technologies are the most viable cost effective
communication systems enabling user mobility. Naturally, these applications require
efficient antennas. The portable antenna technology has grown along with mobile and
cellular technologies. It is important to have the proper antenna for a device. The proper
antenna will improve transmission and reception, reduce power consumption and finally

results a cute compact device with market demands.

CREMA, CUSAT



8 Chapter 1

Antennas used for early portable wireless handheld devices were the so-
called ‘whip’ antennas. The quarter-wavelength whip antenna was very popular, mostly
because of its simple structure and omnidirectional radiation pattern [12]. New antenna
designs have appeared on radios with lower profile than the whip antenna and without
significantly affecting the performance. The commonly used monopole antennas possess
a number of drawbacks. Monopole antennas are relatively large in size and protrude
from the handset case in an awkward way.

In the past few years, designs based on the Planar Inverted-F Antenna
(PIFA) and Microstrip Antennas (MSA) have been popular for handheld wireless devices
due to low profile geometry. Conventional PIFAs and MSAs are compact,” with
dimensions approximately a quarter to a half of the wavelength. These antennas can be
further optimized by adding new parameters in the design, such as strategically shaping
the conductive plate, or judiciously locating loads or slots etc.

The major limitation of many low-profile antennas is narrow bandwidth.
Typical conventional PIFA’s have 5% bandwidth, but advanced designs offer wider
bandwidth. A vanety of techniques for broadening bandwidth have been reported,
including the addition of a parasitic structure whose resonant frequency is near that of
the driving antenna structure. One example descnibed in the literature is a stacked
microstrp patch antenna [12).

In addition to broadband operation, one has to consider the development of
multiband antennas. Dual-band and tri-band wireless phones have become popular
recently because they permit people to use the same phone in two or three networks that

have different frequencies.

Development and Analysis of a Compact Dual-band Coplanar Antenna



Introduction 9
‘The following sections describe the details of different antenna technologies
widely used in advanced wireless communication systems.
L5 Microstrip Antenna
A class of antennas that has gained considerable popularity in recent years is

the microstrip antenna. A typical microstrip element is illustrated in Fig. 1.1

Rectangularpatch

Feed line

Substarate

Ground plane

Fig. 1.1 Geometry of a conventional microstnp antenna excited using a
microstrip line

There are different types of microstrip antennas, but their common features are:
1. A very thin flat metallic region often called radiating patch
2. low loss isotropic and homogenous diclectric substrate of relative dielectric
constant ¢, and thickness ‘h’
3. Ground plane, which is usually much larger than the patch
4. TFeed, which supplics the RF power to the radiating patch

CREMA, CUSAT



10 Chapter 1

Microstrip elements are often constructed by etching the radiating patch
(and sometimes the feeding circuit) from a single double sided substrate. The length of
the patch is typically about a half of the wavelength. A commonly used dielectric for
such antennas is Poly Tetra Fluro Ethylene (PTFE), which has a relative dielectric
constant of about 2.2. Sometimes a low-density “honeycomb” matenal is used to
support the patch. This matenal has a relative dielectric constant near unity and usually
results in an element with better efficiency and larger bandwidth [13] but at the expense
of an increase in element size. Substrate materials with high dielectric constants can also
be used. Such substrates result in elements that are electrically small in terms of free-

space wavelengths and consequently have relatively small bandwidth and low efficiency.

'The microstrip antennas are popular due to the following:
1. Low-profile structure
2. Easy and inexpensive to manufacture in large quantities using modem prnnted-
circuit techmques.
3. When mounted to a rigid surface they are mechanically robust
4. It can be designed to produce variety of patterns and polarizations, depending
on the mode excited and shape of the patch.

Active elements can be easily added by a via between the patch and the
ground plane. Using such loaded elements, the antenna charactenistics can be controlled.

These advantages must be weighed against the disadvantages which can be most

Development and Analysis of a Compact Dual-band Coplanar Antenna
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succinctly stated in terms of antenna quality factor, Q. Microstrip antennas are high-Q
devices. High-Q elements have small bandwidths. Increasing the thickness of the
dielectric substrate will reduce the Q and increase its bandwidth. But thick substrate will

excite unwanted surface waves and reduce the efficiency [13].

1.6 The Planar Inverted-F Antenna
The planar inverted F antenna (PIFA) is commonly employed in mobile
hand sets [14].The small size and low profile nature of the PII'A made it an excellent
choice on portable equipment. The PIFA typically consists of a rectangular planar

element, ground plane, and short circuited plate as shown in Fig. 1.2.

parch

Fig. 1.2. Planar Inverted I antenna (PIFA) excited using a coaxial transmission line

The PIFA can be thought of as a combination of the inverted-F (IFA)
antenna and the short circuited rectangular microstrip antennas (SCMSA), as shown in
Fig. 1.2. Both the IFA and SCMSA have smaller bandwidths, but PIFA has sufficient
bandwidth to cover popular communication bands (about 8%%). The PIFA is an IFA in

which the wire radiator clement is replaced by a strip to increase the bandwidth.
CREMA, CUSAT




12 Chapter 1

The PIFA also can be viewed as a short-circuit microstrip antenna
resonating at the dominant TMio mode. The length of the rectangular element is halved
by placing a short-circuit plate between the radiator element and ground plane. When the
width of the short-circuit plate is narrower than that of the planar element, the effective
inductance of the antenna element increases, and the resonant frequency becomes lower
than that of a conventional short-circuit MSA having the same size. As a result, the size

of the short-circuit MSA can be further reduced.

1.7  Metamaterial antennas
Over the last few years, there has been considerable research effort on the
analysis and design of metamatenal structures for the microwave and millimeter wave
frequency regimes [15, 16, 17]. Metamatenials have been developed and shown to exhibit
properties such as electromagnetic band gaps (EBG), artificial magnetic conductor
(AMO) behavior and negative refractive index. These properties of metamatenal
structures have opened up new directions towards enhancing the performance of

microwave components and overcoming current limitations.

Portable devices have become one of the necessary appliances for our daily
lives. To conveniently carry these portable devices such as cell phones, media players and
laptops, they are designed to be compact and lightweight, without sacrificing
performance or funcuonality. The challenge to implement such small devices is o

mount all the necessary circuits onto a small highly integrated transceiver unit. Among all

Development and Analysis of a Compact Dual-band Coplanar Antenna
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the components, the antenna is one of the most challenging device to be scaled down in
size because the size of the conventional antennas depends on the operation frequency

of the required applications, which is usually in the MHz or low GHz range.

The traditional half-wavelength antenna cannot be incorporated 1n the space
limited RF front-end modules. Therefore, many researchers are investigating different
methods to realize small antennas such as using high dielectric constant substrate,
shorting pin and folded monopole etc. Recently, metamatenal based transmission lines
have been developed and have been shown to exhibit unique features of anti-parallel
phase and group velocities and zero propagation constant at a certain frequency at the
fundamental operating mode These metamatenals have been used to realize novel sub
wavelength antennas. An interesting design consisting of a dipole with left-handed
loading is explained [18]. The antenna is composed of a ladder network of periodic
structure of unit cells having series capacitors and shunt inductors. The geometry of the

proposed antenna is shown in Fig. 1.3 below.

CREMA, CUSAT



14 Chapter 1

Feed pont

Fig. 1.3. Metamaterial based dipole antenna designed for sub wavelength resonance

Placing capacitors into one side of the network leads to out of phase currents with
different amplitudes that allow strong radiation. The numerical analysis show that the
antenna has a length of 0.15 wavelengths in free space, input impedance close to 50 Q
and well behaved radiation patterns. The input impedance is close to 50 Q is achieved in
a series resonance at 451 MHz. Note that the size of the device is less thn 0.25 A, which
is usually needed in any resonant antenna systems. Metamatenal antenna is becoming a
promusing area of research.
1.8 Coplanar Wave Guides and its applications

The coplanar waveguide (CPW) was proposed by Wen [19] in 1969. A
conventional CPW on a dielectric substrate consists of a center strip conductor with

semi-infinite ground planes on either side as shown in Fig. 1.4.

Development and Analysis of a Compact Dual-band Coplanar Antenna
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Ground

port2

Fig. 1.4. Top view and side view of of
conventional Coplanar  Wave  Guide

(CPW)

This structure supports a quasi-TEM mode of propagation. The CPW offers several
advantages over conventional microstrip line. First, it simplifies fabrication, second it
facilitates easy shunt as well as series surface mounting of active and passive devices [20]
to [21]; third, it eliminates the need for wraparound and via holes [22] and [23], and
fourth, it reduces radiation loss [24]. In addition a ground planc cxists between any two
adjacent lines, hence cross talk effects between adjacent lines are very week [25]. As a
result, CPW circuits can be made denser than conventional microstrip circuits. These, as
well as several other advantages, make CPW ideally suited for MIC as well as MMIC

applications
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1.8.1 Types of Coplanar Waveguides
Coplanar waveguides can be broadly classified as follows:

= Conventional CPW
s Conductor backed CPW
s Micromachined CPW

In a conventional CPW, the ground planes are of semi mnfinite extent on
either side. However, in a practical circuit the ground planes are made of finite extent.
The conductor-backed CPW has an additional ground plane at the bottom surface of the
substrate. This lower ground plane not only provides mechanical support to the
substrate but also acts as a heat sink for circuits with active devices. The micro machined
CPWs are of two types, namely, the microshield line [26] and the CPW suspended by a
silicon dioxide membrane above a micromachined groove [27].

1.8.2 Field distribution in CPW

The electric and magnetic field distribution in CPW is depicted in Fig. 1.5
below. Usually the CPW is excited by giving signal to the centre strip with respect to the
ground stnps. This produce a field distribution similar to the Odd mode distribution in
coupled slot lines. That is the power is coupled by the out of phase electric field
distnbution in the two slots and magnetic field encircling each strips. This produce a
magnetic wall at the plane passing though the centre of the signal strip as shown in Fig.
1.5.
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E field
------- H field

Fig. 1.5. Electric and Magnetic field distribution in CPW

The system 1s excited by connecting centre conductor of a coaxial connector to the
signal strip and outer ground conductor to the two ground strips. This forcefully excites
the odd mode field distribution in CPWs. In this case the ficld distributions in the slots
are out of phase, and it cancels at the far field. This field distribution is maintained in this

structure due to the feed symmetry.

1.8.3 Applications of CPW

The CPW finds application in almost all the fields of microwave engineering.
The microwave circuits always prefer to use CPW based designs due to its uniplanar
nature. The amplifiers, active combiners, frequency doublers, mixers, and switches has
been realized using CPW. The CPW amplifier circuits include millimeter-wave amplifiers

[28, 29 and 30] distributed amplifiers [31], cryogenically cooled amplifiers [32], cascade
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amplifiers [33], transimpedance amplifiers [34], dual gate HEMT amplifiers [35], and

low-noise amplifiers [36].

Another important area of its application is in Microelectromechanical
Systems (MEMS) Switches. The rapid progress made in the area of semiconductor wafer
processing has led to the successful development of MEMS based microwave circuits. In
a CPW the conductors are located on the top surface of a substrate which makes 1t
ideally suited for fabricating metal membrane, capacitive, shunt-type switches [37]. CPW
MEMS shunt switches with low insertion loss, reasonable switching voltages, fast
switching speed, and excellent linearity have recently been demonstrated. These switches
offer the potential to build new generation of low-loss high-linearity microwave circuits

for phased array antennas and communication systems.

The CPW is invariably using in antenna designs as the feed of the radiating
element and as radiating system. Coplanar Waveguide Patch Antennas are available 1n
literature [38]. The feed system in these antennas is directly coupled, electromagnetically

coupled, or aperture coupled to the patch.
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1.9 Motivation of the present research

‘Acceleration or deceleration of charges creates Electromagnetic radiation’
[39]. To create charge acceleration or deceleration there must be a bent, curve,
discontinuity or termination. This is the fundamental idea behind any antenna system.
Discontinuities in transmission lines excite spurious modes to satisfy the boundary
conditions. In a normal closed transmission line, such as wave guide or coax, the
spurious modes excited by discontinuities soon die out because they cannot propagate.
The electric or magnetic fields in the region of the discontinuity appear as capacitive or

inductive reactance to the transmission line.

If the transmission line is open or is opened by a discontinuity (a slot or
hole), then the higher-order modes generated can radiate energy. The surface wave
transmission lines will radiate at discontinuities. They include dielectric slabs, dielectnic
rods, and corrugated metal surfaces. At the point of excitation and at the point of

termination, the higher-order modes generated will radiate.

It is worth noting that there are many antennas in use that can be viewed as
a modification of transmission lines. For example consider a conventional half wave
dipole antenna. It consists of two flared arms at the end of a balanced transmission line.
The antenna becomes an efficient radiator when the two arms are flared apart Here, the
flaring makes a discontinuity, producing current distribution on the arms, and reinforced
at far field to obtain omni directional radiation coverage. The transition of a twin wire

balanced transmission line to a dipole is depicted in Fig. 1.8 (a) and (b).
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a) Transmission line b) Dipole antenna

Fig. 1.8. Transformation of a twin wire transmission line to
conventional half wave dipole antenna

In the case of a horn antenna, one end of the waveguide is transformed to a
discontinuity. A field distribution is then formed at the aperture of the hom producing
radiation intensity at far ficld. We can flare either E or H planes or both the planes. Fig.
1.9 shown below clearly shows the transformation of a rectangular waveguide to a

pyramidal horn antenna.

Y -

a) Waveguide b) Horn antenna

Fig. 1.9. Transformation of a rectangular waveguide to hom
antenna

The printed antenna technology has gained the attention of mobile wireless system
designers due to its attractive features like light weight, ease of fabrication and low cost
of production. Microstrib antenna technology is the pioneer of this kind. The microstrip

antennas are an extension of the microstrip transmission line. As long as the physical

Nonolammeont and Analusic nf a Comnart NDual-band Conlanar Antenna



Introduction 21
dimension of the strip and the relative dielectric constant remains unchanged, virtually
no radiation will occur. By shaping the microstrip line into a discontinuity, power will
radiate off from the abrupt ends in the strip line. The transformation of a simple

microstrip line to a microstrip antenna is depicted in Fig. 1.10 below.

A -

Fig. 1.10. Transition of microstrip line to a rectangular microstrip
antenna

This is the fundamental principle behind radiation from a microstrip structure. The
above discussion concludes as follows: any transmission line can be configured as a radiating
system by properly modifying its structural parameters, and or feed point.

There are several papers in literatures regarding the leaky behavior of the
CPW [40, 41 and 42]. They conclude that the structural parameters of the device
strongly influences the leaky modes excited on the structure. But unfortunately the leaky
modes are excited at higher microwave bands. This restricts the use of the leaky

phenomenon for compact efficient radiator applications.

But according the transmussion line perspective, the discussion above
strongly says that the CPW can radiate electromagnetic energy if the feed point and
structural parameters are properly optimized. This is the fundamental concept behind
this thesis work. Consider the case of a conventional coplanar waveguide transmission

line shown in Fig. 1.11
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Fig. 1.11. Electnic field distribution on Conventional coplanar wave guide when excited with a coaxial
connector

The device carries the electromagnetic energy from one end to other by
means of a slot mode. The fringing field distribution at the two slots are due to the air
diclectric interface in the slots, as depicted in the gbove figure. The direction of the
distribution 1s obviously out of phase and thus cancels at the far field. That is device
behaves as a pure transmission line and thus the radiation from the structure is
neglgible. The only way to get radiation from the device i1s by means of transforming the
slot modes in such a way that the fringing fields at the two slots are in phase, forming a
reinforced radiation intensity at the far field. This is the key idea behind the present
work.

By introducing an offset for the feed point location on the centre strip of a

coplanar waveguide structure, a radiating mode is excited at lower microwave bands of
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the EM spectrum. The E-field distribution at the slots of the device, for the new mode
thus excited will looks like as depicted in Fig. 1.12 below.

Centre 8
Fringing ficlds -

lLateral stap

Substrate

Fig. 1.12. Offset fed coplanar waveguide with in phase field
distnbution in the slots

The two slots are very close in terms of its operating wavelength and thus the
radiaton pattern of the device will not be suitable for mobile communication
application. That is by properly optimizing the spatial distance between the slots and
making the in-phase field distribution in the slots a new antenna element can be derived.
The new antenna derived from the concept explained above is termed as ‘coplanar
antenna’. The conductor backed CPW (CBCPW) has not been selected purposefully for
the study because the conductor backing will restrict the radiation pattern to a

hemisphere.
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1.10 Thesis Organization

Chapter 1 desceribes an overview of antenna rescarch, state of the art
technologies i antennas, coplanar waveguide, its applications and the motivation of

present rescarch.

Chapter 2 presents review of literature concerning the present work.
Antennas for mobile communications, multi-band and broad-band techniques in printed
antcnnas, antenna minaturization schemes, leaky behavior in coplanar waveguides and
different types of coplanar antennas arc rcferred in detail. Finally, overview of the

progress in FIYT'D analysis 1s referred.

In chapter 3, the antenna fabrication method and substrate materials used
arc described. The experimental factlities utilized are also deseribed. 'The measurement
methods employed for characterizing the antenna presented ' the thesis is also
described. Some part of the simulation 1s done using commercial packages like 1131 and

HFSS. The basic characteristics about these packages are also explained in this chapter.

‘The principle behind the PMI. based I'DTD computational method 1s
described in Chapter 4. The theoretical investigations on offset fed coplanar waveguide
resonance, radiation and the coplanar antenna are derived using PMIL based FDTD

method.
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Chapter 5 descnbes the theoretical investgations on the radiation and
resonance phenomena in coplanar waveguide structures. Intially a conventional CPW 1s
analyzed using FDTD. Then charactenistics of the device are analyzed when the CPW
structure 1s excited using offset feed. The computed field distnbutions and return loss
characteristics are described. The Odd mode and Even mode like excitations schemes
are separately studied using FDTD. Computed results are compared with the measured
values. Finally the parametric analysis is also presented to confirm the resonance

phenomenon on coplanar waveguide structure when an offset feed is employed.

The so called ‘coplanar antenna’ design is studied in Chapter 6. Experimental
as well as theoretical observations are compared. Parametric analysis of the antenna and

the empirical design equations are also presented.

Chapter 7 describes conclusions of this thesis. The scope for future works

are also discussed.

Appendix I and II descnibes design of two other printed antennas. A
compact planar multi-band antenna for GPS/PCS/WLAN applications is presented in

Appendix I and a compact active microstrip antenna is presented in Appendix II.
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Review of Literature

This chapter presents different technologies so far proposed by the rescarch groups
across the world for the development of antennas for mobile applications, mults
band operation, broad band operation and for compact applications. The recent
progress in the direction of coplanar antenna research 1s then presented. In the last
section of this chapter relevant papers addressing leakage phenomena in coplanar

waveguides and the progress in FIYL'D analysis are referred
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2.1 Introduction

Progress in printed antenna technology is overwhelming. Modem wireless
communication is using printed antenna technology, which is replacing almost all the
wire antenna systems available so far. First generation mobile handsets used small
monopole type antennas that protruded from the device cabinets. But today the industry
prefers to use compact internal antennas for mobile communication applications.

The antennas for mobile communications require some inevitable
charactenstics. It should be compact, lightweight and capable of ommni directional
coverage. The rapid developments in mobile communications resulted in the
introduction of different wireless communication standards. In order to integrate these
communication standards into a single unit, compact wideband/ multi band antennas are
required.

The thesis highlights the development and analysis of a Compact Dual-band
Coplanar antenna. The antenna has two wide resonant bands with 14% and 22% VSWR
bandwidth in the lower and higher bands respectively. This chapter of the thesis
describes the work done in this direction. Mobile handset antenna design techniques are
first referred. Multi-band and broad banding techniques in antennas are then presented.
Different antenna miniaturization schemes are also discussed. The leaky behavior in
coplanar antennas and coplanar radiator designs are referred, because surface wave leaky
modes in coplanar waveguides are the only reported leaky behavior in coplanar
wavegwides. In this thesis the experimental results are verified using Finite Difference
Time Domain Method (FDTD) and most relevant contributions in this field are briefly

described.

22 Antennas for mobile applications
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The allocation of microwave spectrum for personal mobile communication
has paved the way for the development of compact internal antennas. Due to the
advantages like low attenuation and high coverage, lower microwave bands are used for
mobile communications. Compactness of the antennas are the major challenge in this
case because the mobile handset itself is very small compared to the wave length of
operation. Following section descrbes different antennas proposed by the various

microwave antenna groups working in this area.

K.L. Wong et al. [1] presented a Low-Profile Planar Monopole Antenna for
Multuband Operation of Mobile Handsets. The proposed antenna has a planar
rectangular radiating patch in which a folded slit is inserted at the patch’s bottom edge.
The folded slit separates the rectangular patch into two subpatches, one smaller inner
subpatch encircled by the larger outer one. The proposed antenna is then operated with
the inner subpatch resonating as a quarter-wavelength structure and the outer one

resonating as both a quarter-wavelength and a half-wavelength structure.

Jeun-Wen Wu et al. [2] proposed a planar meander-line antenna consisting
of three branched strips for very-low-profile GSM(global system for mobile
communication)/ DCS{digital communication system)/PCS(personal communication
system)/ WLAN (Wireless LAN) triple-band operation of mobile phones. The branch
strips are designed to operate as quarter-wavelength structures at 900 and 1800 MHz,

respectively, and covering GSM/DCS/PCS and WLAN bands.
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Shun-Yun Lin, in [3] proposed a Multiband Folded Planar Monopole
Antenna for Mobile Handset applications. It has a very low profile of about one
twentieth of the wavelength of the lowest operating frequency. The effect 1s achieved by
using a bended rectangular radiating patch and an mverted L-shape ground plane. The
proposed antenna can be used in muluband operation, with omni directional radsation

patterns for all operating bands.

A Miniature built-in multi-band Antennas for Mobile Handsets is descnibed
in [4] by Yong-Xin Guo, et al. Compared with the parasitic form with a shorted strip
placed away from the main radiator, the size of the proposed antennas can be reduced by

an order of 10-20%.

Yong-Sun Shin et al. [5] developed a broadband interior planar monopole
type antenna for hand set applications. It is suitable to be built-in within the housing of a
mobile phone. In order to achieve the broad bandwidth, the feed which is connected
between the microstrip line and antenna is a trapezoidal shape with a ulted angle. By
adjusting the width of the bottom and top side of a trapezoidal feed, the broad

bandwidth can be achieved.

Fu-Ren Hsiao et al. [6] presented a novel broadband double-cavity planar
antenna with a wide operating bandwidth (about 25% with respect to the center
frequency of 900 MHz) for mobile-phone application as an internal antenna. The

proposed planar antenna consists of a thin upper cavity and a relatively thick lower
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cavity. In the lower cavity of the antenna, its partial volume is also be used to

accommodate associated components of the mobile phone.

A Wide-Band Cylindrical Monopole Antenna for Mobile Phone applications
[7] was introduced by K.L. Wong et al. The antenna is composed of an upper hollow
conducting cylinder and a lower conducting cone and occupies a volume similar to that

of the conventional helical monopole antenna.

K. L. Wong et al. [8] also proposed an internal shorted patch Antenna for
UMTS Folder type mobile Phones. The patch antenna comprises of a simple rectangular
patch that is fed through and short-circuited to a small ground plane which protrudes
from the main or bottom ground of a folder-type mobile phone. With the presence of
the small antenna ground, which can function as a shielding wall, the proposed antenna
can be placed in close proximity to the RF shielding metal box in the mobile phone, with

very small effects on the antenna performances.

An internal patch antenna for mobile device having electromagnetic
compatbility (EMC) property with nearby conducting elements was presented [9] by
Chih-Ming Su et al. Effects of the possible nearby conducting elements such as the
RF/battery shielding metal case and the shielding metal cylinder for a charge-coupled
device (CCD) of an embedded digital camera inside a mobile device on the

performances are analyzed.
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K.L. Wong et al. [10] developed a Thin Internal GSM/DCS Patch Antenna

for portable mobile terminal applicauions. By incorporating a small portion of the top

patch beyond the top edge of the system ground plane of the mobile terminal, enhanced

bandwidths of the two resonant modes for covering the GSM and DCS bands.

Kin Lu Wong et al. [11] also introduced a shorted internal patch antenna
suitable for application in sliding mobile phone. The shorted patch antenna s mounted
at the bottom end of the lower ground plane of the mobile phone, and can generate a
wide operating band for UMTS (1920-2170 MHz) operation.

Zhengwei Du et al. [12] designed a novel Compact Wide-Band Planar
Antenna for Mobile Handsets. It can cover major wireless communication and
navigation systems fike GSM, GPS, DCS, PCS, UMTS, and WLAN. The radiating patch

is jointly designed with the shape of the ground plane to optimize its performance.

P. Ciais et al. [13] presented a penta-band planar inverted-F antenna (PIFA)
suitable for handheld terminals. This antenna is made of capacitively loaded shorted
patches, a slot, and an efficient antenna-chassis combination to achieve multiband and
wideband performances to operate in the 850 MHz, 900 MHz, 1800 MHz, 1900 MHz,
and UMTS bands

Saou-Wen Su et al. [14] proposed a wideband monopole antenna integrated
within the front-end module package. The antenna was integrated within the front-end
module package for WLAN and/or WiMAX operation in the 5 GHz band.

A Coupling Element Based Mobile Terminal Antenna Structure is reported

in [15] by Juha Villanen et al. The work concentrates on the possibilities to reduce the
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volume of mobile terminal antenna by efficiently utilizing the radiation of the currents
on the mobile terminal chassis. Essentially non resonant coupling elements are used to
optimally couple to the dominating charactenistic wave modes of the chassis. The

antenna structures are tuned to resonance with matching circuits.

Tieming Xiang et al. [16] proposed the design of a miniature mobile handset
antenna using Genetic Algonthm and MoM. It can provide wide bandwidth to cover the
operating bands for modem mobile communications, including GSM, DCS, PCS, and
UMTS bands.

Kati Sulonen et al. discussed the effects of antenna radiation pattemn on the
performance of the mobile handset in [17]. In this work the effects of the different
antenna radiation pattern characteristics on the performance of the antenna in different

environments at 2 GHz are invesugated.

Fa-Shian Chang et al. [18] presented a Folded Meandered-patch Monopole
Antenna for Triple-Band Operation. The proposed antenna is suitable for applications in

mobile phones for GSM, DCS and PCS triple-band operations.

An Internal GSM/DCS Antenna Backed by a Step-Shaped Ground Plane
for a PDA Phone was proposed by K.L. Wong et al. [19]. The antenna has two radiating
strips designed to operate at about 900 and 1800 MHz for GSM/DCS operation, and is
backed by a short cifcuit 10 a step-shaped ground plane. With the use of the step-shaped

ground plane, which is to be placed at the top edge of the system ground plane of a
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PDA phone, the antenna can be employed in very close proximity to the possible RF
shielding metal cases for battery and associated RF module/ circuitry, wath almost no
degradation in the antenna performances.

An Internal Shorted Patch Antenna for UMTS Mobile Phone was
proposed by Saou-wen Su et al. [2C]. This intemnal mobile phone antenna design
eliminate the required isolation distance between the antenna and the RF shielding metal
box, thus providing a promising altemative for integrating various elements inside a
mobile phone.

Shac-Lun Chien [21] proposed a Planar Inverted-F Antenna with a
Hollow Shorting Cylinder for Intemal Mobile Phone Antenna applications. The
proposed PIFA and the embedded digital camera together occupy a minimum space, and
very small or negligible coupling effects of the embedded camera with the PIFA was
reported.

Sacu-Wen Su [22] introduced a novel design of the intemal patch antenna
and integrated it with the shielding metal case for mobile phone application. The antenna
mainly compnises of a simple rectangular patch as the antenna’s top radiating patch and a

shielding metal case form part of the antenna'’s ground plane.

2.3 Multi-band antenna design techniques

The advent of new, mult-standard mobile devices is an important challenge
for antenna designers, as they have to implement integrated multi band antennas within a
volume, which is rapidly shrinking. Following section describes different multi-band

techniques so far developed by the antenna designers world across.
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Puente C. et al. [23] introduced a new fractal antenna based on the Sierpinski
gasket which presents a self-similar behavior at several bands. Such a behavior is based

on the self-similarity properties of the antenna's fractal shape.

J. George et al. [24] presented a single-feed dual frequency compact
microstrip antenna with a shorting pin. This new antenna configuration gives a large
variation in frequency ratio of the two operating frequencies, without increasing the

overall size of the antenna.

Sindou M et al. [25] presented the numerical and experimental results of a

multiband fractal tree antenna generated by the elements of successive iteration levels.

Turski Z et al. [26] proposed a compact mult-band planar antenna for
mobile wireless terminals. Multi-band operation is obtained by perturbing the shape of a

conventional microstrip patch antenna in a prescribed manner.

Sona O. Kundukulam et al [27] presented a dual-frequency antenna achieved
from a compact microstrip antenna by loading a pair of narrow slots close to its radiating
edges. The two frequencies have parallel polanization planes and similar radiation

characteristics.

Tang P et al. [28] examined the input characteristics of a hexagonal fractal

based design and evaluated its suitability for multiband usage.
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Steven R. Best [29] presented a multiband conical monopole antenna. The
conical monopole exhibits broader impedance bandwidth and improved radiation

pattern performance.

Junho Yeo et al. [30] presented some novel designs for conformal multiband

antennas, based on fractal concepts, for application at three different frequencies.

Ali M. Hayes et al. [31] presented a novel triple-band antenna that consists
of a driven meander-line element and two parasitic coupled elements. The geometrical
configuration, size, and proximity of the driven and parasitic elements matenalized the

desired multiband operation.

Shun-Yun Lin [32] introduced a folded planar monopole antenna, which has
a very low profile of about one twentieth of the wavelength of the lowest operating
frequency. The proposed antenna can be used for multiband operation, with omni

directional radiation patterns.

Duxian Liu et al. [33] proposed a multiband antenna for WLANY/ cellular
applications. This antenna has a smaller size, and can be built on a double-sided printed

circuit board or stamped from thin metal sheets.

Sanz-Izquierdo B et al. {34] introduced a novel multiband PIFA. The

antenna uses a novel technique to incorporate an extra band. The additional band 1s
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incorporated by using a parasitic element in the plane of the ground that is excited by

coupling from the surrounding finite-sized ground plane.

Liu W.-C [35] proposed a multiband monopole antenna. S-shaped
meandered lines of different sizes, capable of generating a number of separate resonant
modes are used for multiband operations. Raj et al. [36] proposed a compact single-feed
muluband planar antenna configuration suitable for GPS, DCS, 2.4/5.8 GHz WLAN
applications 1s presented. A reflector at the backside of the substrate was used to get the

desired multiband operation.

Nepa P et al. [37] presented a Multiband PIFA for WLAN mobile terminals.
The multband behavior was obtained by combining a trapezoidal feed plate with two

different resonance paths in the radiating structure.

Design synthesis of miniature multiband monopole antenna with application
to ground-based and vehicular communication systems was presented by Wemer P.L et
al. [38]. The multiband response was achieved by placing a fixed number of thin stubs at
strategic locations along the antenna. A robust genetic algorithm technique was

introduced to determine the optimal lengths and locations of the stubs

Heejun Yoon et al. [39] presented the design of a multiband mtemnal antenna

for mobile handset applications. Two antenna elements are formed on top and bottom
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of the common substrate and connected by metallic pin to obtain the multi band

characteristics.

Liu W.-C et al [40] proposed a multiband CPW-fed notched planar
monopole using a genetic algorithm in conjunction with the method of moments
(MoM). By introducing a suitable notch to a rectangular CPW-fed patch, the desired

multi-frequency resonant modes and broad impedance bandwidths can be obtained.

A Multiple Band-Notched Planar Monopole Antenna for Multiband
Wireless Systems was proposed by Wang-Sang Lee et al. [41]. The proposed antenna
consists of a wideband planar monopole antenna and the multiple U-shape slots,

producing band-notched characteristics.

Amir Hossein Yamini et al. [42] presented a bow-tie printed antenna and
stmulation results based on dipole antenna concepts and compared it with simulation

using FDTD.

Yu-Seng Liu et al. [43] presented two different geometries of antennas to
satisfy the applications for WLAN/HIPERLAN/ISM triple band. The meander-line
antenna with one or two inverted planar L-shaped antennas are used to excite three

distinct resonant modes.

Jingjing Huang et al. [44] proposed a novel multiband fractal patch antenna.

The self-similarity properties of the fractal shape are translated into its multiband
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behavior. The charactenistics of the novel fractal patch antenna is described by means of

expenmental and computational results.

Martinez-Vazquez M et al. {45] proposed an integrated planar muluband
antennas for personal communication handsets. Triple band operation was achieved by
combining spur-line techniques with parasitic patches, while the use of an additional slot
introduces a fourth resonance with acceptable performance without increasing antenna

volume so that a quad-band antenna is obtained.

Sanz-Izquierdo B et al. [46] proposed a Single and double layer planar
multiband PIFA for WLAN applications. The antenna size was reduced by removing
metallization in areas of low current density. The construction is simple with the metal

etched from a thin mylar sheet folded around a honeycomb former.

Jean-Marie et al. [47] presented a multiband printed dipole antennas using
parasitic elements for multiple wireless services. First, an elementary dipole antenna was
studied and charactenized at the operating frequency of 2.9 GHz. Next, two compact

dual-band planar-antenna configurations were presented.

Suma M.N et al. [48] proposed a compact dual band planar antenna for a
digital communication system (DCS)/2.4-GHz WLAN application. The two resonant

modes of the proposed antenna are associated with various lengths of the monopoles, in
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which a longer arm contnbutes for the lower resonant frequency and a shorter arm for

higher resonant frequency.

Sheng-Bing Chen et al. [49] reported a novel modified T-shaped planar
monopole antenna, with two asymmetric horizontal strips as additional resonators to
produce the lower and upper resonant modes. As a result, a dual-band antenna for

covering 2.4- and 5-GHz wireless local area network (WLAN) bands 1s implemented.

Wen-Jiao Liao et al. [50] proposed a novel microstrip antenna applicable for
multiband. The design was evolved from a conventional parallel stnpline dipole with

modifications in the dipole geometry and feeding structure.

2.4 Broad band antenna design techniques

The demand for broadband wireless communication is rapidly increasing
due to the need to support more users and to provide more information with higher data
rates. Broad band antennas are essential front-end element for broadband wireless
communications. This section describes different broad band antenna designs available
in the open literature.

C. K. Aanandan et al. [51] presented a broad band gap coupled microstnp
antenna for broad band operation using parasitic elements. The antenna is compact and
produces less distortion in the radiation pattern. The closed form expression for
calculating the impedance bandwidth of a wide band printed dipole is proposed by S.
Deyet al.[52]
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Li M-Y et al. [53] presented a novel broadband coplanar waveguide-
coplanar strip-fed spiral antenna. The antenna has good radiation pattemns and a retum
loss better than 10dB over a wide bandwidth. M. Deepukumar et al. [54] proposed a new
dual port microstnip antenna geometry for dual frequency operation. The structure
consists of the intersection of two circles of the same radius with their centers displaced
by a small fraction of the wavelength. This antenna provides wide impedance bandwidth
and excellent isolation between its ports.

Barker S.J [55] proposed the use of silica aerogels mn broadband planar
antennas. The first application is the use of an aerogel as a thick, low-permttivity
substrate 1n a broadband millimetre-wave antenna. A broadband, robust, low-profile
monopole incorporating top loading, dielectric loading, and a distributed capacitive feed
mechanism have been reported by McLean J et al. [56]. Broadband printed antennas for
point-to-point and point-to-multipoint wireless millimeter-wave applications has been

proposed by Waterhouse R.B et al. [57].

Zhi Ning Chen et al. [58] proposed a broadband monopole antenna. A
parasitic planar thin conductive element is placed in parallel with the monopole, and
electromagnetically coupled to the monopole. K. P. Ray et al. [59] presented a paper
describing a broadband planar rectangular monopole antenna. Both theoretical and
expenmental investigations have been camed out to draw an analogy between this

monopole antenna and a rectangular microstrip antenna.
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S. Mrdula et al. [60] reported a broadband rectangular microstrip antenna
utilizing an electromagnetically coupled L-strip feed is presented. Experimental study
shows a 2:1 VSWR bandwidth of 10% and excellent cross-polanization performance with
a radiation coverage almost as same as that of the rectangular microstrip antenna fed by

conventional methods.

Designs of broad-band dual-polarized patch antennas fed by promising
feeding structures of a capacitively coupled feed, slot-coupled feed, two capacitively
coupled feeds of 180 © phase shift with a slot feed, and two capacitively coupled feeds of
a 180° phase shift with a slot feed, and two slot-coupled feeds were proposed and

experimentally studied by Kin-Lu Wong et al. [61].

An electromagnetically coupled T-shaped microstrip feed to enhance the
impedance bandwidth of a rectangular microstrip antenna has been proposed by
Lethakumary. B et al. [62]. Manju Paulson et al. [63] descnbed an arrow-shaped
microstrip antenna with a pair of narrow slots embedded near the non-radiating edges to

provide wide impedance bandwidth.

By embedding properly arranged L-shaped slots in a circular patch, a novel
broadband dual-frequency design was proposed by Jui-Han Lu [64]. Impedance
bandwidth of about 7.0% to 12.5% for the lower band and 18.9% to 21.5% for the
higher band is achieved.
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A planar monopole broadband antenna with a parasitic radiator has been

presented Xing Jiang et al. [65]. Measurements show that the bandwidth of the

monopole antenna has been considerably improved with a parasitic element earthed with

a matching inductor.

A broadband coplanar waveguide fed inductive slot antenna has been
proposed by Xian-Chang Lin et al. [66]. It consists of a conventional CPW inductive slot
and a CPW inductively coupled slot antenna as the feeding network. Wen-Shan Chen et
al. [67] explained that by introducing a small rectangular slot protruded from the
triangular slot, a new resonant mode in the vicinity of the fundamental resonant mode of

the triangular slot can be excited.

M. Joseph et al. [68] proposed a novel compact wideband antenna for
wireless local area network (WLAN) applications in the 2.4 GHz band. The proposed
low profile antenna offers 18.6% bandwidth and an average gain of 5 dB1. The antenna 1s
excited directly using a 50 ohm coaxial probe. B. Lethakumary et al. [69] introduced a
hook shaped feeding technique for bandwidth enhancement of a rectangular microstrip
antenna. This antenna offers an impedance bandwidth of 22% without degrading the

efficiency.

Guiping Zheng et al. [70] proposed a broadband printed bow-tie antenna
with a simplified balanced feeding network and modified tapering is presented.

Microstrip and parallel-strip transmission lines printed on the substrate with high
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dielectric permittivity realize the proposed feeding network The ground-plane transition
between the microstrip line and the parallel-strip line is exponentially tapered so as to

reduce the reflection losses and produce a balanced feed for the antenna.

Filipovic D.S [71] proposed a low profile 4-arm slot spiral for broadband
commercial applications. The antenna 1s designed for circularly polanized dual-mode,
normal mode and split-beam mode. Phase progressions at arm ports are realized through

the odd and even coplanar waveguide excitations.

Chao-An Shen et al. [72] designed a broadband interior-type planar

monopole with an omni directional radiation pattern over a wide operation band using a

slanted feeding shape.

Suma M. N et al. [73] proposed a planar monopole antenna suitable for
broadband wireless communication. With the use of a truncated ground plane, the
proposed printed monopole antenna offers nearly 60% 2:1 VSWR bandwidth and good
radiation characteristics for the frequencies across the operating band. The antenna can
be easily integrated into wireless circuitry and is convenient for application in laptop

computers.

Seong-Youp Suh et al. [74] summanzed broadband antennas and proposes
an evolution process from the monopole disc antennas to broadband dual-polarized

antennas. The design of a short-circuited triangular patch antenna with broadband

Operation has been proposed by Row J.S et al. [75]. By placing two shorting walls at the
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opposite edges of a tip-truncated triangular patch antenna with a V-shaped slot, two
resonant modes can be excited simuitaneously and they can be coupled together to

achieve the broadband operation.

Pan B et al. [76] has been developed a low-profile broadband and dual-
frequency monopole antennas. The broadband monopole consists of an S-strip and a

folded T-strip which are separately printed on the two sides of a thin planar substrate.

K. Francis Jacob et al. [77] proposed the development of a compact
microstnp-fed, branched monopole antenna for ultra wide band (UWB) applications. By
suitably embedding branches on the top edge of the strip monopole, UWB response can

be easily achieved by merging different resonances.

2.5 Antenna Miniaturization Schemes

The topic of small antennas has been a subject of interest for more than half
a century, but in recent years, it has ganed significant attention because of an exorbitant
demand for mobile wireless communication systems. The need for antenna
mimaturization stem from the fact that most mobile platforms have a limited space for
antennas. Compact antennas are needed so that more antennas can be closely packed
together without the risk of mutual and parasitic coupling between them. The following
section describes different antenna miniaturization techniques reported m the open

literature.
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Miniaturization on planar printed-circuit antennas by loading the substrate of
very high permittivity matenals has been expenmentally demonstrated by Hwang Y [78].
The results show that the size reduction is achieved with the gain comparable with that

of the same type of antenna with low dielectric constant.

A prnted antenna occupying the same physical volume as a rectangular
patch was designed by Herscovici N et al. [79] to resonate at a frequency that is 37%
Jower than the resonance frequency of the patch. A Geneuc algorithm optimization

procedure was used n the design.

Sknvervik AK et al. [80] presented some basic rules abour electrically small
antennas, and gave clues and guidelines about efficient antenna minaturization. The
Fractal based antenna miniaturization technique has been discussed by Gianvittorio J.P
et al. [81]. Sharma S.K et al. [82] presented the simulation results of a low-profile wide
band microstrip slot antenna, which shows the polarization diversity in radiation

charactenstics.

Elkamchouchi HM et al. [83] presented a miniaturization model of a square
loop antenna using a non-return to zero pulse as a generator instead of the square pulse
in Minkowski fractal model that allows an increase in the total electric length without
occupying more space. This led to an easily matched compact loop antenna, but with a

small sacrifice in the gain.
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Azadegan R et al. [84] concluded that with the virtual enforcement of the
required boundary condition (BC) at the end of a slot antenna, the area occupied by the
resonant antenna can be reduced. To achieve the required virtual BC the two short
circuits at the end of the resonant slot are replaced by some reactive BC, including
inductive or capacitive loadings. The application of these loads is shown to reduce the

size of the resonant slot antenna for a given resonant frequency.

Behdad N et al. [85] investigated the effect of inserung an array of senes
inductors to a resonant slot antenna on size, bandwidth and gain of the antenna. The
results show that the antenna size can be reduced efficiently without adverse effect on
the impedance matching and gain. However, as it is expected the antenna bandwidth is

reduced as a result of this miniaturization process.

A wopology for designing an electrically small resonant slot antenna has been
demonstrated by Sarabandi K et al. [86]. A major size reduction was achieved by
constructing a resonant slot rather than the traditional antenna. This was accomplished
by generating a virtual open circuit at one end of the slot. Further miniaturization was
achieved by bending the slot into three pieces in order to use the area of the board more

efficiently.

The dependence of the resonant frequency and input impedance of printed
Hilbert antenna on the various parameters were studied by Xuan Chen et al. [87], at

UHF band. Hala Elsadek et al. [88] has miniatunzed a multi-band planar inverted-F

Development and Analysis of a Compact Dual-band Coplanar Antenna



Review of Literature 53

antenna (PIFA) by adding lumped load and employing fractal concept. The results show

that a 68%-82% size reduction can be achieved.

Schulteis S et al. [89] concluded that the size of a PIFA for integration in
mobile devices can be reduced by inductive or capacitive loading. In addition by using a
symmetrical feed, it is possible to enlarge the input impedance and to connect the

antenna easily to a state of the art front end.

A triangular-ring slot antenna fed by coplanar waveguide feed line with
protruded tuning stub and a back-patch at the bottom of the substrate for
miniaturization has been demonstrated by Jin-Sen Chen et al. [90]. The resonant
frequency can be significantly reduced as compared with CPW fed conventional nng-slot
antennas. Mosallaei H et al. [91] introduced a novel reactive impedance substrate for

antenna miniaturization with enhanced bandwidth performance.

Volakis J.L et al. [92] demonstrated methods for miniatunzing spirals and
other antennas using dielectric loading, artificial lumped loads, textured dielectrics and
other approaches. The aim of the study was to achieve miniaturization without

compromusing gain and bandwidth.

Kawano Y et al. [93] investigated the downsizing technique of antennas for
handset by utilizing a magnetic material at 900MHz and 2GHz band. A Planar Inverted-
F Antenna (PIFA), which is the popular built-in antenna for handset was used for the

Investigation.
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The effect of slot loading on mucrostrip patch antennas was mvestigated by
Hung Tien et al. [94]. Initially, Koch 1sland fractal and H-shape slots are introduced to
microstrip patch antennas and their effect on reduction of the resonant frequency 1s
determined. Additional slots of more complex geometry are implemented on the H-

shaped patch to further bring down 1ts resonance frequency.

A miniatunized prnted monopole antenna suitable for cellular handset
terminals was designed by Robert Borowiec et al. [95]. A substantial reduction i antenna
size was achieved due to the use of the inverted-F antenna concept combined with a
capaciuve feeding system. The antenna operates in three frequency bands, that is, GSM

1800, PCS 1900, and UMTS, with VSWR <2.5.

Chi-Hun Lee et al. [96] proposed a compact printed hook-shaped monopole
antenna for 2.4/5-GHz WLAN applications. The designed antenna i1s compact and the

radation patterns are nearly omni-directional.

A novel compact antenna operating at GSM, DCS, PCS and IMT2000 bands
has been presented by Peng Sun et al. [97]. With a loosely coupled ground branch, the
antenna covers all 2G and 3G wireless communication bands. Wen-Chung Liu et al.
[98] presented a coplanar waveguide (CPW)-fed monopole antenna with dual folded
strips for the radio frequency identification (RFID) application. The proposed antenna

has a very compact size including ground plane.
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A novel approach for the realization of compact antennas has been
described by Cheng-Jung Lee Leong et al. [99]. The proposed antenna designs are based
on the unique fundamental left-handed mode propagation properties of the composite
night/left-handed transmussion line (CRLH-TL). At frequencies near cutoff the
propagation constant approaches infinity, therefore using the CRLH-TL in this region an
electrically large, small sized antenna can be realized depending on the unit cell

optimization and miniatunization.

A new vanation of the conventional open-sleeve dipole antenna called an
end-loaded planar open-sleeve dipole has been introduced by Spence T. G et al. [100].
This configuration provides miniaturization while retaining a comparable bandwidth in
terms of the VSWR response to that of conventional open-sleeve dipoles. Psychoudakis
D et al. [101] presented a miniaturization scheme for a square circularly polanized, cavity-

backed antenna using textured dielectric loading and a folded metallic strip feed.

2.6 Coplanar Antennas

A Coplanar patch antenna consists of a patch surrounded by closely spaced
ground conductor on a dielectric substrate. The CPW fed coplanar antenna 1s useful to
directly connect to an active device such as a photo detector in a radio-over-fiber system.
The antenna was considered as a loop slot antenna up to recent years, since it looks very
similar to the loop slot antenna which usually has no back ground conductor. But very

recently it has been found that the antenna behaves more like a microstrip patch antenna
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rather than a loop slot antenna. Relevant papers in this area are summanzed in the

following section.

A novel coplanar waveguide fed coplanar strip dipole antenna has been
presented by Tilley K et al. {102]. The antenna was matched with the use of a novel,
wideband balun. They also presented a paper [103] on coplanar waveguide (CPW) fed
coplanar strip (CPS) dipole antenna which operates at dual frequencies. The transition
from CPW to CPS is accomplished with the use of a wideband balun which exhibits less
than 1 dB insertion loss up to 4.8 GHz.

K. F Tong et al. [104] presented simulation and experimental results of
wideband coplanar waveguide fed coplanar patch antennas. The antennas were
developed to widen the narrow bandwidth of the newly suggested coplanar patch
antennas. This was achieved by introducing two identical parasitic patches next to the

resonant edges of the main patch.

An aperture-coupled coplanar patch antennas (CPA) were investigated by
Cheng et al. [105]. The result shows that the return loss and the radiation pattern of the
CPA are similar to the microstrip patch antenna, and the front-to-back ratio and gain of

the CPAs are better than that of microstrip antennas.

K. Li et al. [106] presented broadband stacked coplanar patch antennas. The

antennas were designed based on the stacked patch technique developed for microstnp
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patch antennas, in which the lower patch is a coplanar patch which is fed by a
conductor-backed coplanar waveguide, and the upper patch 1s a microstip patch. They
also presented [107] the simulation and experiment of CPAs, and demonstrated that the
CPA behaves, particularly the resonant property, more similar to the microstrip patch

antenna rather than a loop slot antenna.

The feeding characteristics of coplanar patch antennas fed at the non
radiating edge are discussed in {108] by Pandey S et al. LiK et al. [109] demonstrated the
performance of the coplanar patch antenna. The simulation and experimental results on
the field distributions in the CPAs were presented to reveal the physics in the CPA. The
operating frequency of a coplanar patch antenna is tuned by Holland B et al. [110] using

a varactor mounted at one of the radiating edges.

2.7 Resonance/Leakage Phenomena in Coplanar waveguides

At higher frequencies most of the transmission lines starts radiating. When
the frequency of operation is increased more and more, the structural parameter values
of the transmission line becomes comparable with the operating wavelength, and thus
starts radiating. Coplanar waveguides are also found to be radiating when the frequency
of operation is sufficiently high. The radiation is mainly in the form of surface waves.
Following section describes the most relevant papers in this area to get an over view of
the leakage phenomena in coplanar waveguides.

Mikio Tsuji et al. [111] showed that when the frequency of operation of a
circuit thar utilizes coplanar waveguide is increased sufficiently, leakage of power away

from the waveguide occurs in the form of a surface wave. This power leakage can cause
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unwanted cross talk between neighboring portions of the circut and produce
unexpected package effects. They also presented a paper on [112] the new type of pulse
shape degradation when a narrow pulse is transmitted on conventional coplanar
waveguide. This degradation is not caused by the well-known dispersion of the phase
constant of the CPW dominant mode, but by the complicated dispersion behavior of its

attenuation constant due to the leakage effect.

The resonant phenomena in conductor backed coplanar waveguides
through-line circuits were investigated by Wen-Teng Lo et al. [113]. The patch antenna
model and the multi-mode model were applied to help understanding the ongin of
resonances. They also presented another paper [114] on the resonant phenomena in

conductor backed coplanar waveguides.

Dispersion and radiation properties of the conductor-backed CPW were
studied by Wolfgang Heinrich et al. [115]. A frequency domain finite-difference method
using the PML absorbing boundary condition was used in the study. The different types

of higher-order modes are 1dentified and design rules to avoid parasitic effects are given.

Although the leakage/resonance phenomena in coplanar waveguide circuits
is a drawback as far as a microwave circuit is concerned, it can be successfully used to
design millimeter wave antennas by employing the aforesaid surface wave modes. Bur it

is not suitable for compact antenna applications, because the dimensions of the device
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becomes large compared to the operating wavelengths. The mvestigations in this

direction will not yield a new compact efficient radiator.

2.8 FDTD for antenna analysis

The Finite-Difference Time-Domain (FD'TD) method 1s arguably the most
popular numerical method for the solution of problems in electromagnetics. Although
the FDTD method has existed for nearly 40 years, its populanty continues to grow as
computing costs continue to decline. Furthermore, extensions and enhancements to the
method are continually being published, which further broaden its appeal. Most relevant
papers concerning the FDTD computation of printed antenna problems are referred in

this section.

The Finite-Difference Time-Domain (FDTD) method, as first proposed by
Yee in 1966 [116], 1s a simple and elegant way to discretize the differental form of
Maxwell's equations. Yee used an electric-field gnd, which was offset both spaually and
temporally from a magnetic-field gnid, to obtain update the present fields throughout the

computational domain, in terms of the past fields.

The orginal Yee FDTD algorithm is second-order accurate in both space
and time. Numerical-dispersion and grid-anisotropy errors can be kept small by having a
sufficient number of grid spaces per wavelength. Taflove was among the first to
I'igorously analyze these errors [117]. Taflove was also the first to present the correct

stability criteria for the original orthogonal-grid Yee algorithm [118].

—
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D. M. Sheen et. al. [119] descnbed application of 3D FDTD method for the
analysis of microstrip antenna and other microstrip circuits. The most relevant advance
in material-based ABCs was put forward by Berenger {120]. His ABC, termed the
perfectly-matched-layer (PML) absorbing boundary condition, appears to yield a major
improvement in the reduction of boundary reflections, compared to any ABC proposed

previously.

Reineix and Jecko [121] used the FDTD method for the analysis of
microstnip antennas. In 1992, Leveque et al. [122] modeled frequency-dispersive
microstrip antennas, while Wu et al. [123] used the FDTD method to accurately measure

the reflection coefficient of vanious microstrip-patch configurations.

Uehara and Kagoshima [124] presented an analysis of the mutual coupling
between two microstrip antennas, while Oonishi et al. [125] and Kashiwa et al. [126]
used one of the conformal FDTD approaches to analyze microstrip antennas on a

curved surface.

In 1994, Qian et al. [127] used the FDTD method to design twin-slot
antennas. Reineix and co-workers [128, 129, 130] have expanded their FDTD analysis to
include the nput impedance of micro strips with slots, to obtain the radar cross section
of microstrip-patch antennas, and to model the radiation from microstrip patches with a

fernte substrate.
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Luebbers et al. [131] and Chen et al. [132] analyzed hand-held on a
monopole antenna on a conducting or dielectric box using FDTD. Toftgird et al. [133]
calculated the effect the presence of a person on the radiation from such antennas. In
1994, Jensen and Rahmat-Samii {134] presented results for the input impedance and gain

of monopole, PIFA, and loop antennas on hand-held transceivers.

The interaction of a hand held antenna and a human were also studied by
Jensen and Rahmat- Samii [135]. Chen and Wang [136] calculated the currents induced i
the human head with a dipole-antenna model from a cellular phone. Martens et al. {137]
have used a dipole model and a full model for a hand-held antenna to compute the fields

induced in the human head.

Analysis of CPW-fed folded-slot and multiple-slot antennas on thin
substrates were carried out using FDTD method [138]. M. Kar and P.F Wahid [139]
described the FDTD analysis of dual-feed microstrip patch antennas. S. Dey et al. [140]
proposed conformal FDTD analysis technique for modeling cylindrical DRs. FDTD
analysis of radiation pattern of antenna on truncated ground plane was investigated by

Yamamoto et al. [141].

The 3-D FDTD design analysis of a 2.4-GHz polarization-diversity printed
dipole antenna with integrated balun and polarizaton-switching circuit for WLAN and
wireless communication applications was carred out by Huey-Ru Chuang et al. [142].

Pattern reconfigurable leaky wave antenna analysis using FD'TD method was introduced
by Shaogiu Xiao et al. [143].
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Indeed, the FDTD algonthm, or one of its variant forms, has been
successfully applied in a number of disciplines outside of “traditional” electromagnetics,

including acoustics, optics, and biology.
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@
Methodology

This chapter describes the experimental and simulation faciiies utibzed to
characterize the behavior of the coplanar waveguide and final antenna configuration.
The coplanar waveguide and proposed antenna are fabricated using the in-housc
photolithography facility. The antenna characteristics such as return loss, radiation
pattern and gain are measured using vector nctwork analyzer and associated
instrumentation. Theorctical analysis of the offsct fed coplanar waveguide and
antenna arc done using in-housc developed MATLAB based FDDTD codes. The
Method of Moment based 11:31> EM solver and FEM based T1I'SS arc also

employed for simulation.
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3.1 Fabrication method

The offset fed coplanar waveguide and the printed coplanar antenna are
fabricated on different substrate materials using standard photolithography facility
available in the laboratory. Photolithography method gives good accuracy for the etched
patterns. This is very critical when the frequency of operation of the device is in higher
microwave bands. The step by step process for the fabrication is very simple and

illustrated in Fig. 3.1 below.

" | (leaned double uded laminate

Photoresist appled Negatve mask {top and bottom)

) e

Phororesist hardens in Clear pattem after Antenna geomelry on

the UV exposed areas dyeing Ihrh:::slﬂll.‘ afier
etcl process

tig, 3.1 Step by step process involved in Photo hithographic process
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The computer aided design of the geometry is iniually made and a negative
mask of the geometry to be generated is printed on a butter paper. A double sided
copper clad lamination of swable dimension required for the antenna is cleaned very
well and dried. Any dust or impuntes on 1t will produce small discontinuity on the
copper traces etched on the substrate. This will shift the resonant frequency from the
predicted values, especially when the operating frequency is very high. Now, the negative
photo resist material 1s applied on copper surfaces. It is then exposed to ultra violet
radiation through the mask. The layer of photo-resist material in the exposed portions
hardens. Now the board is immersed in developer solution for few minutes. The
hardened portions will not be washed out by the developer solution. The board is then
dipped in the dye solution in order to clearly view the hardened photoresist portions on

the copper coating.

The unwanted copper traces now exposes after the developing phase is to be
etched off to get the required antenna geometry on the substrate. Fernc Chloride (FeCl3)
solution 1s used for this purpose. FeCs dissolves the copper parts except underneath the
hardened photo resist layer after few minutes. The laminate is then cleaned carefully to

remove the hardened photoresist using acetone solution.

3.2 Microwave substrates
Selection of substrates in microwave circuits is very important. Low loss

substrates are very important at microwave bands. As frequency of operation increases,

the loss tangent of the material used for substrates slightly increases, which in tum
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adversely affect the efficiency of the antenna. The power handling capability of the

antenna depends on the substrate materals also. At high power certain substrate
materials cannot withstand. A variety of substrate matenials are available in the market.
Flexible substrate matenals are also available, so that the antenna can be mounted on
curved surfaces. The selection of dielectric constant of the substrate depends on the
application of the antenna and the radiation characteristics specifications. It is worth
noting that surface waves will be excited in high dielectric constant substrates. This will
generate spurious radiations in unwanted directions from the antenna. In this thesis
importance is given to compactness of the antenna structure. Table 3.1 shows the details

of the substrates used in the thess.

TABLE 3.1
DETAILS OF 'THE MICROWAVE SUBSTRATES USED IN 'THE THESIS
Sl Substrate Relative dielectric constant, loss
No. tangent and dielectric thickness
1 FR4 e,=4.4 tan, =02, h=1.6 mm
2 RT durcid er=2.2, tan $=.002, h=1.5 mmn

Prototype of offset fed coplanar waveguide and antennas were fabricated on FR4 and

RT duroid substrates.

33 Experimental characterization setup

Antenna charactenstics such as retum loss, radiation pattern and gain are
Mmeasured using the HP8510C and associated setup. The indegeneously developed
CREMA SOFT is used for the automatic measurement of the radiation properties using

HP 8510C Network analyzer. The important systems used for the antenna

o S
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charactenzation are Vector network Analyzer, Anechoic Chamber, Automated tumn table

etc.

3.3.1 HP 8510C Vector Network Analyzer

This is a sophisticated Vector Network Analyzer (VNA) from Hewlent
Packard with time domain and frequency domain operation capability [1]. The
microprocessor based system can measure two port network parameters such as s, s1z,
s21 and sz very accurately. The in built signal processing algorithms of the network
analyzer process the transmit and receive data and finally displays the measured values in
many plot formats. The schematic of the VNA is shown in Fig. 3.2.
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Computer for data

scquisition

o wene el =

HP&514B P o HPiB
Antenna uader S parameter test set
Test O
(AUT) Part 1 s
HP 836518 i >
Synthesized sweeper

Fig. 3.2 Schematic diagram of the HP8510C vector nerwork analyzer
setup used for the characterization of the antennas

The network analyzer consists of a microwave generator, S parameter test
set, signal processor and the display unit as illustrated in Fig. 3.2. The synthesized sweep
generator HP 83651B uses an open loop YIG tuned element to generate the RIY
stimulus. It can synthesize frequencies from 10 MHz to 50 GHz. The frequencies can be

set in step mode or ramp mode depending on the required measurement accuracy.

The antenna under test (AU'L) is connected to the port of the S-parameter
test set HHP8514B and the forward and reflected power at the measurement point is

separated and down converted to 20MHz using frequency down converter. It is again
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down converted to lower frequency and processed in the ITIP8510C processing unit. All
the systems discussed above are interconnected using HPIB bus. A computer interfaced
to the system is used for coordinating the whole operation remotely. Measurement data

can be saved on a storage medium using it.

3.3.2 Anechoic Chamber

The anechoic chamber provides a ‘quite zone’, free from all types of M
distortions. All the antenna characterizations are done in an Ancchoic chamber to avoid
reflections from nearby objects.

It is a very big room compared to the wave length of operation, consists of
microwave absorbers [2] fixed on the walls, roof and the floor to avoid the M
reflections. A photograph of the ancchoic chamber used for the study is shown in Fig.

3.3 below.

Fig. 3.3 Photograph ot the anechoic chamber used for the antenna
measurements
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The absorbers fixed on the walls are highly lossy at microwave frequencies.
They have tapered shapes to achieve good impedance matching for the microwave
power impinges upon it. The chamber is made free from the surounding EM

interferences by covering all the walls and the roof with aluminium sheet.

3.3.3 Tum table assembly for far field radiation pattern measurement

The turn table assembly consists of a stepper motor driven rotating platform
for mounting the Antenna Under Test (AUT). The in-house developed microcontroller
based antenna positioner STIC 310C is used for radiation pattern measurement. The
main lobe tracking for gain measurement and radiation pattemn measurement is done
using this setup. A standard wideband hom (1-18GHz) is used as receiving antenna for
radiation pattern measurements. The in-housed developed automation software ‘Cramu

Sqgf’ coordinates all the measurements.

3.4 Measurement procedure

The experimental procedures followed to determine the antenna
characteristics are discussed below. The network analyzer in real practice is connected to
large cables and connectors. The connectors and cables will have its losses associated at
higher microwave bands. Thus the instrument should be calibrated with known
standards of open, short and matched loads to get accurate scattering parameters. There
are many calibration procedures available in the network analyzer. Single port, full two
port and TRL calibration methods are usually used. The two port passive or active

device scattering parameters can be accurately measured using TRL calibration method.
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Return loss, VSWR and input impedance can be charactenized using single port

cahibration method.

3.4.1 Retumn loss, Resonant frequency and Bandwidth

The retumn loss characternistic of the antenna is obtained by connecting the
antenna to any one of the network analyzer port and operating the VNA in s11/522 mode.
The calibration of the port is done for the frequency range of interest using the standard
open, short and matched load. The calibrated instrument including the port cable is now
connected to the device under test. The frequency vs reflection parameter (s11/s22) values

1s then stored on a computer using the ‘Crema Soft” automation software.

The frequency for which the return loss value is minimum is taken as
resonant frequency of the antenna. The range of frequencies for which the retum loss
value 1s with in the -10dB points is usually treated as the bandwidth of the antenna. The

antenna bandwidth 1s usually expressed as percentage of bandwidth, which is defined as

% Bandwidth = —_22n@width 1 00

centrefrequency

At -10dB points the VSWR 1s ~2. The above bandwidth is sometimes
referred to as 2:1 VSWR bandwdth.
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3.4.2 Far field radiation pattern

The measurement of far field radiation pattern 1s conducted in an anechoic
chamber. The AUT is placed in the quite zone of the chamber on a tum table and
connected to one port of the network analyzer. A wideband homn is used as a transmutter
and connected to the other port of the network analyzer. The tum table is controlled by
a STIC posiuoner controller. The automated radiation pattern measurement process is

coordinated by the ‘Crenu Soft’ software in the remote computer.

In order to measure the radiation pattemn, the network analyzer is kept in
$21/S12 mode with the frequency range within the -10dB return loss bandwidth. The
number of frequency points are set according to the convenience. The start angle, stop
angle and step angle of the motor is also configured in the ‘Crerz Soff”. The antenna
positioner is boresighted manually. Now the THRU calibration is performed for the
frequency band specified and saved in the CAL set. Suitable gate parameters are
provided in the time domain to avoid spurious radiations if any. The Crenu Sof  will
automatically perform the radiation pattern measurement and store 1t as a text file
3.4.3 Antenna Gain

The gain of the antenna under test is measured in the broadside direction.
The gain transfer method using a standard gain antenna is employed to determine the
absolute gain of the AUT [3-4]. The experimental setup is similar to the radiation pattern
Ineasurement setup. An antenna with known gain is first placed in the antenna positioner
and the THRU calibration is done for the frequency range of interest. Standard antenna
is then replaced by the AUT and the change in Sy is noted. Note that the AUT should

be aligned so that the gain in the main beam direction is measured. This is the relative
CREMA, CUSAT
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gain of the antenna with respect to the reference antenna. The absolute gan of the
antenna is obtained by adding this relative gain to the onginal gain of the standard

antenna.

3.5 IE3D Electromagnetic Simulator

The IE3D Electromagnetic simulator works based on Method of Moment
[5]. This full wave simulator is capable of simulating microwave circwts such as
microstrip circuits, printed antennas and some types of wire antennas. There is no
limitation on the size and shape of the antennas to be simulated. The CURVIEW post-
processor of IE3D provides colorful 3D and 2D display of current distnbution and
radiation patterns. CURVIEW also provides complete information on the directivity,
return loss, efficiency, axial ratio, 3 dB beam width, and RCS. Most field solvers assume
infinite ground planes in solving circuit and antenna problems. In many microwave
applications one may not be able to find a big ground plane. Therefore, infinite ground
plane assumption is not applicable. IE3D is able to model structures with finite ground

plane.

The different port types available in IE3D are very useful for microwave
crcuit simulators to excite the devices according to the convenience of the designer.
Coplanar waveguide ports, probe feed are widely used in IE3D. In this thesis the study
of the radiation pattern, gain and efficiency of the coplanar waveguide with comer feed
is done using IE3D. The edge port schemes suitable for coplanar wave guide
applications are used in the study. The first step in IE3D simulation is to define the
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material parameter such as substrate thickness, dielectric constant, and metallic
properties in MGRID window. Then draw the required circuit geometry in MGRID.
The simulation setup i the window is then used to specify the frequency range of
simulation, number of frequency points etc. The simulation results are available in

MODUA window available with IE3D.

3.6 HFSS: 3D Electromagnetic simulator

HFSS utilizes a 3D full-wave Finite Element Method (FEM) to compute the
electrical behavior of high-frequency and high-speed components [6]. With HFSS one
can extract the parameters such as S, Y, and Z, visualize 3D electromagnetic fields {near-
and far-field), and optimize design performance. An important and useful feature of this
simulation engine is the availability of different kinds of port schemes. It provides
lumped port, wave port, incident wave scheme etc. The accurate simulation of coplanar

waveguides and microstrip lines can be done using wave port.

In this thesis some parts of the investigations are done using HFSS. The
optimization algorithm available with HFSS is very useful for antenna engineers to
optimize the dimensions very accurately. There are many kinds of boundary schemes
available in HFSS. Radiation boundary and PML boundary are the important are widely
used in this work. The vector as well as scalar representation of E, H, J values of the
device under simulation gives a good insight in to the problem under simulation.

The first step in simulating a system in HFSS is to define the geometry of

the system by giving the matenal properties and boundaries for 3D or 2D elements

——
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available in HFSS window. The suitable port excitation scheme is then given. A radiation
boundary filled with air is then defined surrounding the structure to be simulated. Now,
the simulation engine can be invoked by giving the proper frequency of operations and
the number of frequency points. Finally the simulation results such as scattering

parameters, current distributions and far field radiation pattern can be displayed.
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CHAPTER 4

Finite Difference Time Domain Method

A bnef introduction to the fundamentals of PMI. based ID'IT) computation
technique 1s presented 1n this chapter. T'he PML based IIDTI) was found to be the
best suited method to describe the radiation and resonance in coplanar waveguides
and ‘coplanar antenna’. The MATLAB based FIDTD codes developed for this
specific research topic 1s based on the PML. based ['ID'I'D concept explained in this

chapter.
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4.1 Introduction

The finite difference time domain (FD'TD) method proposed by Yee [1] in 1966
for Maxwell’s equations has become the state of the art for solving Maxwell’s equations
in complex geometries. It is a fully vectonal method that naturally gives both time
domain, and frequency domain information to the user, offering unique insight into all
types of problems and applications in electromagnetics. The technique is discrete in both
space and time. The electromagnetic fields and structural matenals of interest are
described on a discrete mesh made up of so-called Yee cells. Maxwell’s equations are
solved discretely in time, where the time step used is related to the mesh size through the

speed of the propagating wave.

Muluple sources may be added to the simulation and subsequent iteration results
in the electromagnetic field propagation in time. Typically, the simulation s continued
until there are essentially no electromagnetic fields left in the simulation region. Time
domain information can be recorded at any spatial point (or group of points). This data
can be recorded for the duration of the simulation, or it can be recorded as a series of

"snapshots" at times specified by the user.

Frequency domain information at any spatial point may be obtained through the
Fourier transform of the time domain information at that point. Thus the frequency
dependence of power flow may be obtained over a wide range of frequencies from a

single simulation.

——
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The FDTD has been used by many invesugators, because it has the following

advantages over other techniques:

1. From the mathematical point of view, it is a direct implementation of
Maxwell’s curl equations. Therefore, analytical processing of Maxwell’s
equations is almost negligible.

2. Tt is capable of predicting broadband frequency response because the
analysis 1s carmied out in the time domain

3. Tt is capable of analyzing complex systems, including wave interaction
with human body, non linear devices, complex bodies and so on.

4. Ttis capable of analyzing structures having different types of materals

Analysis of any problem using FDTD starts with dividing the structure into
vanous regions based on the matenal properties. The unbounded region, if any, is then
bounded by terminating it with absorbing medium or a termination free from reflections.
Next, the problemy’s physical space is discretized in the form of a number of cubes. The
time domain is also discretized. The structure is then excited by an electromagnetic
pulse. The wave thus launched by the pulse in the structure is then studied for its
propagation behavior. The stabilized time-domain waveform is numerically processed to

determine the time-domain and frequency domain characteristics of the structures.
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4.2 Three dimensional FDTD method

The FDTD method is implemented by discretizing Maxwell’s curl
equations over a finite volume and approximating the denivatives with center difference
approximations. Conducting surfaces are treated by vanishing tangential electric field
components. The walls of the outer boundary however require special treatment to

prevent reflections from mesh termination.

Formulation of the FD'TD method begins by considering the differential
form of Maxwell's two curl equations which govern the propagation of fields in the
structures. For simplicity, the media is assumed to be uniform, isotropic, and

homogeneous and lossless.

With these assumption, Maxwell’s equations can be written as
H—=-VxE (1)
e—=VxH 2

In order to find an approximate solution to these set of equations, the problem
is discretized over a finite three dimensional computational domain with appropriate
boundary conditions enforced on the source, conductors, and mesh walls.The

divergence equations are automatically satisfied by te FDTD method.
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4.2.1 Finite Difference Equations

To obtain discrete approximations to these continuous partial differential
equations the centered difference approximation s used on both the time and space.
Fig. 4.1 shows the Yee cell used in FDTD computation. ‘The enture computational
domain 1s obtained by stacking these rectangular cubes into a larger rectangular volume.
The x, y and z dimensions of the unit cell are Ax, Ay and Az, respectively. The
advantages of this field arrangement are that centered differences are realized in the
calculation of cach ficld component and that continuity of tangential ficld components 1s
automatically satisfied. There arc only six unmique ficld components within the unit cell.
liach unit ccll 1s described by the subscript indices 1, j, and k corresponding to the node

numbers in the x, y and z directions.

Node (1,},k)

Fig. 4.1 Yee Cell using in FIYL'D wath Electric and Magnetic ficld components
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The notation implicitly assumes the +1/2 space indices and thus simplifies the notation,

rendering the formulas directly implimentable on the computer.

The time steps are indicated with the superscnpt ‘n’. Using this field component
arrangement, the above notation, and the centered difference approximation, the expheit

finite difference approximations to (1) and (2) are

n+ 1 2 el " At ”" n

Hnllzlz Hn i k /IAZ vk - E_.‘j.;.k I)_ 7[&}: (-Ez.iﬂjk - E.:-.i.j IJ) (3)
+ 2 N At us "

H:Jljzk Hl i it ik Ez.i-l‘j.")_ ,ul\z ('Erj.j.lt - Er.i.j.k—l) (4)

+ " Al‘ n » At n
H:Jljl.i = Hz.lljzl + /‘A Xd.jk - E\'.i.j—l.k) /‘A (E\ djk E| el 11() (5)

n+l — Af n+li2 nils 2) (Hn+l.-’2 n+l.~’2) 6
Exl_,l( En]}c ’:/+II¢—H dk »r,i.j‘k'l_H,r.ujlt ( )

41 At nli2 n+|~'2) At (Hu*l.-'z lnll'?) (7)
E,, ik E. ,/,k ik H\.i.j«k _5:_’; . vl ik H:‘i.j.k
EiHl n At (Hna—l 2 n+l.~ 2 ) At (Huol:'z n-l -’2) (8)
i jk IIJ k vi //r+l I djk A [XNEIN Hx.i.j.k

Ay

The half time steps indicate that E and H are alternately calculated 1n order to
achieve centered differences for the time denivatives. In these equations, the permittivity
.and the permeability are set to the appropriate values, depending on the location of each

field component. For the dielectric-air interface the average of the two permittivities

(er+1)/2 is used [2]
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4.2.2 Stability criteria

The numerical algorithm for Maxwell’s curl equations derived requires the time
increment At to have a specific upper bound relative to the space increments Ax, Ay and
Az. This bound is necessary to avoid numencal instability that can cause the computed
results to increase spunously without limit as time marching continues. The cause for
numerical instability is the finite difference implementation of the derivate. The final

expression for the upper bound on At can be written as,

P 1 ©)

Vi 1/ AC +1/ Ay? +1/ A2

Where V.

max

is the maximum phase velocity of the signal in the problem being

considered. Typically ¥, will be the velocity of light in free space unless the entre

volume is filled with dielectric. These equations will allow the approximate solution of E
and H in the volume of the computational domain or mesh. In practice, the maximum
value of At used is about 90% of the value given by above equation.

4.2.3 Numerical Dispersion

Dispersion is defined as the variation of the phase constant of the propagating
wave with frequency. The discretization of Maxwell’s equations in space and time causes
dispersion of the simulated wave in an otherwise dispersion-free structure. That is the
phase velocity of the wave in an FDTD grid can differ from the analytical value. This
dispersion is called numencal dispersion. The amount of dispersion depends on the

wavelength, the direction of propagation in the grid, and the discritization size.
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Numerical dispersion can be reduced to any degree that 1s desired 1f onc uses a fine

enough FDTD mcesh.

4.3 Absorbing Boundary Conditions

A large number of electromagnetic problems have associated open space
regions, where the spatial domain 1s unbounded 1n one or more dircctions. The solution
of such a problem in this form will require an unlimited amount of computer resources.
Therefore, the domain must be truncated such that the crror involved is minumal. For
this, the domain can be divided into two regions: the interior region and the cexterior

region as shown in Fig. 4.2,

exterior region

interior region

Fig. 4.2 Truncation of the domain by the exterior region
in FDTD algorithm
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The intenior region must be large enough to enclose the structure of interest.
The extenior region simulates the infinite space. The FDTD algorithm is applied in the
interior region. It simulates wave propagation in the forward and backward directions.
However, only the outward propagation in the exterior region is desired so that infinite
free-space conditions are simulated. These reflections must be suppressed to an

acceptable level so that the FDTD solution is valid for all time steps.

‘Two options are available to simulate the open region surrounding the problem

physical space.

1. Terminate the interior region with equivalent currents on the surface of the
interior region and use the Green’s function to simulate the fields in the exterior
region

2. To simulate the extenor region with absorbing boundary conditions to minimize

reflections from the truncation of the mesh.

Simulation of the open region with the help of equivalent currents yields a
solution whereby the radiation condition is satisfied exactly. But the values of fields on
the surface enclosing the interior region are needed, for which CPU time and storage
requirement increases rapidly with the surface size. On the other hand, the absorbing
boundary concept truncates the computation domain and reduces the computational
time and storage space. The absorbing boundary condition (ABC) can be simulated in 2
number of ways. These are classified as analytical (or differential) ABC and material
ABC. The material ABC is realized from the physical absorption of the incident signal by

means of a lossy medium [3], whereas analytical ABC is simulated by approximating the
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wave equation on the boundary [4]. The material ABC holds great promise of truncating
the computation domain. It can reach an ideal limit extending the FDTD numerical

modeling capabilities to a -80 to -120 dB reflection coefficient at the boundaries.

4.3.1Mur’s first order ABC
The simple and opumal analytical ABC, named Mur’s first-order

absorbing boundary condition, is descnibed below. Analysis of Mur’s first-order ABC is
based on the work of Enquist and Majda [4] and the optimal implementation given by
Mur [5). An arbitrary wave can be expanded in terms of a spectrum of plane waves. If a
plane wave is incident normally on a planar surface, and if the surface is perfectly
absorbing, there will be no reflected wave. A numencal wave traveling along the

negative x direction has a solution given by,

0

10
(a—za}ﬁ(%t‘) =0 (10)

If we impose the above condition on a wave normally incident on the planar
surface, the wave should not be reflected. Consequently, an absorbing condition for a

normally incident wave is

Og(x,1) _134(x,1)
o T o Where x=Ax/2, t=(n+1/2)At  (11)

For updating of the electric field atax = Ax/2,t = (n +1)Af.

In finite-difference form it can be written as follows:

—
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1/2 1/2 1 :
¢|n+ _¢o"+ — 1¢l/2"+ _¢|/2z
Ax. c At

(12)

In this form, the finite-difference approximation is accurate to the second order
in Ax and At. But the values at the half grid points and half time steps are not available,

and can be averaged as

n+l " " n
n+ls + n m+ + m
¢m 12 = ﬂ-2—¢'3’—al1d¢ m+1/2 = ¢—Ii¢_ (13) &(14)

The approximation of above equation is also accurate to a second order if ®(x,t)

is a smooth function. Use of (12), (13)and (14 ) yields

¢0n+l =¢ln +(C—At‘:£J(¢|"+l _¢0n)

cAt + Ax (15)

This equation can be used for updating the fields lying on the outer boundary of
the intenor region. Above equation can be shown to be unconditionally stable [5]. The
boundary condition for (10) 1s exact only for a plane wave at normal incidence. Hence,
the wave will still be reflected for an oblique incidence. To take care of this eventuality,

one needs to use higher order absorbing boundary conditions.

4.3.2 Perfect Matched Layer (PML)
The implementation of FDTD using Yee algorithm is the usual straight forward

way to simulate the EM problems. The field equations (1) to (8) together with proper

boundary conditions can simulate the EM problems with good accuracy. As discussed
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above, the Mur’s first order absorbing boundary condition has some disadvantages. This
ABC 1s not useful to absorb oblique incident power, One of the most flexible and most
efficient ABC is the perfectly matched layer (PML} developed by Berenger [6]. PML
provides the perfect absorption of all the incident power at the boundary of the problem

space. The absorption 1s independent of the incident angle.

It should be noted that the thesis investigates the radiation and resonance
phenomena of a coplanar waveguide in order to obtain a novel radiating structure with
coplanar configuration. Thus the field values at the two slots of the wavegude is very
important in order to explain the phenomena. Thus PML is selected for the present

analysis.

4.4 PML for Finite Difference Time Domain technique

The Yee algonithm descrnibed in the previous sections compute the propagation
of EM signal by calculating E with initial excitation signal with proper boundary
conditions. Then H field values are updated using the calculated E field values. In this
thesis the FDTD method with PML concept is implemented by introducing Electric
Flux Density (D) in discretized Maxwell’s equations [7].

Initially the implementation of PML concept in FDTD is described and
then discretized Maxwell’s equations are derived. An interesting thing is that the iterative
FDTD algorithm does not use separate computer codes for PML section, but the
generalized equation can be used for both normal media and PML by suitably enabling

or disabling some medium dependent parameters in the equations.

—
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Consider the following Maxwell’s equations,

oD 1
- = VXH (16.3)
Ot &M,
D(w)=¢*, (0)E(w) (16.b)
Where &' (0) =, +——
JOE,
H___ 1 v (16.0)

o VEo ks
Consider a transverse magnetic wave (TM) propagating in a medium. The E and

H field components are Ez, Hx and Hy. Now the above equations are reduced to

oD, 1 (0H, OoH
== -—|(17a
o Je,u, [ ox % )( )
D(w)=¢*, (0)E(w) (17.b)
OH 1 OE
- : (17.9)
or VEoty ¥
OH ,
» 1 OFE, (17.d

o Eoldy ox

If a wave is propagating in medium A and it impinges upon medium B, the

amount of reflection is dictated by the intrinsic impedances of the two media

= .My (18)
N4+0g
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Which are determined by the dielectric constant and permeability of the

respective media

n= \/E (19)
&

Up to now, it is assumed that u is a constant, so when a propagating pulse
travels from € 1 to € 2, it sees a change in impedance and reflects a portion of the pulse.
However, if u changed with € so that 7 remains a constant, " would be zero and no
reflection will occur. This still doesn’t solve the problem, because the pulse will continue
propagating in the new medium. What we really want is a medium that is also lossy so
that the pulse will die out before it hits the boundary. This 1s accomplished by making
both € and g of Eq. (19) complex because the imaginary part represents attenuation or

loss.

Consider Eq. (17) and move everything to the Founer domain.
OH, oH,

Ox Oy
D,(0)=¢*, (0)E, () (20.b)

joD, = co( J (20.2)

. 0
JoH =—c, L, (20.0)
. OF
JoH =c;—= (20.d)
: Ox

It should be noted that & and p are eliminated from the spatial derivatives in the
above equations for the normalized units. Instead of putting them back to implement

the PML, we will add fictitious permittivities and permeabilities.
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. . 0H, oH
JjoD. g r:(x)e #(y) :co(——)————"—J (21.9)
Ox oy
D (0)=¢*, (0)E_ () (21.b)
. * N OFE .
JOH p () e (y) =—¢, —= (21.¢)
Oy
- * - aE’
ijy/‘l Fy (x)/l Iy (y) = co a—‘x. (21‘d)

It is worth noting that the fictitious values added in the equations have nothing

to do with the real values of ¢, (@) which specify the medium

Sacks et al. [8] showed that there are two conditions to form a PML:

1. The impedance going from the background medium to the PML must be

constant

770 = 7]m = /lt = =l (22)
& Fe

2. In the direction perpendicular to the boundary the relative dielectric constant
and relative permeability must be the inverse of those in the other directions

That 1s,

*
& Fpx = .
& Fy

(23.9)

. 1
H o =—% (23.b)
ll Fy
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Each of these is a complex quantity of the form

* O-Dm
£ Fm = Epy +— form=xory (24.)
joe,
. oH
HoEm = fg, +— form=xory (24.b)
JOH,

The following selection of parameters satisfies Eq. (23.a) and (23.b)

gF'm = l‘/-'m = l (253')

D H
Ol mo_ Ol m :gé)_ (25.b)

2 Ho &

Substituting (25) above values to (24), the values of (22) becomes

U e 1+o(x)/ jws,
”0 = ’7m = * = . = ]
£ Fx l+o(x)/ jos,

This fulfills the first requirement above. If o increases gradually as it goes nto

the PML, the field components Dz, Hx and Hy experience attenuation.

The PML is first implemented in the X direction. Therefore, the x dependent

values of e'rand .k will be retained..
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. OH,6 0oH
joD. g r(x)=c)| —>—-—=
. Ox Oy
. 0
JoH p m(x) =—c, £,
A ay
. OE
JoH g m(x)=c,—
' Ox
using the values of (25)

-1
ja{u"—"(ﬁj H,=—c, % 6h)

Jjos, oy
ja{l + MJH o 69
jog, | Ox

In the above equations, the permeability of Hx is the inverse of that of Hy.

Therefore the second requirement for the PML is fulfilled.

Now the above equations have to be put into the FDTD formulation. Consider

the left side of (26.)
ja{l + ——7D(X)JD, - jop, + 72X p
JOE, &y

Moving to the time domain, and then taking the finite difference approximations,
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D, 0@, DN -D 0 | 0p@) DG+ D )

dt £, At £o 2

— D_”H!z(l',j)—l—‘ ]+ O-D(I)At _D-n—llz(l.,j)_l_ 1_ O-D(Z)At
i At 2¢g, i At 2¢,

If this is substituted into Eq. (26.a) along with the spatial denvatives,

DZMH/Z (i,_]) _ gl3(l)D: n-1:2 (l, _]) +

(27)
gi2(i)0.5[Hy" G+1/2,7)-H "(i-1/2,))-H/"(,j+1/2)-H,"(i,j~ 1/2)]

The parameters gi(2) and gi3 are given by

1

(i) = 28.
e Y (282)
gid(i) = —Tn (D28 gy

1+, ()At/ 2¢,
Similarly Hy can be formulated as,
H " G+1/2, ) = G+ U DH, (412, )+ i1/ 20E i+, )-E" G| 29)

where

fi2(i+1/2) = L _ (30a)
1+ 0, +1/2)At/(28,)

and

fi3(i+1/2) = TpU VDA 4
1+ 0, (i +1/2)Ar/(28,)

These parameters are calculated at 1+1/2 positions due to the % cell position of
the H component.

{26.b) can be written as,
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joH = —COFE’ + 2o () L oF, }
oy & Jo Oy
The spaual denvative will be written as,
OE, _E""(i,j+)—-E."""(i,))  curl_e
¥y Ax Ax

Implemenung this into FDTD gives

el oo .. ;
! +1/2)-H ", j+1/ - L cur,
H WU, j+1/2)-H, (i, 2) . curl _e o,(x) Atz curl e
At Ax £, ‘- Ax

The extra At in front of the summation is the part of the approximation of the
tume domain integral.

c,At

H+ . . n . . At
"G j+12)=H, () +12)+ =2 cy Tp(X)A

&y
o, (x)At

1,6, j+112)

X

curl e+

=H'" (i,j+1/2)+%i—tcurl_e+ 1,6, +1/2)

2N

(26.b) 1s implemented as the following series of equations:

curl _e= [E_,"*”z(z', N-E"" 6, j+ 1)j (31.a)
1,0 412 =T G, j+1/2)+curl_e  (3Lb)

H/W (G, j+1/2)=H "G, j+1/2)+0.5curl _e+ fl()1,,"" (i, j+1/2) (L)
With

o(i)At
2¢g,

In calculating the f and g parameters, it is not necessary to actually vary

fil())= (32)

conductivities. Instead, we calculate an auxiliary parameter,
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3 oAt
xlf - 28
g

that increases as it goes into the PML. The f and g parameters are then calculated:

i 3
x(,»)=0333(,._____%_ ] i=12,......, length pml (33)
i length _ pmi

fly=x,()  (34.a)
gi2(z')=( ‘—) (341)

1+x,()
| 1=x, ()
5T 3,
gi3(i) [Hx" (zf)} (34.0)
The factor 0.333 is found empirically to be the largest number that remained

stable. The cubic factor 1s also found empirically to be the most effective variation

The parameters vary in the following manner:

fi1() fromCt0 0.333  (35.3)
g2(1) from1t0 0.75  (35.b)
gi3(1) from 1 t0 0.5 (35.0)

Throughout the main problem space, fil is zero, while g2 and gi3 are 1.
Therefore, there is a transition from the main part of the program to the PML. The
above equations refer to the implementation of PML in x direction. Now the PML is to

be implemented in y direction. Therefore instead of (26) one can wnte

jw(1+gﬂ%)1(l+oo_w]D::CO{GH."._E/‘H»J (36

Jjoe, Jjog, R

—
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jw(1+_0-0_(’\’_)}_ [1+ M]H: :c{_?ﬂ] (36.b)

JWE, JWE, oy
-1
jw(l + m](l + Mj H,=c¢, 9E. (36.c)
Jjoe, Jjws, Oox

Employing the same procedure in the previous section D, and H values becomes
. HG+12, ) =H G-1/2,]
D))= g0z HD. 0+ etgacpos DI R
—H G, j+1/2)+H . (i,j—1/2)
InY direction, Hy will require an implementation similar to the one used for Hx

in the x direction.

curl _e=|E,""*(i+1, /)~ E,"" (i, /)] (37.4)
L, +12, )y =1, (i+1/2, j)+curl _e (37.b)

H ™ (i+1/2,))= fi3(i+ 1/ 2)H " (i +1/2, /)~ fi2(i +1/2)0.5curl _e+
FUNL, ™ +1/2, )

Finally, Hx in the x direction becomes

cur[_e _ lEZ;)+I/2(i’j) _Ezu+l.v"2(i,j + l)]

(37.0)

L™ 20,4112y =1," G j+ 1 2)+curl _e

H."G,j+12y= f3+ U 2)H " (i, j + 1/ 2)+ f2(j +1/2)0.5curl _e+ fil()] """ (5, j+1/2)

The full set of parameters associated with the PML are,

£116)8471() from 0 t0 0.333 (38.9)
f12(y), gi2(1), £j2()) and gj2(j) from 1 10 0.75 (38.b)
f13(1), gi3(1), £j3() and gj3(j) from 110 0.5 (38.c)
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The PML can be turn off in the main part of the problem space by setting fil

and fj1 1o 0, and other parameters to 1.

The free space equations for D and H in three dimensions are,

ép, | (8H, OH,

39.a
ot Jeu, \ O Oz 593)
oD :
y _ 1 OH B OH | (39.b)
Ot ey, \ Oz Ox
oD 1 oH, OoH
= Y 39.¢
Ot Je p, \ Ox oy (39)
oF
oH _ 1 v oF, (39.4)
ot ﬂfgo M, Oz ay
oH 1 (BE OF
L = S 4 3%
ot ,/go H ox oz ( )
oH 1 0E. OF,
—i= x_ 39,
ot V&t ( d o 29

The development of the PML for three dimensions closely follows the two
dimensional version. The only difference is that we have to deal with three directions

wmstead of two.

For instance (36.3) becomes

-1
jw[l 4+ % (%) ]{1 Lo ](1 . gE)J D, - CO[Q@ _OH, ] (40)
— Jwe ngo JWE, Ox 5_v
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Implementing 1t will closely follow the two dimensional development. Start by rewnting

Eq. 40 as,
./a)(l + (_T‘(_x)][l + ﬁ()f)-]Dz = co(l + J—(Zz)[ag’ oA, ) (41)
X

jws jwe, jog, Oy
o,(z) 1
=cycurl _h+c, ) —curl _h
g, Jjo

Let [, = _Lcurl_h
jo

Which 1s an integration when it goes to the time domain. Thus above Eq. becomes

ja{l + O:‘(—xzj[l + Gﬁ) jDz = co(curl_ pv 2 (2) I, ] 42)

Jjwe Jjwe, £,
The implementation of this into FDTD parallels that of the two dimensional
PML, except the nght side contains the integration term Ip,. Therefore following the

previous procedure we get,

H G2 k) D —H =12, e+ 2
(43.9)

curl h=
H @ j 26+ 2)+H (1,71 2k+1/2)

I"o:(6, jk+1/2)=1""p: (i, jk+1/ 2y +curl _h (43.b)
D", j ke +172) = gi3(Dgi3(HD™ LG, Lk +1/2) (43.0)
+ gi2(i)gi2(7)0.5(curl _h+ gk} "p. (i, j, k +1/2))

The Ip, is a three dimensional array that is dimensioned throughout the problem
space, but used only at two edges. The three dimensional implementation will have a
total of six such arrays, which clearly is a waste of computer resources. For this reason,
Ip, will be broken up into small three-dimensional arrays, defined at the low values of k
and one defined at the high values of k. Similarly equations for Dx, Dy, Hx, Hy, Hz can
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be derived. In the iterative FDTD algonthm, values of D are computed first and then E

is computed as,

Ex=gax Dx

Ey=gay Dy
Ez=gaz Dz
Where gax=gay=gaz=1/{er+(c*dt/ Q)

This is a medium dependent parameter. In the case of PEGs (Perfect Electnce
Conductor), one can easily define it by making gax, gay and gaz as zero so that the
respective field components of E becomes zero, thus the boundary conditions for PEC
are automatically assigned in the computation. The components of H are computed

from the computed E values.

45 Lubbers feed model for fast FDTD convergence

With the transient excitation in FDTD, impedance and scattering
parameters over a wide frequency band can be calculated. One difficulty with FDTD 1s
that for some applications, few thousands of time steps may be required for the transient
fields to decay. This difficulty is common in the case of circuits having very high quality
factor. One method to reduce the time steps required is to apply signal processing
methods to predict the voltages and currents at later times from the results computed for
early times. Instead of making FDTD calculations for the full number of time steps
required for transients to dissipate, one might make actual FDTD calculations for some
fraction of this total number of time steps, and use these results to predict those for the

later times [9].

—
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Applying the vanous prediction methods adds additional complexity to the
FDTD calculation process. The prediction methods are complicated, and may require
care and skill to obtain accurate results. Most of the methods descnibed require the use
to determine the order of the prediction process, related to the number of terms of
whatever expansion function is used to approximate the FDTD tme signal. A poor

choice for the order of the prediction model can result in larger precision errors.

Another simple approach is to include a source resistance in the excitation signal
source. This can considerably reduce the large time steps required in the simulation. The
source resistance value which 1s equal to the charactenistic impedance of the system s

usually employed.

4.5.1 Resistive source model

FDTD transient calculations are often excited by a hard voltage source,
whose internal source resistance is zero ohms. These sources are very easy to implement
in an FDTD code. The electric field at the mesh edge where the source is located 1s
determined by some function of time rather than by the FDTD update equations. A
common choice is a Gaussian pulse, but other functions may also be used. The Gaussian
pulse is significantly greater than zero amplitude for only a very short fraction of the
total computation time, especially for resonant geometries such as many antennas and

MICTOStIp CITCuits.
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Once the pulse amplitude drops the source voltage becomes essentially zero, the
source effectively becoming a short circuit. Thus, any reflections from the antenna or
circwit which retum to the source are totally reflected. The only way the energy
introduced into the calculation space can be dissipated is though radiation or by
absorption by lossy media or lumped loads. For resonant structures, there are
frequencies for which this radiation or absorption process requires a relatively long time
to dissipate the excitation energy. Using a source with an internal resistance to excite the

FDTD calculation provides an additional loss mechanism for the calculations.

Consider that it 1s desired to excite an FDTD calculation with a voltage source

that corresponds to an electric field E in the z direction at a certain mesh location
iAx, j Ay,k Az, described using the usual Yee notation. The corresponding

equivalent circuit for a voltage source which includes an mternal source resistance Rs 1s
illustrated in Fig. 4.3. If the source resistance Rs is set to zero then the usual FDTD

electric field at the source location is simply given by

Es"(is’js ’ks) =

V,(nAr)
B

Vs is any function of time, often a Gaussian pulse.
However, with the source resistance included, the calculation of the source field
"o, - - . . . . -
E"(i,j,.k, )at each time step is complicated slightly. To determine the terminal

voltage V of Fig. 4.3 and, thus, the FDTD electric source field E,"(i,, j.,k, ), the

Current through the source must be determined. This can be done by Ampere’s circuital
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law, taking the line integral of the magnetic field around the electric field source location.
The current through the source is then given by

I n-1:2 =(H "‘“2(1‘:’1':_1,1(5)—Hxn—wz(i,,js’ks))Ax-*

s X

i (45)

H, ook )~ H ok )Y

so that by applying Ohm’s law to the circuit of Fig. 4.3 the electric source field is given

by

ACHN 1""?R,
Az Az

If Rs=0, in this equation, then the usual hard-voltage source results. The value of

E"(i,,j,.k)= (46)

the internal resistance does not appear to be critical. A reasonable choice for Rs is to use

the value of the characteristic impedance of the transmission line.

4.5.2 Staircase transition for microstrip line feed

The antenna discussed in thesis uses a microstrip line as the feed. In order to
model the microstrp line, the substrate thickness is discretized as more than one Yee
cell. The excitation field is to be applied to the cell between the top PEC of the stnp line
and the PEC ground plane. In order to obtain a gap feed model, a staircased mesh

transition as shown in the Fig. 4.4 is used in FDTD.
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Signal strip

L

Excitation field

Ground plane Staircased transition

Fig. 4.4 FIDTD Staircased feed model for microstmp line in FDTD

In the figure the darkened portions are treated as PEC. This staircased
configuration results a gap model between the top strip and ground plane. The
excitation field is shown as arrow in the figure. The stair case model transistion from the
electric ficld feed to the microstrip line at the top is used to provide a relatively smooth

connection from the single feed location to the microstrip.

4.6 Excitation functions

A variety of excitation functions such as Gaussian pulse, sinusoidal, sine
modulated by a Gaussian can be used to excite a system in FDTD computation.
Gaussian pulse and sinusoidal functions are used in the thesis to analyze the problem.
Gaussian pulse excitation gives a broadband response of the problem. But sinusoidal
function provides a single frequency response, and thus a frequency sweep has to be

used for broadband frequency response.

CREMA, CUSAT



128 Chapter 4
4.6.1 Gaussian pulse function

A Gausstan pulse can be expressed as,

E(t)y=e T
Where t is the current instant of tume
1o is the time at which the amplitude is maximum (unity)
T determines the pulse width
The exponential function generates the Gaussian pulse and the maximum of the pulse
reaches at the instance when t= 1,
The parameter T is very significant in the FDTD simulation. Because the pulse width
determines the frequency up to which the simulation i1s accurate. When the pulse width

is narrow, broad band simulation can be attained.

4.6.2 Sine function
Sinusoidal excitations are important while computing the E/H field values for a
particular frequency of interest. A function of the following form is termed as sine
function.
E() = E, Sin(2T1ft)
Where Eo determines the peak amplitude (usually unity)

‘0 is the current instant of time and ‘f is the frequency of operation
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4.7 General flow chart of FDTD algorithm

The MATLAB based computer codes were developed to study the resonant
behavior of the coplanar waveguide and the antenna presented in the thesis. The general

flow chart for the program to calculate the return loss characteristics is shown mn Fig. 4.5.

Inidalize D, E and H components to zero
Estimate the spatial discritization values
(ax, Ay & Az)

Time step n=1

I

Load the values of gax, gay & gaz as per
the PEC or dielectric region (for PEC
gax=gay =0}. This defines the
computational domain

T

Load the g8 coefficient values to switch
on the PML around the 3D problem space
T

)
Excite the feed point with Gaussian function
Compute the three D component values
Compute E valucs from D
Compute H using E valucs

T Record the required field values for return loss
g | caleulation
) !

No

Yes

Post processing for retum loss caleulation

Fig. 4.5 FDTD Flow chart
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4.8 Retum loss calculation

To obtain the return loss at the feed point, the incident and reflected waveforms
must be known. The FDTD simulation calculates the sum of incident and reflected
waveforms. To obtain the actual value of reflected waveform, the computed waveform
at the feed point is recorded, and is now subtracted from the incident pulse to obtain
the reflected value. All the two waveforms are in time domain. The return loss value

can be obtained as,

FFT(Re flectedwave)
FFT(Incidentwave)

Returnloss(dB) = 20log

Usually the excitation is given as the E field component in the computation. Thus the

reflected and incident waveforms are the time domain values of E field component.
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CHAPTERS5

G il
Investigations on Coplanar Waveguides (CPW)

The fundamental investigations towards the development of a coplanar antenna arc
described 1n this chapter. An open circuit coplanar waveguide 1s rigorously analyzed
theoretically and experimentally to bring out certamn important conclusions regarding
the excitation of resonant/radiation phenomena in offset fed open circuit coplanar
waveguides. This chapter 1s the foundation of the ‘coplanar antenna’ described m the

succeeding chapter.
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5.1 Introduction

Any transmussion line can be configured as a radiating system by properly
modifying its structural parameters and feed point, to obtan radiation from large
discontinuities. The structural and feed point modifications can change the transmission
line properties to a great extent. The system then becomes a pure radiating system rather
than an energy guiding device. The mode excited and the impedance characteristics may
change. This idea is applied to a Coplanar Waveguide to radiate electromagnetic energy.
At resonance the input impedance conjugately matched to the impedance of the
excitation source, maximum power is delivered to the device and hence improve the
reflection efficiency. This chapter presents the results of the investigations camed out to
find the resonance/radiation phenomena in coplanar waveguides (CPW) catering to the
need of compact antennas. Investigations on open circuit CPW with finite ground
conductor show that it excites a spurious resonant mode due to the length and wdth of
the fintte lateral ground strips and centre strip. But this resonant system is not compact
compared to the operating wave length, resulting a bulky radiating system. More over,
the radiation efficiency, gain and radiation pattemn are very poor. Theoretical
investigations on an open circuit CPW with feed offset delivered an interesting result.
The device excites a resonant mode, which offers a highly compact radiating structure
compared to the operating wavelength. The excellent radiation characteristics assure that
the CPW with offset feed is a suitable configuration as a radiating system for compact
microwave systems, where size of the antenna is a major concern. The FDTD
computation results of the electric field in the structure give more insight into the
radiation mechanism of the problem. Parametric analysis is also presentea to confirm the
Phenomenon. Finally the equivalent circuit representation of the offset fed CPW

structure is presented to explain the resonance behavior.

—
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5.2 Resonance and radiation from finite ground open circuit CPW

Consider a CPW printed on a dielectric substrate of relative permittivity e,
and thickness h. The CPW is excited at onc end, and the other end is open circuited. The

top view and crossectional view of the CPW geometry are shown in Fig. 5.1.

'y
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Fig. 5.1 Geometry of open circuit CPW
a) Top view
b) Cross sectional view

The device is excited with a Sub Miniature Amphenol (SMA) connector.
This is a bound mode, and no radiation is expected to come out of the structure. When
an open circuited CPW is excited, standing wave pattern is formed in the structure. The
reflection coefficient is nearly 1 for this case. This is not the case for all frequencies. At
higher frequencies the device exhibit low values of reflection coefficient. That is the
input impedance of the device approaches the source impedance (50 ).

Resonance/radiation phenomena at higher microwave bands due to the influence of the
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centre strip and ground strip dimensions are observed. The radiation characteristics of
the device and parametric analysis results are also performed to confirm the
radiation/resonance on the CPW.
5.2.1 Return loss characteristics

A typical CPW of length 1= 20 mm designed for 50 Q characteristic
impedance has the dimensions w=3 mm, g=0.5 mm, ¢=15 mm when printed on FR4
substrate of er=4.7 and thickness h=1.6 mm. Measured and FDTD calculated return loss

characteristics of open circuited CPW is shown in Fig. 5.2.
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Fig. 5.2 Return loss charactenstics of CPW designed for 50 € characteristics impedances
1= 20 mm, w=3 mm, g=0.5 mm, ¢=15 mm, er=4.7, h=1.6 mm.

The return loss characteristics shown in the figure indicates that the device
behaves as a pure transmission line up to 5.5 GHz. The characteristics are akin to an
open circuited transmission line. Above 5.5 GHz, return loss characteristics of the device
changes slightly. The return loss value of -5 dB is observed at 6.5 GHz. This indicates

that there is a tendency of resonance on the structure even when the other port of the
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device 1s open circuited. So there is a possibility of power radiation from this type of
structure. Note that the device dimensions are large compared to the wavelength at the
resonant frequency. That is why this behavior is not suitable for compact antenna

applications.

5.2.2 Far field radiation

The far field radiation characteristic of the antenna is analyzed to study more
details of afore said resonance and is shown in Fig5.3. The received power at the
resonance along the maximum radiation direction i1s shown in the figure. The far ficld
received power by a broad band horn is provided to find any enhanced received power
at the resonant frequency. This will provide a qualitative idea of radiation from the

system.
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Fig. 5.3 Far ficld radiation received from CPW using standard horn antenna
1= 20 mm, w=3 mm, g=0.5 mm, ¢=15 mm, er=4.7, h=1.6 mm.
The received power is less than -40 dB for all frequencies except at the resonant
frequency. Even though it 1s radiating at the resonance, the received power is very low,

exhibiting a poor radiating system. The graph clearly explain that there 1s little radiation
around 6GHz from the open circuited CPW.

5.2.3 3D radiation pattern

The computed 3D gain radiation pattern obtained from IE3D

simulation is shown in Fig. 5.4.
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Fig. 5.4 Computed 3D radiation pattern of the CPW at the resonance (5.5 GHz)
1= 20 mm, w=3 mm, g=0.5 mm, ¢c=15 mm, er=4.7, h=1.6 mm.

The radiation pattern is found to have four lobes and not radiating along
the broad side direction (ie, =0, ®=0) . The distorted radiation pattern indicates that
the device as such 1s not suitable for mobile terminal applications, where omni direction
radiation coverage 1s very important. This shows that we have to manipulate the antenna

geometry to achieve the omni directional radiation coverage.

5.2.4 Gain and Efficiency

The return loss value at the resonance indicates that the device does not
matched to the source. The estimated gain of the system is only -8.2 dBi at the resonant
frequency, and not suitable as a radiator. ‘The computed efficiency is only 20% at the

resonance. The estimated gain and efficiency of the antenna indicates that the device 18
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not suitable as a radiator in its present form. The effect of structural parameters on the
efficiency and gain should be investigated in order to confirm the resonant

characteristics completely.

It is found from the parametric analysis that length I’ has influence on the
resonant frequency. The resonant condition is more pronounced only when the finite
ground width CPW is considered. Width of the centre strip is also influencing the
resonance. Impedance matching at the resonance becoming worse as ‘g’ increases. Since
the fields in the structure are not completely interacting with dielectric matenal,
appreciable change in the resonant frequency is not observed with change in the

substrate dielectric constant.

5.2.5 Conclusions

The investigations to find out an efficient, compact radiating structure
revealed a possibility of radiation phenomena in CPWs. The conclusions from the study
are as follows;

1. When the frequency of operation is sufficiendy high, open circuited CPWs

excites a resonant mode.

2. 'The resonant frequency is more influenced by the structural parameters such as
, w, and c.
The dimension ‘g’ affects the impedance matching at resonance
The efficiency of the system is very low (nearly 20%)
Maximum gain observed is -2.1 dBi when the centre strip width is large.
Radiation pattemn is highly distorted.

A
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5.3 Resonance and radiation in offset fed open circuit CPW

In conventional coplanar waveguide design width of the center strip is
always kept small and thus surface current orthogonal to the direction of power flow is
negligible. It is also well known that the field distnbutions in the two slots of the
conventional CPWs are out of phase when excited by an SMA connector. They cancel at
the far field and thus no radiation along the bore sight direction is expected from the
device. On the other hand if both the slots are having in phase field distribution then
there may be radiation from the structure. This is not possible with the conventional
CPW feeding schemes. But when a conventional open circuited CPW is excited with a
feed offset, then a new resonant mode is excited in the structure, at lower microwave
bands. In this case the dimensions are very small compared to the operating wavelength

of the new resonance.

The device works purely as a resonant system other than an open
circuited transmission line at this frequency. That is resonance formed 1n the structure
may bring down the input impedance, even though the other end of the structure 1
open circuit. In other words the CPW transmission line is transformed to a CPW
antenna. FDTD method is employed to study the resonant and radiation characteristics
of the device numerically. FD'TD method provides a complete understanding of the field
at the two slots of the device. Odd mode and even mode excitation schemes are

separately employed to explain the behavior of the device completely.
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A CPW having 50 Q characteristics impedance printed on I'R4
substrate with er=4.7 and thickness 1.6 mm, having the structural paramcters w=3 mm,
g=0.5 mm, ¢=15 mm and 1= 20mm 1s used for FIYI'D computation. The behavior of
the system is then confirmed with parametric analysis. The radiation characteristics,

equivalent circuit representation and radiation mechanism are finally explained.

5.3.1 FDTD analysis of offset fed open circuit CPW

This section explains the numerical results obtained from FDTD
computation of the corner fed CPW structure. T'he resonance phenomenon is explained
from the rcturn loss and input impedance characteristics of the device. Radiation

mechanism of the device is explained from the E field in the structure at the resonance.

5.3.1.1 Description of the problem and excitation schemes
An offsct fed CPW 1s shown in Fig. 5.6. The structure 1s open circuited
at the other end. ‘T'he fced point is sclected at the corner along the width of the signal

strip.
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Fig.5.6 Offset fed open circuited CPW.
a) Top view
b) Cross sectional view

The CPW designed for 50Q characteristic impedance has the structural parameter values
as described in Section 5.3. The device is designed on FR4 substrate of dielectric
constant 4.7 and thickness 1.6 mm. In conventional CPWs the E-field distribution
established in the two slots resembles the ‘odd modes’ in coupled slot lines. Another

possibility is that the two slots establish an in phase field distribution. This is similar to
‘even mode’ Ei-field distribution.

The FDTD analysis computes the characteristics of the offset fed CPW for odd
mode and even mode excitation separately. Note that the ‘odd mode’ and ‘even mode’

doesn’t refer to the odd and even modes in coupled slot lines. But the electric field
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distributions in the slots are similar to that established in coupled slot lines. Fig. 5.7

represents the odd mode and even mode excitation schemes employed in FDTD.

Out of phase E-field launching In phase FE-field launching

® ®)
Y

Lox

Fig.5.7 Odd mode and Even mode field launching in FDTD analysis
(a) Odd mode (b) Even mode

In FDTD the excitation source is modeled based on Luebber’s feed model. The
source currents are first calculated. From the currents corresponding values of ‘F’
component at the feeding cell is calculated. The value of ‘I’ is then converted to ‘D’ by
using the relation, D=¢ E.

According to the coordinate system mentioned in Fig. 5.7, the Dx component
value at the two cells of the slots are assigned with excitation signal. In the casc of odd
mode excitation, the two signals are out of phase. Where as in even mode the two source
signals are in phase. The source currents for the two feeding locations are obtained in
FDTD by applying Ampere’s circuital law using right hand thump rule. The schematic
representations for both the cases are shown in Fig. 5.8.

The CPW is excited at the two locations using Gaussian pulse function. The

return loss value and E and H field values are separately calculated for both the schemes.

CREMA, CUSAT



146 Chapter 5

> <

Iso'urte source

\/’

Imtegration direction

Z

X
Fig.5.8 X directed and —X directed source current path employed n
FDTD computation

5.3.1.2 FDTD flow chart
Flow chart for the FDTD program employed to calculate the CPW

charactenistics such as resonant mode and E field distribution, to explin the
resonance/ radiation phenomena in offset fed CPW 1s shown in Fig. 5.9. MATLAB was
used to realize the iterative algorithm of FDTD concept. The built in FFT function in
MATLARB is used to compute the frequency domain characteristics of the device.

Ax, Ay and Az in the computation domain is taken as 0.5 mm. Maximum
frequency of the simulation is set as 8 GHz. So the spatial discritization is less than /20
of the maximum frequency of the computation. The substrate is discritized as 3 cells in
the Z-direction. 10 air cells are assigned at each side of the CPW structure to sirmulate
the practical condition in which the device is in contact with surrounding air. A layer of
cells just above the strips are assigned with effective dielectric constant value as the
average value of substrate dielectric constant and air to facilitate fringing field effect at

the two guiding slots in the computation. 10 cells are assigned for PML ABC at each side
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of the problem space. This is sufficient to effectively absorb the power at the boundary.

According to the stability criteria, the calculated time step 1s At=0.83 picoseconds.

=

Initialize B, E and H components to zere
Estimate the spatial discritization values
(ax, Ay & A2)

Time step n—1

1

Load the values of gax and gay as as zero
at the cells for defining the three strips of
of the CPW

For substrate gax ~gay=gaz=1/er

l

Load the g8 coefficient values to switch
on the PML around the 3D problem space
I

¥

Excite the feed point with Gaussian function in the formof D
component obtained accarding 1o the excitation schemes {Even or add)
Compute the three D component values

Compute E values from D

Compute H using E values, Recond the required field values for return
loss

n=n+]

Maximum time
step reached?

Post processing for return loss calculation. Fields
values are obuined by separatcly running
sinusoidal excited FDTD model at the resonam

frequency

Fig, 5.9 FD'TD Flow chart for the computation of offset fed CPW return loss and field
distribution
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The FDTD computation domain consists of a total of 108 cells in the X-

direction, 80 cells in Y-direction and 43 cells in the Z-direction.

5.3.1.3 Input Gaussian pulse

FDTD computes the wideband response of the CPW by encrgizing it
using Gaussian pulse function with pulse width of 15 picoseconds. The two slots are
energized separately in order to facilitate the odd mode and even mode excitation. The
time domain Gaussian pulse used to excite the CPW at the two slots, for even mode and

odd mode are shown in Fig. 5.10 and 5.11.

Fig.5.10 Gaussian pulse used in FDTD to excite the CPW slots for Even mode excitation scheme

T a - - - - e - - - R - - - -

Fig.5 11 Gaussian pulse used in FDTD to excite the CPW slots for Odd mode excitation scheme
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In the case of odd mode, the excitations signals are 180° out of phase with each
other. The pulse width is 15 picoseconds, which is sufficient to analyze the structure up
to 8 GHz. But even mode excitation is obtained by energizing CPW with in phase
Gausstan pulse at the two slots. The pulse width in this case 1s also 15 picoseconds.

5.3.1.4. PML coefficients

The PML based D and H field FDTD equations use 18 coefficients, namely f &
g coefficients. The f coefficients are used to compute H fields, where as g coefficients
are used for computing D. Note the g and f values are gradually varied in such a way
that the Electric and Magnetic field values at the boundary are vanishing. The gil, gj1,

gkl and fil, fj1, fki are set to zero at the computation domain except at the boundary.

In this analysis 10 cells are assigned for PML. The reflection from the boundary
is very low for this value. . When PML is larger than this number, the computation slows

down to a great extent. Fig. 5.12 and 5.13 depicts the f and g coefficients.
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Fig.5.12 Different PML coefficients (f) used in the 3D FDTD computation
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Fig.5.13 Different PML. coefficients (g) used n the 3D FDTD computation
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5.3.1.5 Computed time domain characteristics at feed point

The time domain characteristics of the Ex value at the feed point is
recorded for all time steps during the computation. The E-field value at the feed point
cell is a vector sum of the incident signal and the reflected wave. Fig. 5.14 depicts the
time domain characteristics obtained at the feed point for odd mode and even mode of

excitations.

- - - - - e - -

Fig.5.14 Computed time domain charactenistics at the feed point for odd
mode and even mode exciration
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Total time steps taken to converge the computation is 1600 with 0.83
picoseconds as discritization time. Once the field value is perfectly settled down, the

return loss can be computed.

The numerical results obtained from FDTD is discussed in the next sections to
explain the new resonance behavior on offset fed CPWs. Experimental results are also
provided in order to substantiate the theoretical findings. A CPW with offset feed
analyzed using FIDYTD method is fabricated and tested using HP 8510C vector network

analyzer. A photograph of the fabricated prototype is shown in Fig. 5.15.

Fig.5.15 Photograph of the open circuited CPW with
offset feed scheme.
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The device is excited using an SMA connector at one port. Offset feeding is
clear from the photograph. Feed point selected is at the corner of the centre strip along
‘w’. Outer conductor of SMA is soldered to the ground strips of the CPW. Measured
return loss characteristics are described in the following section to explain the resonance
behavior.
5.3.1.6 Return loss characteristics and input impedance

The CPW modeled using FDTD computation shows a low return loss value well
below -10dB, at 2.55 GHz. The computed and measured return loss characteristics of

the device are shown in Fig. 5.15.
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Fig.5.15 Computed and measured return loss characteristics of the open circuit CPW

with offset feeding
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The -10dB return loss band width is 8% (fc=2.47 GHz, 2.371 t0 2.572 GHz). It
is worth noting that return loss value doesn’t imply that the device is radiating at this
frequency, but the device is accepting energy at this frequency. The spurious resonance
observed in section 5.1 is also present at ~7GHz with retum loss value of -5 dB. The
computed value differs by 3.1 % from measured values. The discrepancy in the -10 dB
band width between measured and computed value is mainly due to the modeling error
occurred at the gaps, and the coupling of the connector which is not considered in
FDTD. The new dip in the return loss thus formed is the area of our interest because at
this frequency the device is very small compared to its operating wavelength, and thus
suitable for compact antenna applications. Note that the computed return loss value
presented is for the even mode excitation scheme. A similar characteristic with poor

return loss value (RL=-11.8 dB) is observed for odd mode excitation scheme also.

The simplest way to explain the resonant characteristics of a radiating system is
to analyze the impedance characteristics of the problem at the feed point. In any
resonant systemn the reactive components are zero at resonant frequency and the system
behaves purely as resistive. But at the either sides of the resonant frequency, the reactive
part of the impedance increases. One side dominates with capacitive reactance and other
with inductive reactance. Fig. 5.16 shows the input impedance characteristics of the
device. This is the impedance offered by the structure and thus it implies the resonant

behavior of the system
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Fig.5.16 Input impedance of the open circuit CPW with feed offset

The input impedance at 2.47 GHz 1s approximately 50  with negligible value of
reactive part, and it moves to either sides of the smith chart as the frequency deviates
from the resonant frequency. Obviously, this behavior is similar to the resonance

explained in any RLC resonant circuit. Thus it is concluded that the device works as a

resonant structure other than a transmission line.

5.3.1.7 Computed fringing electric fields at the gaps

The three dimensional FDTD algorithm gives the electric and magnetic field
component values at each cells. Once these values are obtained, one can explain the

working of the device very casily. Because the electric and magnetic fields are responsible

Chapter 5
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for radiation of EM energy. In this study the field component values at the two gaps of
the device is very important. If the device is radiating the field components in the two
slots should be approximately equal in magnitude and direction. The calculated field

components at the two slots (at the top layer of the substrate) are discussed below.

A. Ex component
Computed Ex components on the top layer of the CPW structure obtained for even and

odd mode excitation schemes are shown in Fig. 5.17 (a) & (b). The Ex field is zero in the
PEC regions. But strong E-fields exist at the two guiding slots. Note that the two slots
are equally excited in the case of Even excitation scheme. Where as the amplitude of the
field at the two guiding slots are slightly different in the case of Odd excitation scheme.
Both the slots excite a field distnbution having approximately quarter wavelength

vanation.
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Fg.5.17 (a) Compured Ex value on rhe rop layer of the CPW srrucrure (Liven excitanon)

Fzx ((V/meter

g 5.17 (b} Compured Lix value on the top layer of the CPW structure (Odd excitanon)
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B. Ey component

The Ly component obtained from FDTD computation is shown in Fig.
5.18 (a) & (b). It is observed from the two figures that there is no significant variation of
electric field valuc along the length of the structure for both the excitation schemes. The
amplitude of Ey is less than 0.05 Volts/meter in the two slots of the CPW. The
longitudinal field component value at the two slots should be absent if the radiation
from the device is duc to the fringing fields established at the slots due to the coupling

between centre strip and the lateral strips.

Ey ({(V/meter)

Fig.5.18 (a) Computed Ey value on the top layer of the CPW structure (Even excitation)
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Fig.5.18 (b) Computed Ey value on the top layer of the CPW structure (Odd excitation)
Ez component
The Ez component values on the top of the CPW are shown in Fig. 5.19 (a) & (b).

Fig.5.19 (a) Computed Ez value on the top layer of the CPW structure (Even excitation)
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Lz (V/meter)

Fig.5.19 (b) Computed 1%z value on the top laycr of the CPW structure (Odd excitanon)

The slots are equally excited for the even excitation scheme, where as
the field distribution at the two slots are not equal in magnitude for the other casc. It can
be scen that magnitude of iz is low and are 180 degrec out of phase at the identical

points in the two slots.

The inferences obtained from the E-field distribution indicates that
there arc only Ex and Ez field components existing at the two slots during both the
excitation schemes. The Ey value is significantly low. The 180 degrec out of phase Ez
values will be cancelled at the far field. This strongly indicates that the radiation from
CPW structure at the resonance will be due to the fringing ficlds from the centre strip to
the lateral ground strips. The pictorial representation of the E-ficld distribution

established on the two slots is shown in Fig. 5.20.
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Fringing field

2o

Fig.5.20 Electric field distribution established on the
two slots of CPW

5.3.1.8 Conclusion

The FDTD analysis and the measured values of return loss concludes
that a resonance phenomena is observed on an open circuit conventional CPW with
offset feeding mechanism. The input impedance behavior strongly supports the
argument that the impedance matching obtained at the lower microwave band is due to
resonance excited on the structure. The return loss observed has -10 dB band width of
8%. The detailed investigations on Ex, Ey and Ez field components reveled that the two
slots excites an in phase E- field distribution. Following section explains the parametric

analysis of the offset fed CPW structure to reveal the resonant phenomena very clearly.
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5.4 Parametric analysis

This section describes the results of experimental as well as theoretical
investigations to reveal the influence of dOifferent structural parameters of the CPW on
the new resonance phenomena. Influence of CPW length T, centre strip width w,
ground strip width ¢ and the gap g are investigated. Liffect of substrate parameters are

also presented.

54.1 Effect of CPW length on resonance and radiation efficiency

The length of the CPW structure is varied from 14 mm to 20 mm to
study its effect on the resonant frequency and radiation efficiency of the structure. The
variation of the resonant frequency and the radiaton efficiency with different CPW

length are depicted in Fig. 5.21.
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Fig. 5.21 Effect of CPW length on tesonant frequency radiabon efficiency
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The resonant frequency is varying almost lincarly with . As T increases, resonant
frequency decreases. It can be seen that a 130 MHz frequency change is observed for 1
mm change in I". This is a drastic variation. The radiation efficiency of the system is also
varying with I". The variation is almost linear. As T increases radiation cfficiency
decreases. The FDTD computation reveals the fact that large vaniation in magnitude of
E-field is observed at the two slots when I is increased sufficiently large. This will
slightly bring down the radiation efficiency. Note that T is varied symmetrically for the

three strips.

5.4.2 Effect of ground strip width on resonance and radiation efficiency

Influence of the ground strip width on the new resonant phenomena is
presented in this section. The width ‘c’ 1s varied from 10 mm to 16 mm to study its
effect on resonant frequency and the radiation efficiency of the device. Fig. 5.22 shows

the influence of ‘¢’ on these parameters.
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Fig. 5.22 Effect of ground strp wadth on resonant frequency radianon efficiency
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It is clear from the graph that vanation of resonant frequency with ‘c’ is
negligible. When ‘¢’ varies from 10 mm to 16 mm the resonance shifts slightly from 2.36
GHz to 2.37 GHz. This is a very small change and it can be concluded that effect of ¢’
on the resonant frequency is negligible. The radiation efficiency remains constant
through out this observation. The FDTD analysis indicates that radiation of the resonant
mode is only due to the length of the equally excited two gaps of the CPW. The variation

of ‘¢’ is not affecting the length of the two slots. Thus the radiation efficiency remains

almost constant.

165

5.4.3 Effect of centre strip width on resonance and radiation efficiency

Effect of CPW centre strip width ‘W’ on the resonance and radiation

efficiency 1s depicted in Fig. 5.23.
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Fig. 5.23 Effect of centre stip width on the resonant frequency and radianon efficiency
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Resonant frequency depends on the width ‘W’ of centre strip. When ‘w’
changes from 3 mm to 9 mm the resonant frequency decreases from 2.37 GHz to 2.16
GHz. A 35 MHz frequency shift is observed for 1 mm change in ‘w. Radiation
efficiency of the structure is also varying drastically with ‘w’. Radiation efficiency is
found 1o be increasing as ‘w’ increases and reaches a saturation level. When w= 6 mm,
the radiation efficiency is 88%. After 6 mm radiation efficiency is slightly decreasing. But
the decline is not drastic. When ‘w’ increases, separation between two slots is increasing.

This modifies the radiation pattern slightly.

Gap ‘g’ doesn’t produce much effect on the resonance. But the retum
loss value at the resonance becoming worse as ‘g’ is increased above 1 mm. As ‘g
increases the coupling between the ground strips and centre strip decreases. This will

adversely affect the impedance matching. So ‘g’ is selected as 0.5 mm for all the study.

5.4.4 Effect of substrate s, & thickness on resonance
The influence of substrate dielectric constant and thickness on the
resonance and radiation charactenstics is discussed in this section. Vanation of resonant

frequency and radiation efficiency is depicted in Fig. 5. 24.
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Fig. 5.24 Effect of substrate diclectnic constant on resonant frequency radiation efficiency

As the relative permittivity increases the resonant frequency decreases.
FDTD results reveal that the E-ficld components are strong in the substrate material
also, especially underneath the gaps. The calculation of resonant frequency should
account the effective permittivity of the medium other than the relative permuttivity
alone. The substrate diclectric constant value also degrades the radiation efficiency. High
dielectric constant will generate surface wave modes, which will adversely affect the
radiation efficiency of the device. Fig. 5.25 depicts the influence of substrate thickness
on the resonant frequency. When thickness of the substrate increases from 1.6 mm to
4.6 mm, the resonance frequency shifts from 2.37 GHz to 2.12 GHz (250 MHz). When
dielectric thickness is increased, most of the E-fields under the CPW structure traps
nside the dielectric substrate. This increases the effective dielectric constant value

slightly, and decreasing resonant frequency.
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Fig. 5.25 Effect of substrate thickness on resonant frequency

5.5 Far field radiation and Polarization

"The co-polar and cross polar received power from the offset fed CPW at
the far field region is shown in Fig. 5.26. A standard horn antenna is used as the
receiving antenna. The horn antenna is highly linearly polarized. Aim of the experiment
is to study the polarization and the signal strength of electromagnetic radiation at the
resonant frequency. The offset fed CPW is placed on a turn table with its feed parallel to
the axis of the turn table and rotated to receive maximum power at the horn antenna.
The experimental arrangement is similar to one used for gain measurement. Network

analyzer is operating in S21 mode with the offset fed CPW in the transmitting mode.
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Fig. 5.26 Far field radiation received by a standard hnearly polanized hom
antenna Dimensions: w=3 mm, g=0.5 mm, ¢=15 mm and I= 20mm on FR4
substrate of er=4.7 and thickness h=1.6 mm

The horn antenna received maximum power in its E-plane. That is the
device 1s radiating horizontally polarized signals. The polarization direction confirms the
validity of the FDTD analysis also. The FDTD computation already explained that the
fringing field is the radiating field. Moreover the tangential component of the fringing
field at the two slots will be in phase. But the resolved normal component will be out of
phase. Thus the normal components cancel at the far field, where as the tangential
components reinforced to form the radiation. It is observed from the figure that ~ 12
dB polarization discrimination is observed. At higher frequencies the received power is
feeble. When the frequency of operation is ~ 6 GHz, radiated power is slightly less. This

behavior is already discussed in section 5.2 of this chapter.
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5.6 Current distribution
The simulated surface current distribution using 113D on the offset fed

CPW at the resonant frequency (2.47 GHz) discussed in the previous section is shown in

Fig. 5.27.

Fig. 5.27 2D vector current density variation on the open circuited CPW with offset feed at resonance
frequency. Dimensions: w=3 mm, g=0.5 mm, ¢=15 mm and |= 20mm on FR4 substrate of er=4.7 and
thickness h=1.6 mm

Arrows in the figure shows the direction of current flow and the
thickness indicates the magnitude of current vector. Naturally surface current will be
concentrated more at the edges of the strips due to the attraction of opposite charges
induced on the lateral strips through the gaps. Thus the surface current on the middle
part of the centre strip is zero. In order to maintain this current distribution the gaps

should be very small in terms of its operating wavelength.
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Figure clearly shows that when feed point is moved to the corner, a
transverse surface current appears along the width of the signal stnp (at the feeding
cdge) in addition to its longitudinal variations (along the length) on the coplanar
structure. The “U” shaped resonant path thus formed on the center strip is half wave
length in the dielectric substrate. The concept will be clearer when it 1s compared to the
surface current distribution on a conventional coplanar waveguide of same dimension

operating at the same frequency, and is shown in Fig. 2.28.

Fig. 5.28 2D vector current density varation on a conventional open circuited CPW. Dimensions: w=3
mm, g=0.5 mm, c=15 mm and |= 20mm on FR4 substrate of er=4.7 and thickness h=1.6 mm

A balanced current distribution is established at the edges of the signal
strip when a conventional CPW is excited by the feed point at the middle of the signal
strip width. Thus the magnitude and phase of the current distribution at any two

symmetrical points along the length on the CPW signal strip will be equal. In other
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words, the E-field distribution at the guiding slots 1s due to the strong coupling of centre
strip with the lateral strips through the gaps. The balanced current distribution is also
clear from in the figure.

5.7 Radiation pattern and gain

The estimated 3D radiation pattern at the resonant frequency using
IE3D is shown in Fig. 5.30. The broadside power (=0, ®=0 direction) is very low
compared to other directions.

Fig. 530 3D radiation pattem of open circuited CPW with offsct feeding
Dimensions: w=3 mm, g=0.5 mm, ¢=15 mm and |= 20mm on FR4 substrate of
er=4.7 and thickness h=1.6 mm
The figure shows 4 lobes in the radiation pattern. This produce sharp
nulls in the two principal plane patterns. When the centre strip width is increased, the

maxima in the radiation pattern comes to the broadside directions (6=0, ®=0 & 0=180,
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®=0directions), producing a figure of eight radiation pattern in the E-plane and omni

directional radiation pattern in H-plane.

Gain of the device is measured using gain transfer method. Measured
gain of the device i1s 1.8 dBi at 2.47 GHz. This also indicates that the device is radiating
electromagnetic energy when the feed offset scheme is employed. The estimated gain of

the device is 2.1 dBi at the resonant frequency.

5.8 Equivalent circuit representation and radiation mechanism

The FDTD computation, parametric analysis and the current
distribution studies clearly gives an insight into the resonance mechanism of the
structure when it 1s excited with an offset feed. Consider a case in which the CPW is
excited with a corner feed. The equivalent circuit representation incorporating the offset

feed of CPW is shown in Fig. 5. 29.
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Offset feed
equivalent circuit

Fig. 5.29 Equivalent circuit and current path of CPW excited with a
corner feced

Owing to the corner feeding, the potential at the two ground points (V1 and V2) will not
be exactly equal. The imbalance in the potential (V1 # V2) is due to the additional length
‘W’ in the ground connection for the RF current to reach the right lateral strip. A small
offset ‘w’ can produe slight change in V2 with respect to V1 (say more positive or
negative). The microwave signal source 1s represented as a voltage source V’ with an
internal resistance ‘Rs’. The Rs will be the impedance of the signal source (usually 50 Q).
Left lateral strip is connected to the outer conductor of SMA connector directly. Let the
RF potential at a particular instant is V1=0 at the feed point on left lateral strip. But the
additional path length ‘w’ introduced at the right side due to the central strip width W’

(‘g’ is common for both the sides) force the potential at feed point connected to the right
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lateral stnip to V2. Note that V2 is represented in the equivalent circuit using a voltage

source without any internal resistance. This is only a virtual source.

The current from the source coming to the feed point at the centre stnip
must flow to left lateral stnp through the gap and reaches the virtual source V1=0. In the
gap displacement current plays similar role of conduction current in the conducting strip.
This will produce a dominant Ex component at the left gap as per the coordinates
mentioned 1n figure. But in actual case the gap is an air dielectric interface and the E-
field has a fringing effect than a straight link to the ground stnp. This is the only possible
current path for this case since current always flows to minimum potential (V1=0). The
virtual source V2 is slightly at higher potential (very small) than V1. The excess charges
thus reaching ground flows through the source V2 and reaches the feed point at the
centre strip by the electromagnetic coupling at the nght gap, as shown in the figure. The
ground connection offered by the signal source is not introducing zero impedance for
the RF current due to its inherent inductance property. Note that the current is not
flowing through the signal source due to the relatively high potential of ‘V’ than V2. The
current path thus completes through the right lateral strip. In the right lateral strp the
displacement current launches a dominant value for Ex component. The in phase
Electric field values at the slots are then progressing along the length of the CPW.
Finally it reaches the end of the line and reflected back to the source, producing a

standing wave pattern.

The above explanation indicates a serious problem that the feeding arrangement

(usually outer conductor of the SMA) will radiate some electromagnetic energy due to
: CREMA, CUSAT
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the transverse varation of surface current flow to sustain this resonance. The final
antenna configuration derived from these discussions will take this pomt imnto
consideration. As described in Chapter 1, Section 1.6 the radiation in coplanar antenna is
solely due to radiation from the two big discontimuties offered by coplanar waveguide
gaps. The offset feeding arrangement is used only for exciting a novel resonance on
CPW for obtaining an in phase field distribution at the two gaps supporting radiation.
Note that the new resonance produces impedance vanation along the width of the

centre strip.

FDTD analysis clearly shows the electric field is existing in the slots and the
fields are in phase for the offset feeding. The radiation from the device at resonance 1s
due to the tangential component of fringing fields along the length at the two gaps
separating center strips from the two lateral strips. This field is due to the
electromagnetic coupling between the center strip and the two lateral strips. The

radiation mechanism is depicted in Fig. 5.31.
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5.9 Conclusions

The conclusions of the chapter are summanzed below. These
conclusions are used to design the dual-band antenna element in the next chapter of the
thesis.

1. An open circuit CPW with conventional feeding excite spurious resonance at
higher microwave bands.

2. The mode thus excited at higher bands is not radiating EM energy efficiently.
The radiation pattern, gain and efficiency are not enough to consider it as an
efficient compact radiator.

3. A coplanar waveguide structure is able to excite a resonant mode at a lower
frequency band when the feed point is away from the center of the signal strip,
along the width (usually at the corner).

4. 'The new resonance is influenced mainly by the length |, signal stnp width ‘v,
and substrate parameters.

5. The resonance 1s due to the ‘U’ shaped resonant path excited on the centre strip
and the coupling between centre strip and the two lateral strips.

6. FDTD analysis and measured far field radiation shows that the tangential
component of the fringing fields radiates and produce a horizontally polarized
EM radiation.

7. FDTD analysis shows that the corner feeding excites in phase field distribution.

8. 'The width ‘W’ should be sufficiently large in terms of the operating wave length
to obtain broad side radiation.

9. The measured gain of the device 1s ~1.8 dB1
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10. Length ‘I of the waveguide should be less than Ad/4, to obtain a distortion less
radiation pattern, where Ad is the wave length in the dielectric corresponding to

the desired resonance. This reduces the phase vanation of the electric fields in

the slots.
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Development and Analysis of a Compact Microstrip line-fed Dual-
band Coplanar Antenna

Development and analysis of the Compact Dual-band Coplanar Antenna 1s
presented m this chapter. The device i1s developed based on the conclusions arrived
in the previous chapter. The coplanar geometry 1s excited with a microstrip linc at
the corner of its wide centre strip for dual band opceration. The resulting compact
antenna has dimension of A/5 x /14, where & is the free space wavelength at the

fundamental resonance.
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6.1 Introduction

The conclusions of the Investigations on coplanar waveguide presented in the
previous chapter obviously indicate that a resonant mode can be easily achieved on a
coplanar waveguide by exciting it with an offset feed scheme. The device exhubit good
radiation charactenstics. Moreover the device dimensions are very small compared to the
operating wavelength. The compactness together with the excellent radiation
characteristics suggests its application as an ideal antenna for compact devices like
mobile phone, wireless LAN cards in laptops etc. Antennas for mobile terminals should
meet certain criteria such as small size compared to the wavelength of operation, nearly
omni-direction radiation coverage, reasonable gain, good efficiency etc. This novel

design exhibits all the above cntena.

Previous discussions conclude that there exists a lateral current vanation on the
outer conductor of the SMA connector when the coplanar transmission line is excited
with an offset feed scheme. It should be noted that this current vanation is very
important in order to sustain the resonance. A current path (a conducting path) between
the two ground points should exist to excite the so called resonance. The radiation
pattern study and the radiation mechanism at the fundamental resonance of the device
indicate that a wide centre strip width is essentially required to obtain a broadside
radiation with omni directional coverage. In order to proceed, a study with wide centre
strip width is to be carried out. More over, a wide centre strip may give rise to an
additional resonance on the structure. This chapter discusses the design and analysis of a
compact antenna system by taking all these points into consideration. Resulting radiating

configuration is an ideal candidate for compact mobile terminal applications. The
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theoretical investigations, parametrical analysis and finally simple design equations are

discussed in this chapter.

6.2 Offset fed coplanar geometry with wide centre strip width

A Coplanar waveguide geometry with wide centre strip width is analyzed
in this section. The parametric analysis presented in the previous chapter concluded that
the resonant frequency is decreasing as the centre strip width is increasing. In this section
a wide centre strip width ‘w’ is employed for the study. Note that one should expect the
same resonance and radiation charactenistics presented in the previous chapter for this
case also. Otherwise, the working of the device may not be same as that of coplanar

waveguide geometry with offset feed.

When wide centre strip is employed, the device no longer behaves as a
transmission line. The offset fed coplanar structure along with the parameters are
depicted in Fig.6.1. The structure consists of a wide centre strip of 1=9 mm, w=12.5
mm, g=0.5mm and c=5mm printed on an FR4 substrate of er=4.7 and thickness h=1.6

mimL
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Fig.6.1 Offset fed coplanar geometry with wide centre strip width

(a) Top view
(b) Cross sectional view

The device is excited at the corner of the centre strip (P) and the two lateral
ground strips are groundec‘i. The ‘port for edge group’ scheme in IE3D is employed to
excite the structure. According to the equivalent circuit representation of the offset feed
explained in section 5.8 of chapter 5, a resonance should exist in this structure also, due
to the potential difference between the two ground points. This potential differcnce is
due to the asymmetry in the feeding, as explained in section 5.8. Figure 6.1 clearly shows
the offset feed point P and the ground points G.
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Fig. 6.2 depicts the simulated return loss characteristics of the device. The device

resonates at 3.655 GHz with 7.6% return loss bandwidth.

Retum loss (dB)

20 1

3.655 GHz2

2 4 & 3

Frequency (GHz)

Fig. 6.2 Return loss characteristics of offset fed coplanar peometry with wide
centre strip width, with dimensions 1=9 mm, w=12.5 mm, g=0.5mm and
¢=5mm printed on an FR4 substrate of er=4.7 and thickness h=1.6 mm

Return loss value at the resonance is ~-19dB. The -10dB return loss band width
for this case is 280MHz. The resonant mode thus obtained for this case strongly
indicates that the offset fed coplanar waveguide structure can excite the so called
resonance by widening the centre strip. Here, the attempt to widen the centre strip is
done purposefully in order to modify the radiation pattern to cater the need of mobile
wireless gadget applications. Equivalent circuit representation presented in the previous

chapter holds good for this case also.
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Fig. 6.3 depicts the current distribution obtained from IE3D for this case. It can
be seen that the wide centre strip width excites the same ‘U’ shaped resonant path on the
coplanar structure. The resonance frequency in this case is due to the ‘U’ shaped

resonant path on the centre strip.

Fig. 6.3 Surface current distnbution obtained on the offset fed coplanar
waveguide structure with wide centre steip width, dimensions |=9 mm, w=12.5
mm, g=0.5mm and c=5mm printed on an FR4 substrate of er=4.7 and
thickness h=1.6 mm

It is observed from the figure that there is only negligible current vanation on
the middle parts of the three strips. Current densities are more intensc at the cdges of the
strips. The ‘U’ shaped current path is very clear from the structure. The ‘U’ shaped
resonant path on the centre strip is approximately equal to the half wavelength in the
substrate at the resonant frequency. The ‘U’ shaped current distnibution induces an
oppositely flowing currents at the edges of the ground strips due to the strong coupling
with centrc strip and the two ground strips. Thus a honzontally polarized
electromagnetic radiation is expected for this case. Width of the ground strips and the
gaps has no significant influence on the resonant frequency, where as length of the

waveguide and substrate materials strongly affect the resonant frequency.
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Fig. 6.4 shows the 3D radiation pattern of the antenna at the resonant frequency,

The radiation pattern is to be viewed according to the coordinate system mentioned in

Fig. 6.1.

Fig. 6.4 3D radiaton pattern of the offset fed coplanar geometry with wide centre
strip width. Dimensions are dimensions 1=9 mm, w=12.5 mm, g=0.5mm and
¢=5mm printed on an FR4 substrate of er=4.7 and thickness h=1.6 mm

The 3D radiation pattern shows that the maxima of the radiation pattern is along
broad side directions. When the width ‘W’ 1s increased, the two radiating slots becomes
far apart. This should produce a broad side radiation according to the discussions i

Chapter 5, section 5.8.
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‘The estimated gain of the antenna at the resonant frequency is 2.1 dBi. In this
case the length T of the structure is small compared to the operating wavelength. This
will reduce the phase variation in the slots, producing good directive gain at resonance.
The estimated radiation efficiency is 79% at the resonance.

During the above studies the two grounds are excited near the two slots. That
means the current excitation on the ground strips are negligible at resonance. In order to
attain maximum compactness for the final radiating structure an attempt w:r done to
excite a current distribution on the ground strips along with the so called resonance due
to the ‘U’ shaped resonant path on the centre strip, resulting a coplanar configuration as

shown in Fig. 6.5.
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Fig.6.5 Offset fed coplanar geometry with wide centre strip and ground connections at
the extreme corners of the ground strips

(a)Top view
(b)Cross sectional view

The dimension of the coplanar geometry is same as that used in the previous
study. It should be noted that both the ground points are shifted symmetrically to the

extreme ends of the ground strips. In compact antennas the only way to excite a low
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frequency with in the small volume is to increase the current path on the structure by the
meandering techniques.

The idea behind this attempt is the same current meandering technique applied
in compact antenna designs. But the fundamental mode of the structure should remain
as it 15, other wise this technique may results in new radiating modes. Fig. 6.6 depicts the

estimated return loss characteristics of the device using IE3D for this case.

Return loss (dB)

-2 Y T 7
2 4 6 8

Frequency (GHz)

Fig. 6.6 Return loss characteristics of offset fed coplanar geometry with wade
centre strip width and ground connection at the extreme corners of the ground
strip

The structure resonates at 2.46 GlIz with 16% return loss bandwidth. The
bandwidth obtained from-10dB points is 400Ml1z. It should be noted that the resonant
frequency has shifted to the lower side for this case. The return loss value at resonance 18

~-19dB. This structure is very compact in terms of the wavelength at resonance. A
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compact dimension of /13 x 1/5 is achieved. The bandwidth is also higher than that

obtained in the previous sections.

Analysis of surface current distribution and radiation pattern has to be carried
out to confirm that the radiation mechanism at resonance is same as that of the
fundamental mode of the coplanar wave guide structure with offset feeding scheme. Fig.
6.7 depicts the surface current distribution on the coplanar patches at the resonant

frequency.

Fig. 6.7 Surface current distribution obtained on the offset fed coplanar
waveguide structure with wide centre strip width and ground points at the
extreme comers of the ground stmp

The current distribution clearly shows that the two additional current paths arc
excited on the two lateral ground strips. An 1.’ shaped current path and ‘reflected L’
shaped current paths arc thus formed on the two ground strips in addition to the ‘U’
shaped current path on the centre strip (‘reflected 1.’ shaped current path does not refer
to the current reflections from discontinuities). It can be scen that the ‘U’ shaped current
path is approximately half wavelength in the substrate and 1" and ‘reflected ‘1.’ current
paths arc quarter wavelength each in the substrate. Thus the total current variation on

the surface of the structure is approximately full cycle variation in the dielectric. The
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current distnibution shown in figure indicates that a strong coupling still exists between
the centre strip and the two lateral ground stnips. The fringing fields at the two slots are
the cause of radiation for this configuration. The effect of substrate and other structural
parameters are also similar to the characteristics presented in chapter 5, section 5.4. Since
the feed asymmetry exists for this case, the equivalent circuit representation discussed in
section 5.8 of chapter 5 holds good for this case also. Thus it can be concluded that the
feeding asymmetry in coplanar structures can be used effectively to design an antenna,
The feed point asymmetry is the only crucial point to excite resonance on the coplanar
waveguide structure. The other parameters only govern its resonance and radiation

charactenistics.
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Fig. 6.8 shows the 3D radiation pattern of the device at the resonant frequency.

Maximum radiation is found to be at the broad side directions.
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Fig. 6.8 3D radiation pattern of the offset fed coplanar geometry with wide centre
strip width and ground points at the extreme corners of the ground strip

The maxima at the broadside direction strongly support the fact that the
radiation mechanism of this configuration is same as that explained in chapter 5,
section5.8. The two slots are the source of radiation for this case also. The only
difference is that unused metallic strip is used by the surface current for more
compactness. The estimated gain and efficiency of the device are 1.8dBi and 76%

respectively at resonance.
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6.3 Dual-band coplanar antenna configuration

The above investigations on coplanar waveguide structure concludes that a
coplanar waveguide structure can excite a resonant mode in the structure if an offset
feed scheme is employed, resulting a compact radiating structure with good radiation
characteristics. More compactness can be achieved by feeding the ground potential to
the lateral ground strips at the extreme ends.

In chapter 5 an SMA connector was used to excite the structure. The centre strip
width of the coplanar waveguide was small for that case. Moreover there was a lateral
variation of surface current on the outer conductor of the SMA connector. One can say
that this current variation may result in an imperfect transition from the mode excited in
offset fed coplanar waveguide structure to the transverse electromagnetic mode (TEM)
of SMA connector. A lateral vaniation of surface current on the outer conductor of the
SMA connector is to be avoided. Moreover when the width of the centre strip is large,
the SMA connector cannot be used to excite the system. Thus a new feeding system 15
required to excite the coplanar geometry. A microstrp line is employed as the feed for
this configuration. The microstrip line feed, importance of the ground plane in the
present design, conducting pins for providing grounds to the ground strips etc. are

descnbed in this section.
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6.3.1 Microstrip line feed

‘The microstrip line consists of a small printed strip called signal strip on the top
layer of a substrate with a ground plane on the bottom layer. Width of the signal strip,
substrate dielectric constant and the thickness of the substrate govern its characteristic
impedance. A microstrip line feed is selected purposefully to excite the coplanar antenna.
Since the width of the centre strip is wider than conventional signal strips in coplanar
wave guides, there is a possibility to obtain a2 new resonant mode from the same
structure with same feeding arrangement. Thus the microstrip feed line is placed at the
extreme corner on the centre strip of the coplanar geometry. Fig. 6.9 shows the top view

and cross sectional view of the microstrip line employed in the design.

Ground plane truncation

(@)

(b) ¢ Z
L

Fig.6.9 Microstrip line feed used to excite the coplanar antenna
(@ Top view
¢)  Cross sectional view

The ground plane of the microstrip line has length 1.’ and width ‘W’ printed on
the bottom layer of the substrate. A signal strip of width ‘wy’ designed for 50

characteristic impedance is printed on the top layer of the substrate. Length of the signal
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strip is also ‘1.’. The ground plane truncation is clearly shown in the figure. Typical values
of the microstrip line parameters are 1.=40mm, W=53mm, wi=3mm on FR4 substrate
of thickness h=1.6 mm and dielectric constant er=4.7. The microstnp line is excited
using 2 50 © SMA connector. The proximity of the ground truncation to the coplanar
geometry is very critical to excite the two resonant bands of the antenna. More
explanations on the effect of ground plane on the final antenna configuration will be

discussed in the parametric analysis section later in this chapter.

6.3.2 Ground plane and its importance in the present design

The ground plane of the microstrip line has another important job other
than working as the ground plane of microstrip line feed. In order to sustain the
resonance on the coplanar geometry a common conducting path between both the
ground points (G) are very essential. This is achieved through the ground planc at the
truncation edge. Two conducting pins or vias extending from the comers of the lateral
strips to the ground plane truncation set up a current path between the two ground

points. The current path on the resulting structure is depicted in Fig. 6.10.
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Asitenna cesonance path

Fig.6.10 Current path at the fundamental resonance on the coplanar antenna
geometry when excited by a microstrip line at the corner of the centre strip

‘T'he coplanar geometry is at the top layer of the substrate. But for the simplicity
of understanding the operation they are placed on the same plane (XY plane) with the
ground plane. The current path on the coplanar antenna structure can be split into two
categories. One is called excitation path and other one the antenna resonance path. The
excitation path is highly required to establish the antenna resonance path. It should be
noted that the current on the ground plane is flowing through the ground plane edge at
the ground truncation. The virtual voltage sources V1 and V2 due to the path difference
‘W’ between the two ground points of the vias are slightly at different potentials. V is the
excitation signal at the tip of the microstrip line truncation and the internal resistance Zo
is equal to the characteristic impedance of the feed linc. As explained in section 5.8 of
chapter 5, an excitation path is established in the structure. The Ex component of the
electric field launched in the two slots produce the antenna resonant path and finally the

radiation from the antenna structure. It is clear from the figure that the current path on
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the ground plane is extremely important to sustain this mode of operation. But the
current variation on the ground plane is only confined at the ground truncation edge,
thus it does not alter the fundamental job of ground plane as the ground of the micro
strip line. Since the current variation on the width of the coplanar strips near the ground
truncation and on ground planes edges are opposite in phase at the excitation path of the
antenna, there will not be radiation due to it. The radiation, at the lower resonance is
solely due to the fringing fields at the two gaps of the coplanar structurc This will

enhance the polarization purity of the excited electromagnetic wave from the antenna.

Since the thickness of the substrate is very small compared to the operating
wavelength, there will be a strong coupling between the centre strip and ground plane at
some frequencies. At a higher frequency, when the width of the centre strip is
approximately equal to half of the wavelength in the dielectric 2 new mode will be

excited on the structure. The pictorial representation of this case is shown in Fig. 6.11.

Fig.6.11 Current path at the second resonance on the coplanar antenna
geometry when excited by a microstrip line at the corer of the cenire strip

The fringing fields from the edge of the centre strip to the ground plane is the
cause of radiation at this frequency. This will produce a vertically polarized
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electromagnetic radiation (along Y direction) from the structure. That means the
radiation at the second resonance of the coplanar antenna can be approximated to the
radiation from a slot excited with half wave sinusoidal distnbution, lying on XY plane of
the coordinate system mentioned in the figure. It can be concluded that the ground
plane of the feed line has a significant role in exciting the two resonant frequencies in the
coplanar antenna. But the current distribution on the ground plane for the two modes
are confined mostly to the ground truncation edge only, and it will not affect the entire
circuit performance when the antenna is integrated with RF circuits, where the same

ground plane 1s shared by the circuit.

6.3.3 Conducting pins or vias

Two conducting pins made of copper are used to connect the two ground strips
to the truncated edge of the ground plane. Diameters of the conducting pins are 1 mm
throughout the study. The conducting pin has a height exactly equal to the height of the
substrate and the ends of the pins are soldered to the ground strip and the ground plane
respectively. Instead of conducting pins via holes can be used. Performance of the via
holes are almost similar to the conducting pins. This has been confirmed through

simulation studies.
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6.3.4 Antenna configuration

The final microstrip line excited dual-band coplanar antenna configuration is
depicted in Fig. 6.12.

Via

Ground plane

® ®)

Fig.6.12 Geometry of the dual-band microstrip line fed coplanar antenna printed on a
dielectric substrate

(a) Cross section view

(b) Top view

It consists of the three coplanar strips and the comer fed microstrip line signal
strip of 50 Q characteristic impedance on the top layer, a truncated ground plane near
the feed line end and two conducting pins for connecting ground strips to the ground.
The device is printed on a standard substrate material. Substrate materials with low
dielectric constants arc preferred for the design in order to avoid surface wave

excitations, which will reduce the antenna efficiency and distort the radiation patterns.
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The centre strip of the coplanar geometry has length 7 and width “w excited by
the microstnp line of length ‘L’ and width “w1’. The two lateral strips are separated from
the centre stnips by the gap ‘g’. Width of the each lateral strip is ‘c’. The cross-sectional
view clearly shows the via connecting the top lateral strips to the ground through the
substrate. The top view of the antenna is in the XY plane of the coordinate system.
Position of the feed line is fixed at the extreme comer of the centre strip to excite the
first two modes of the antenna. The antenna should exhibit good impedance matching
for the two resonances, when the feed line is placed at this location. The ground
truncation is represented by dotted lines in the figure. A 50 Q SMA connector is used to
excite the system. When the antenna is excited, two distinct resonant modes are excited,
which generate two wide bands with orthogonal polanizations. The gap ‘g’ should be
small compared to the wavelength corresponding to the lower resonance to obtain good
electromagnetic coupling between the centre conductor and the lateral strips.

Fabricaion of the antenna was done using standard photolithographic
techniques. Care should be taken while doing photolithography for obtaining a uniform
and exact ground truncation as shown in the figure, other wise the impedance bandwidth
and matching at the two resonant frequencies may be degraded. Exact aligning of the
top layer and bottom layer masks is the crucial part to be considered during fabrication
for achieving good accuracy. The conducting pins should be perfectly soldered to the
structure. A dry soldering or imperfect connection of conducting pins result spurious
resonances in the structure, other than the two expected bands. The charactenistics of

the device will be explained in the forthcoming sections of the chapter.
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6.4 FDTD analysis of coplanar antenna

The theoretical analysis of the antenna is carried out using FDTD method.
MATLAB based in-house codes were developed for analyzing the antenna. Perfect
Matched Layer ABC is employed in FDTD. Return loss characteristics of the antenna

and the field distribution in the structure are computed using FIDTD.

6.4.1 Description of the problem

The 2D view of the FDTD computation domain defined for the microstrip line

fed dual-band coplanar antenna is depicted in Fig. 6.13.
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Fig.6.13 2D view of FDTD computation domain of microstrip
line fed coplanar antenna

Consider a microstrip fed dual-band coplanar antenna with the structural
dimensions as 1=9 mm, w=12.5 mm, ¢=5mm, g=0.8mm, L=40mm, W=53mm when
printed on FR4 substrate of er=4.7, and thickness h=1.6 mm. Width of the signal strip 1

3 mm for 50 Q characteristic impedance. The FIDID analysis will compute the
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frequency response of the antenna by exciting it with a Gaussian pulse. The return loss
charactenistic of the antenna was first calculated. The E-field distributions on the top,
middle and bottom layers of the antenna structure are then computed using sinusoidal
excitation at the centre frequencies of the two resonant bands. In the figure the antenna
geometry is surrounded by few cells of air to simulate the real condition in which the
antenna is placed in air. The antenna geometry and air cells are surrounded by the PMI.

layer.

Luebber’s feed model was employed to excite the microstrip line feed of the
antenna. Dz component value is assigned as excitation signal at the port. Liz value is
automatically computed from Dz value in the FDTD loop. Using the Hx and Iy
components in the Yee cells around the excitation field the source current 1s calculated.
Return loss of the antenna is calculated at the excitation point. The feed model employed

to simulate the system is shown in Fig. 6.14.

Perfect Flectric faces

Fig.6.14 Lucbbers feed model employed in the FD'TD
computation of coplanar antenna.

In the figure the darkened portions are PIC regions in order to obtain a gradual

transition from the ficld excitation point to the signal strip. The PEC condition is
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achieved by assigning Fz and Ex values of the corresponding Yee cell faces are as zeros,

In this computation the substrate layer is discretized as 3 cells in the Z-direction.

The conducting pins used to realize the prototype of the antenna is of cylindrical
in shape. Fig. 6.15 shows the modeling of conducting pins in FDTD.

Conducting pin Stacked Yee cells wath PEC

Fig.6.15 Modeling of conducting pin in FDTD computation

In order to make the computation efficient in terms of time the two conducting
pins are modeled as stacked Yee cells in the Z direction by assigning with PEC at all the
faces (Ex=Ey=Ez=0). This will not affect the accuracy of the computation since the

frequency of operation of the device 1s not very high.

6.4.2 FDTD flow chart

The flow chart of PML based FDTD computation is shown in Fig. 6.16. The
Ax, and Az in the computation domain are taken as 0.5 mm. Ay is 1mm in the
computation, this will bring down the total number of Yee cells to a great extent. These
values are less than 1/20 at the maximum frequency of the computation, and gives good
accuracy for the computed values. Five air cells are assigned at each side of the CPW

structure to simulate the practical condition in which the antenna is in contact with
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6.4.3 Input Gaussian pulse
The Gaussian pulse used to excite the computation domain is shown in Fig,

6.17. A narrow pulse of 10 picoseconds duration is used to excite the structure.

Fig.6.17Gaussian pulse used in the FDTD computation

The Gaussian pulse value is employed as the voltage source for calculating the
source ‘dz’, which is assigned as the excitation signal derived using Krichoff’s voltage

law.
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6.4.4 Computed time domain characteristics at feed point
The computed time domain response of the Ez component at the feed point is

depicted in Fig. 6.18.
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Fig.6.18 Time domain response of the Ez field at the port

‘The clectric field component has settled down at around 5000 time steps. The
Luebbers feed model employed in the computation effectively brings down the
computation time steps. Note that the Ez value at any instant of time in the port is the
mixture of reflected as well as incident excitation field. The time domain response of the

electric field Ez is proportional to the voltage at the port.
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A prototype of the same device used in FDTD computation is fabricated using
standard photolithography process. A standard 3.5 mm SMA is connccted to the feed
linc to excite the device. The antenna was tested using HP8510C vector nerwork
analyzer. Photograph of the device is shown in Fig. 6.19. The two conducting pins

connected to the extreme ends of the lateral ground strips are clear in the figure.

Fig. 6.19. Photograph of the compact microstrip-fed dual-band
coplanar anicnna for 2.4/5 GHz bands

The following section describes the results obtained using FID'I'D computation.
Experimental results are also provided in order to substantiate the computed results.
6.4.5 Return loss characteristics

When the launched Gaussian pulse is complexly settded down in the
computation domain the return loss value of the device is calculated. Incident voltage is
the time domain Gaussian pulsc, where as reflected voltage at the port is the difference
of tme domain values of Ez ficld at the port and the Gaussian pulse. ‘The time domain

values arc first converted to frequency domain by taking FIFT' of the values and then
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return loss is calculated. The computed, measured as well as HFSS simulation results are

shown in Fig. 6.20.

Return loss (dB)

2.28 GHz — HFSS

2 4 L] 8
Frequency (GHz)
Fig. 6.20 Computed, measured and HFSS simulated return loss characteristics of the dual-band

microstrip line fed coplanar antenna when 1=9 mm, w=125 mm, c=5mm, g=0.8mm,
L=40mm, W=53mm when printed on FR4 substrate of er=4.7, and thickness h=1.6 mm.

‘The computed return loss characteristics are almost in agreement with the
measured values. The return loss charactenistics computed using FDTD shows that the
antenna resonates at 2.28 GHz and 5.55 GHz with -30.5 dB and -16 dB return loss for
lower and higher resonances respectively. The antenna has 17% band width (-10dB
bandwidth: 410 MHz) in the lower band and 20% band width (-10dB bandwidth: 1.1
GI1z) in the higher band. The measured curve shows that the antenna resonates at 2.34
GHz and 5.26 GHz respectively. The measured bandwidth is 14% in the lower band
(2.19-2.52 GHz) and 22% (4.84-6.07 GH1z) in the higher band. The FDTD results differ
from the measured values by 2.6% in the lower band and 4.3% in the higher band. More

accurate results may be obtained by incorporating the effect of SMA connector.
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Return loss charactenistics of the antenna is simulated using Ansoft HFSS. The
validity of the results obtained from FDTD computation and measurement are thus
confirmed. It can be seen that HFSS results are almost same as measured values. This
again confirms that the error in the FDTD and measured results are due to the
contribution of SMA connector.

6.4.6 Computed electric field values at the top layer, middle layer and bottom
layer of the substrate in the two bands

The return loss charactenistics of the coplanar antenna discussed above
concludes that the device exhibit two wide resonant bands at around 2.4 GHz and
5GHz. The wide band width from such a small radiating geometry demands its use in
many commercial applications, where the size of the antenna is a major concern. The
gain, radiation pattern, efficiency are to be studied in order to completely accept this as a
new efficient radiating system. Following section gives more insight into the radiation
mechanism of the device at the two resonant bands. The computed E-field distribution
at the two resonant frequencies, at the three layers of the antenna are presented to
confirm that the radiation from the device at the lower band is from the two gaps of the
coplanar geometry, where as the radiation at the higher band is due to the fringing fields

at the gap separating the width of the centre strip and the truncated ground plane.

The computed E-fields at top layer, middle layer and bottom layer of the
substrate obtained by giving the sinusoidal excitations at the two resonant frequencies

are presented to confirm it.

Development and Analysis of a Compact Dual-band Coplanar Antenna



Development and Analysis of a Compact Microstrip-fed Dual-band Coplanar Antenna 211
L:-field components at the first resonance

The Eix, Ly and Liz components at 2.28 GHz are shown in Fig. 6.21 (a)-(i). This
is the first resonant frequency of the antenna obtained using FIYTD computation.

A Top layer

A
=hJ

Ex (Volt/meter

g 6.21 (a)

Ly Volt/meter)
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C. Bottom layer
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Ez (Volt/meter)

‘ig. 6.21 (a), (d) and (g) shows the computed Ex-ficlds at the top, middle
and bottom layers of the antenna. The FDTD computed results shows that Ex values at
the two slots are dominating at the first resonance. At the top layer a2 maximum of 0.5
V/meter is observed when the system is excited by 1V/meter (maximum amplitude of
the gaussian pulse). Ex values are slightly less at the middle layer and bottom layer of the
stecture at locations corresponding to the slots. The Ex values at middle and bottom
layers are ~0.1V/meter. It should be noted that the Ex fields in the slots are in phase
components. This is same as the results observed in the case of offset fed coplanar

waveguide discussed in chapter 5.
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The computed Ey components presented in Fig. 621 (b),(e) and (h) cleardy
shows that there is only negligible Ey component in the structure at the first resonance,
In the top layer of the antenna ~0.05V/meter is observed at the gap separating ground
trucation and the right lateral ground strip. This is due to a weak coupling between the
nght lateral strip and ground truncation edge. This condition is also simiilar to the
FDTD results observed in the case of offset fed coplanar waveguide presented in

chapter 5.

Ez components presented in Fig. 6.21 (c), (f) and ()) indicate that the Ez value is
180 degree out of phase in the two slots in top, bottom and middle layers of the strcture
at the first resonance. 0.1V/meter of electric field is observed on top and middle layers.
But the Ez field is very feable in the bottom layer of the substrate. The 180 degree out
of phase Ez vlues will be cancelled at the far field and does not contribute to the radiated

field from the strcture.

The interpretation of field values presented above concludes with two important
points. Radiation at the lower resonance is mainly due to the contribution of in phase Ex
components at the two slots. This inference is exactly similar to the results obtained for
the electric field distribution in the case of a coplanar waveguide excited with comer
feed. Owing to the similarity of radiation mechanism of coplanar antenna at the
fundamental resonance to the radiation mechanism of an offset fed coplanar waveguide,

the present design is not a wide monopole element with two shorted parasitic strips. In

Development and Analysis of a Compact Dual-band Coplanar Antenna



Development and Analysis of a Compact Microstrip-fed Dual-band Coplanar Antenna 217

the case of monopoles the radiation should be duc to the current distribution on the top

patch and its image on the groud plane (ground planc of the microstrip line in this case).

L-field components at the second resonance

According to the discussions in section 6.3.2, a half wave length slot with
sinusoidal field vanation lying in the XY plane of the antenna structure, approximating
the fringing field from the edge of centre strip width to the ground truncation is the
cause of radiation at the second resonance. This indicates that Ex field values should be
absent in the radiating slot at this frequency. Where as Ey and Lz field values can exist.
The Ex, Ey and Ez components at 5.55 Gl1z are shown in Fig. 6.22 (a)-(1). This is the
second resonant frequency of the antenna obtained using FDTI) computation. The field
components at the three layers of the substrate are presented. The field components are

computed by exciting the antenna using sinusoidal excitation function with f=5.5 GHz.
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Fig. 6.22 (a), (d) and (g) shows the Ex component of electric fields present in the
top, middle and bottom layers of the antenna strcture at the second resonance. It is clear
from the figure that Ex component has ~0.2V/meter amplitude in the two slots of the
coplanar geometry at the top layer. But they are out of phase components and cancells at
the far field, resulting no radiation. In the middle and bottom layer Ex component has
only a feable value at the location undemeth the two slots and are out of phase each
other. It is worth noting that during all these cases the Ex value at the location of the slot
approximating the fringing field from centre strip edge to the microstrip line ground
truncatin is zero. This indicates that Ex component is not contributing radiation from

the coplanar antenna in the second resonant band.

The computed Ey components on the top, middle and bottom layer of the
antenna structure at the second resonance is presented in Fig. 6.22 (b),(e) and (h). A half
wave variation of Ey field component is observed at the second resonance. A peak
amplitude of 0.15 V/meter is observed at the top layer. Ey component on the radiating
structure is found to be present only at the slot. This support the concept present n
section 6.3.2 that the radiation at the second resonance is solely due to the radiation

from the fringing field along the width of the centre strip to the ground plane edge.

Ez components in the antenna strcture at the second resonance is depicted
Fig. 6.22 (¢),(f) and (i). Ez component has got only very small value on top, middle and
bottom layers. It is worth noting that Ey component is the only strong field component

present in the strcture on the three layers at the second resonance. Moreover, the electni

s
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field components present in feed lines are mutually opposite duning all the cases and no
radiation is expected from the feed structure. That is the antenna at the second
resonance will produce a vertically polarized electromagnetic radaition due to the Ey
component of the fringing field along the width of the centre stnp edge to the ground
plane edge. Since the field variation in the radiating slot is approximately Ad/2, the

radiation behavior will not be same as that obtained for the first resonance.
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6.4.7 Conclusions
This part of the chapter describes the important points broughtout from the

theoritical investigagation of the dual-band coplanar antenna using FD'TD method.

* The returnloss characteristics in the two bands indicate that the antenna
excites two resonant bands with wide impedance band width.

o 'The proposed dual-band antnenna supports the concept of resonance due to
the offset feeding in coplanar waveguides

e  Microstrip line fed coplanar antenna configuration looks similar to a wide
monopole antenna with shorted parasitic patches. But according to the
FDTD results this apprehension is no longr valid. The computed E-field
values at the fundamental resonance are not same as that usually present in
the monopoles

e The computed E-field at the second resonance on the antenna shows that
Ey component is very strong at the slot approximating fringing field from
width of the centre stnp to the bottom ground plane truncation.

o A half wave length vanation of E-field is observed at the radiating slot in the
second resonance

e The electromgetic field is horizontally polarized(X direction) in the lower
band of the antenna.

¢ The electromagnetic field is vertically polarized(Y direction) in the second

band
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* Since top layer and bottom layer of the antenna strcture are supporting the

same E-field distribution for the radiating field components in both the

bands, a bidirectional radiationpattern is expected from the structure in the

two operating bands.

PML based FDTD approach have given a clear insignt into the problem. The
return loss charactenstics, radiation mechanism and the polanzation of the EM energy
radiated from the structure at the two resoancnes are clearly understood from the FDTD

analysis.

6.5 Parametric analysis

In this section the parametric analysis of the device is discussed in detail. The
structural parameters of the antenna are varied in order to study its effect on the two
resonant frequencies and thus to confirm the two modes of the proposed antenna. The
resonant frequency and impedance band width are the main parameters studied.
Parametric analysis als\o leads to the formulation of simple equations to design the
proposed antenna for any two bands of operation. In order to perform the parametric
analysis the coplanar antenna with structural parameters as 1=9 mm, w=12.5 mm,
c=5mm, g=0.8mm, L=40mm, W=53mm when printed on FR4 substrate of er=4.7, loss
tangent 0.02 and thickness h=1.6 mm is used. Width of the signal strip is 3 mm for 50 Q

characteristic impedance.
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6.5.1 Effect of length ‘I’ on resonant frequencies and bandwidth

Fig. 6.23 shows the effect of length I’ of the coplanar antenna on the retumn loss
characterstics.

Return loss (dB)

2 4 6 8
Frequency (GHz)

Fig. 6.23 Effect of dimension " on the return loss charactenistics of the
microstrip line fed dual-band coplanar antenna

The length 1 is varied from 9 mm to 15 mm. In this case, the resonant frequency in
the lower band changes from 2.33 GIz to 1.77 GHz, where as higher resonance varies
from 5.2 GHz to 5.18 GHz only. Here, all other parameters of the antenna are kept
constant. It can be concluded that the lower resonance decreases as | increases and the
upper resonance remains unchanged. Because as | increases symmetrically for the three
strips, the resonant length for the first band increases four times and thus the resonant

frequency in the first band decreases more rapidly. Since width of the centre strip is kept
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constant during this study the second resonance remains almost unchanged. Second
resonance is solely due to the width ‘w’ of the centre strip.

Influence of I’ on the bandwidth performance is also very important. Return
loss characteristics of the fabricated antenna shows that the two bands are wide. The
influence of length I’ on the -10dB return loss bandwidth at the two resonant bands are

shown in Fig. 6.24.
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Fig. 6.24 Effect of dimension ¥ on the bandwadth at the two resonant bands
of the mucrostrp bne fed dual-band coplanar antenna

It is noted that bandwidth of the antenna’s second resonant band increases
slightly as | increases. When ‘I’ changes from 9 mm to 15 mm the band width in the
lower band remains unchanged, but in the second band it varies from 19% to 23 %. This
is due to the increasc in surface area of the centre strip as | increases. It is a well proved
fact that thick dipole elements yield more band width. The principle holds good for this

case also.
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6.5.2 Effect of centre strip width ‘W’ on resonant frequencies and band width
The centre strip width ‘W’ is 2 common dimension for the two resonances. The

‘U’ shaped current path in the lower band uses ‘W’ to sustain the resonance. In the higher

band width ‘w’ is the sole cause of resonance in the structure. Influence of dimension ‘w’

on the two resonant frequencies are depicted in Fig. 6.25.

10

Return loss (dB)

40 — w=13 mm

-

Frequency (GHz)
Fig. 6.25 Effect of dimension %' on the return loss charactenstics of the
microstrip line fed dual-band coplanar antenna
Figure shows that when ‘W’ increases from 10 mm to 13 mm the lower
resonance changes from 2.41 GHz to 2.32 GHz and the upper resonance changes from
5.5 GHz to 5.32 GHz. 'I'hat is the higher resonance is more rapidly varying than the
lower resonance due to the change in ‘w’. Because as ‘W’ increases, as explained, the
resonant path for lower resonance increascs and thus first resonance decreases. The ‘W

contributes a small part in the total resonant length in the lower resonance, where as ‘W’
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is the sole part of resonance in the higher band and thus influences more at the higher

band.

The vanation of bandwidth in the two bands with the change in ‘W’ is depicted
in Fig. 6.26.

= Band1
Band2

% Band width
&

T T T
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Centre strip width ‘w’ (mm)

Fig. 6.26 Effect of dimension ‘w’ on the bandwidth at the two resonant bands
of the microstrip line fed dual-band coplanar antenna

When ‘W’ changes from 10 mm to 13 mm rcturn loss bandwidth in the first band
increases as shown in the figure, where as the bandwidth in the second band remain
unchanged. Because the increase in ‘w’ increases the surface area for the surface current
on the centre strip at the lower resonant frequency, where as it doesn’t increase the

surface area for the current on the strip corresponding to upper resonance, and thus the

bandwidth remains unchanged in the second band.
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6.5.3 Effect of lateral strip width ‘c’ on resonant frequencies and band width

The effect of the lateral strip wdith ‘c” on the two resonant frequencies are
depicted in Fig. 6.27. In order to facilitate the imbalance in the feed the two lateral

ground strips are varied equally.

Return loss (dB)

2 3 . 5 s
Frequency (GHz)

Fig. 6.27 Effect of antenna length ‘c’ on the return loss characteristics of the
microsmp line fed dual-band coplanar antenna

The lateral strip width affects the first resonance very much, where as the second
resonant frequency remains almost same. When ‘c’ varies from 5 mm to 7 mm the
resonant frequency in the first band has changed from 2.39 GHz to 2.1 GHz. When ‘¢’
increases symmetrically for the two strips, the resonant length for the first band increases
two times, and thus the resonant frequency for the first band decreases. Since resonant

length W’ is not chang;;cd, the resonant frequency in the second band remains almost

Development and Analysis of a Compact Dual-band Coplanar Antenna



Development and Analysis of a Compact Microstrip-fed Dual-band Coplanar Antenna 231

constant. The resonant frequency has only very small change when ‘c’ changes from 5
mm to 7 mm.
Influence of the lateral strip width on the band width performance of the

antenna in the two bands are depicted in Fig. 6.28.
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Fig. 6.28 Effect of dimension ‘c’ on the bandwidth at the two resonant bands of
the mucrostrip line fed dual-band coplanar antenna

The irnpedzince bandwidth in the two resonant bands are slightly affected when
width of the two lateral strips are changed. When the width changes from 5 mm to 7
mm the bandwidth in the lower resonance changes from 9% to 12 %, where as the
bandwidth in the higher resonance degrades slightly. When the lateral strip width 1s
increased the surface current along the length of the lateral strips has got more surface
area, which in turn will increase the band width in the lower band slightly. Since the
surface current at the lateral strips have only negligible value at the higher resonance the

effect is negligible for this casc.
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6.5.4 Effect of gap ‘g’ on resonant frequencies and band width

Gaps ‘g in the structure is the discontinuity forming radiation at the lower
resonance of the structure. The ‘g’ determines the coupling between the centre stmp and
the two lateral strips. In order to achieve strong coupling the gap ‘g’ should be very small
compared to the operating wavelength at the lower resonance. In the same time close
proximity of ‘g’ may affect the resonant property of the higher band. Moreover the

change in ‘g strongly affects the return loss. After exhaustive experimental and
simulation studies ‘g’ is selected as, g =0.0144, , where A4 is the wave length in the

dielectric comresponding to the lower resonance. This value gives good retum loss

response in the two resonant bands.

6.5.5 Effect of conducting pin dimension on resonant frequencies
The conducting pins or vias are head ache in almost all microwave circuits. Its
length and diameter affects the performance of the circuit. The effect of conducting pin

diameter on the two resonant frequencies is depicted in Fig. 6.29.
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Resonant frequency (GHz)

= |Lower resonance
= Higer resonance

0.4 0.6 o8 1.0 1.2 1.4 1.6 1.8 20 22
Diameter of conducting pin (mm)

Fig. 6.29 Effect of conducting pin diameter on the resonant frequencies of the
microstrip line fed dual-band coplanar antenna

Conducting pins has inherently an inductance associated with it. The
inductance incrcases as its length increase. But in this context the length of the
conducting pin is equal to the substrate height, and is very small compared to the
operating wave length at the lower resonant frequency. Length of the conducting pins 18
to be considered while calculating the lower resonance of the antenna. Variation study is
done using HFSS simulation package. When the diameter of the conducting pin is
increased from .5 mm to 2 mm, the resonant frequency is increased by only 20 MHz, at
the lower band. Where as, at the higher band the resonant frequency is almost remains
constant. The increased pin diameter reduces the resonant length, which in turn
increases the resonant frequency in the lower resonance. Since the higher resonance is
duc to the width of the centre strip the conducting pin dimension has not affected the

resonance.
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Effect of ground plane parameters on the antenna performance is an important
study as far as a complete communication system is concerned. In practice dimension of
the ground plane is tailored according to the stringent specifications of communication
systems. Following sections describe the effect of ground plane dimensions on the

antenna characteristics.

6.5.6 Effect of ground plane length ‘L’ on the resonant frequencies and band
width

The effect of ground plane length 1.’ on the resonant frequencies of the antenna
are depicted in Fig. 6.30. It is observed that the ground plane dimension 1s not affecting
the two resonant frequencies significantly. The lower resonance has increased by 50

M1z when the ground plane length is reduced from 40 mm to 10 mm.

4 —— Lower resonance
= Higher resonance

Resonant frequency (GHz)
w

M -
2.5
20 T T g T T T T
5 10 15 20 25 30 35 40 45

Ground plane length ‘L' (mm)

Fig. 6.30 Influence of ground plane length ‘1.’ on the dual band coplanar
antenna resonant frequencies

Nenalamment and Analusis of 1 Commnart Dual-hand Conlanar Antenna



Development and Analysis of a Compact Microstrip-fed Dual-band Coplanar Antenna 235

The return loss value is found to be very poor at the higher resonance when
length of the ground plane is 10 mm. But the resonant frequency 1s remains same. The
influence of L’ on the band width performance of the antenna in the two bands are
depicted 1n Fig. 6.31.

It clear from the figure that the ground plane length ‘I significantly
affects the bandwidth performance of the antenna in the two bands. When ‘L’ varies
from 10 mm to 40 mm, the band width of the antenna in the lower band cl .ages from
10 % to 14 %, where as in the higher band it changes from 16 % to 22 %. It 1s also
noted that the bandwidth in the lower band remains constant above 1.=30 mm. It can be
concluded that the ground plane is not affecting the resonant frequencics of the antenna
significantly, but the impedance bandwidth characteristics in the two bands are affected.
The worst case bandwidth (when L=10 mm) is 10% in the lower band and 16 % in the

higher band.

10 - \/:.:m:m

= Higher resonance

5 10 15 20 26 30 as u 45
Ground plane length ‘L' (mm)

Fig. 6.31 Influence of ground plane length 1.’ on the band width charactensncs of the dual band antenna
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6.5.7 Effect of ground plane length ‘W’ on the two resonant frequencies and

band width

The influence of ground plane width ‘W’ on the two resonant frequencies of the

antenna is depicted in Fig. 6.32. Width of the ground plane cannot be reduced below the

total width of the coplanar radiating structure.

55

5.0 A
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Resonant frequency (GHz)

2.6

2.0 T T T T T T T T
3% 38 0 42 44 46 48 50 52 54
Ground plane width ‘W' (mm)

Fig. 6.32 Influence of ground plane width ‘W on the dual band antenna resonant
frequencies

Since the lateral ground strips are connected to the ground truncation at the
extreme comers, the left and right portions of the ground plane width extending from
the conducting pins are symmetrically reduced to study the effect of ground plane width
‘W’ on the resonant frequencies. The dimension ‘W’ is not affecting the two resonant

frequencies.
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The band width performance of the antenna in the two resonant bands with the

various ground plane width is depicted in Fig. 6.33.
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Fig. 6.33 Influence of ground plane width ‘W on the band width performance
of the dual band antenna

When W varies from 37 mm to 53 mm the band width in the lower resonance
varies from 11 to 14 %, where as in the higher resonance the band width has a small
shift from 20 % to 22 %. Since the resonant frequencies of the antenna is not affected
by the ground plane dimensions the device is suitable for integration in compact wireless
modules where the size of the ground plane will be very small. It should be noted that
the antenna with small ground plane dimensions reduces the band width performance of

the antenna.
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6.5.8 Effect of dielectric constant g, on resonant frequencies

Chapter 6

The diclectric constant of the substrate material has influence on the resonant

frequencies. When the antenna including the feed structure is fabricated on a dielectric

substrate, the change in dielectric constant will affect the characteristic impedance of the

feed line, which in turn will reduce the return loss. Due to the scarcity of different

laminates, simulation results are presented to describe the effect of substrate diclectric

constant on the two resonances. Iig. 6.34 depicts the effect of dielectric constant on the

resonant frequencies of the antenna.
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Fig. 6.34 Influence of substrate dielectric constant on the two resonant

frequencies of the antenna

When er varies from 4.7 to 6 the lower resonant frequency reduces by 90 MHz,

where as the higher resonance reduces by 200 MHz. In the case of lower resonance the

electric field components are not confined with in the substrate. The average dielectric
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constant of air and substrate material has to be considered while calculating the resonant
frequency in the lower band. Since the gap ‘g’ is very small, the small variation in the
substrate dielectnc constant will not affect the lower resonance very much. At the
second resonance the fringing field from width of the centre stnp to the ground
truncation has more influence (because of large gap) with the substrate matenal. This in

turn will change the second resonance.

The parametric analysis presented above has brought out certain
important points. The important points arrived from the parametric analysis are given

below.

e The lower resonant frequency is influenced by length and width of the centre
strip and the two lateral ground strips.

e  The higher resonance is solely due to the width of the centre strip

¢ The conducting pin length should be accounted while calculating the resonant
frequency in the lower band

e The rectangular geometry effectively increases the surface area for the
meandered surface current on the there strips, and there by exhibiting wide band
width in the lower band

e Length of the centre strip increases the band width in the higher band

e The ground plane dimensions of the antenna has no significant effect on the
antenna resonant frequency. But the impedance band width in the two bands are

greatly affected by the length and width of the ground plane.
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e FEffective diclectric constant value is to be used for calculating the lower and

higher resonant frequencies of the antenna

6.6 Far field radiation and polarization
The far field radiation measured using a standard horn antenna is depicted in Fig.

6.35.

.20 2.34 GHz
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Fig. 6.35 Far field radiation of dual-band coplanar antenna received by a
standard hom antenna

When the two slots of the coplanar antenna are perpendicular to the E-plane
(Horizontal polarization) of the horn antenna, the horn antcnna receives maximum
power. Thus horizontally polarized EM energy is received. ~-18 dB polarization
discrimination is achieved at the lower resonant frequency. In the higher band, the

antenna produces a vertically polarized EM energy. In this case the slot separating the
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centre strip to the ground truncation is parallel to the H-plane of the horn antenna.

Polarization discrimination for this case is only -10dB.

6.7 Principal plane radiation patterns
The principal plane radiation pattern of the typical antenna at 2.19, 2.34 and 2.52

GI1z are shown in Fig.6.36.

Fig. 6.36 (b) E and H plane radiation pattern of the dual-band coplanari:htenna at 2.34 GH=z
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Fig. 6.36 (c) E and H plane radiation pattem of the dual-band coplanar antenna at 2.52 GHz

As expected the radiation pattern in the E plane has figure of eight shape, where as the
H planc radiaton patterns are nearly non directive. The antenna has almost identical
radiation pattern through out the 2:1 VSWR band width in the first band. l.arge cross
polarization levels are observed in the radiation pattems. The weak coupling of the width
of centre strip and the two lateral strip sides to the ground plane increases the cross
polarization level in the lower band. The non directive behavior of radiation pattern

suggests its use in mobile wircless gadgets.
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Fig. 6.37 (a), (b) and (c) shows the E and H plane radiation patterns of the
antenna at 4.84, 5.26 and 6.07 GHz respectively.

¥
Fig. 6.37 (b) E and H plane radiation partern of the dual-band coplanar antenna at 5.26 GHz
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Fig. 6.37 (¢} E and H plane radiation pattermn of the dual-band coplanar antenna at 6.07 GHz

The radiation patterns in the higher band are found to have good radiation
coverage in both the principal planes. The radiation patterns are nearly identical through
out the 2:1 VSWR bandwidth. Measured radiation patterns shows large cross
polarization values in the higher band. This may be due to the fringing field components
present in the two slots separating the centre strip from the two lateral strips at the

higher resonant frequency.
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6.8 Gain and radiation efficiency in the two bands

Gain of the coplanar antenna in the lower resonant band is shown in Fig. 6.38.

Gain (dBi)
w

215 2.20 225 2.30 2.3 2.40 245 250 255
Frequency (GHz)

Fig. 6.38 Measured gain of the coplanar antenna in the lower band

The antenna exhibit almost constant gain through out the band. Maximum
observed gain is 3.7 dB1 at 2.5 GHz. Gain of the antenna on different ground plancs
are also measured. It is found that there is no significant degradation in gain even when
the ground plane length is reduced to 20 mm. The measured gain of the antenna in the
second band is shown in Fig. 6.39. Gain of the antcnna is not constant though out the
impedance band. It can be seen that the antenna gain is increasing at the higher end of
the impedance band. The gain in the higher band varies from 3 dBi to 4 dBi. From the
FDTD simulation 1t 1s found that the amplitude of fringing field is almost constant at

higher band. So the gain increases with frequency.
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Fig. 6.39 Mcasured gain of the coplanar antenna in the second band

The estumated radiation efficiencies using IE3D simulation package is 85% in
the lower band and 73% in the higher band when the antenna is fabricated on FR4
substrate. Note that the loss tangent of the FR4 substrate is 0.02, which reduces the
radiation efficiency. The estimated efficiency is found to be increasing when the antenna
is designed on RT duroid substrate. In this case the efficiency is 89% and 79 %

respectively in the lower and higher bands of the antenna.

6.9 Design procedure
The experimental as well as theoretical investigations gave insight to radiation
mechanism and effect of various antenna parameters on the radiation characteristics.

Inferences of these investigations leads to the formation of design equations for the
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microstrip fed dual-band coplanar antenna. The following equations can be used to
design the antenna with good radiation characteristics.

1. Select any substrate with relative dielectric constant €r and thickness h, and

calculate the width (w1) of the microstrip transmission lne for 50 Q

charactenistic impedance.

2. Calculate width of the centre strip () using the following equation.

w=—S° (1)

2f,JE,.

where c is the velocity of light and £2 is the second resonant frequency.

Since the field components are not confined to the substrate alone the effective
dielectric constant (€) has to be used in calculations instead of relative

permuttivity of the substrate.

£, =— )]

3. 'The length / of the three rectangular strips is then calculated as
0.15¢

e

Where f1 is the first resonant frequency

l 3)

4. Width of the lateral conductors (O is calculated using the equation given below.
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C

c _(4l+2h+w) @

24 e, 2

Where h is the thickness of the dielectric substrate.
Gap separating centre strip from the lateral strips is then calculated

g= 0.014¢
five,.

Where c is the velocity of electromagnetic signal in free space

)

The constants 0.15 and 0.014 in equations (3) and (5) respecuvely are obtained

after exhaustive experimental and simulation studies.

Ground plane dimensions are calculated using the following equations.

0.12¢
L= (6)
fide.
o 098 -

 fide.

The constants 0.12 and 0.98 are derived empirically after studying the effect of

ground plane on the two resonant frequencies.

. The two extreme comners of the lateral conductors are connected to ground

plane of the microstrip line using vias or conducting pins.
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In order to confirm the validity of above equations various antennas were
designed using the above equations. The return loss characteristics of an antenna
designed on RT duroid (er=22 and h=1.5 mm) substrate for 2.4/5GITz WLAN
operation using the above equations are shown in Fig. 6.40. A photograph of the
fabricated antenna is shown in Fig. 6.41. The antenna 1s resonatng at 2.54 GHz and 5.59

GHz with 13% and 19% return loss bandwidth in lower and higher bands respectively.

Return Loss (dB)

5,58 GHz

1 2 5 4 5 6 7
Frequency (GHz)

Fig. 6.40 Return loss charactenistics of the antenna printed on RT duroid
substrate for 2.4/5GHz WLAN applications
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Fig. 641 Photograph of the antenna
designed on RT duroid substrate for 2.4/5
GHz WILAN applications.

The antenna offers two wide resonant bands around 2.54 GHz and 5.59 GHz.
Another antenna on FFR4 substrate with 1=23 mm, w=40mm, c=11mm, g=1 mm w1=3
mm on a ground plane of 1.= 30mm, W=70 mm gives two resonances at 0.89 GHz and
1.91 GHz with 10% band width in the lower band and 14% band width in the higher

band. Accuracy of the above design equations are with in 3%.

‘The measured and FD'TD results of the antennas designed using the above

design equations on different substrates are summarized below in Table 6.1.
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TABLE 6.1

CHARACTERISTICS OF ANTENNAS DESIGNED ON DIFFERENT SUBSTRATES
Radiation Efficiency
Antenna Dimensions FDTD Eperiment {E3D) Average
SLNo, ’ Gain (dB)
(mm) )
Bandl Band2 Band! Band2 Band! BandZ | Bandt Band2

1 1=12 om, w={7mm, 249GHe 544 GHe 254 GHe 559 GHe 89 79 36 41

¢=bmm, g=-15 mm | BW=14% BWal7% | BW=13% BW=19%

wi-35 mm on 2

ground phne of L-

4Cmm, W=50 snm

RT Duroid substrate
2 {=23 mm, we40mm, C.86 GHz 1.86 GHz 0.8% Gl 191 GHx 81 74 31 35

c={{mm g~1 mm BW=11% BWa~12% BW= 10% BWa=14%

wl=3 mm on 2 ground

plne of L= 30mm,

Wa?0 mm

FR4 substrate

The measured gain of the antenna is slightly increased when the antenna is fabricated on
RT Duroid substrate. The low dielectric loss property of RT duroid substrate increases
the radiation efficiency slightly, which in turn increases the gain of the antenna.

6.10 Comparison with rectangular microstrip antenna (RMSA)

The printed antenna technology has gained populanity after the introduction of
microstrip antennas. Owing to its conformal nature design and analysis of microstrp
antennas have been addressed in literature very much. In this section the coplanar
antenna is compared with a rectangular microstrip antenna in order to highlight its

feasibility as efficient microwave antenna.
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STANDARD Coplanar Antenna
RECTANTULAR
MICROSTRIP ANTENNA
(RMSA)
Half wave length resonant | Extremely compact. Nearly 2/5 x

structures. Large size, nearly
1d/2 size long and width larger
than Ad/2 to obtain maximum
efficiency

A 14 size.

Simple and low fabrication cost

Easy to fabncate and low

fabnication cost

Easy integration with microwave

Coplanar antennas can be easily

circuits integrated ~ with  microwave
circuits.

Narrow bandwidth Broadband

7.2 dBi gain 37 dBi gain

Substrate losses are high

Substrate losses are mimmum
due to the weak interaction of
field components with substrate
material

Uni-polar radiation pattern

Bi-polar radiation pattern

Vias are essential for active
antenna applications

The DC ground potential 1s
available on the top layer on the
lateral ground stnps, avoids the
need of vias in many active
antenna applications
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6.11 Conclusions

A novel planar antenna is designed using the concept of resonance and radiation
in offset fed coplanar waveguides. The FDTD analysis has made an insight into the
radiation phenomena of the coplanar antenna. Coplanar antenna element exhibit similar
properties observed in the case of coplanar waveguides with offset feed discussed in
Chapter 5. The radiating system is extremely compact. The radiation mechanism and
resonance of the coplanar waveguide is exhaustively explained in the thesis using the
FDTD and experimental observations. Parametric analysis is also done to optimize the
antenna. Measured radiation patterns of the antenna are broad and demand its
application in compact wireless modules. Ground plane dimensions of the antenna are
not significantly affecting the resonant frequency in the two bands. But bandwidth in the
two bands is strongly affected by the ground plane dimensions. Measured peak gain of
the coplanar antenna is ~4 dBi in the two bands. The design relations are also developed

to synthesize the coplanar antenna dimensions for any two bands.
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Conclusion

This chapter explains the conclusions brought out from the numerical and
experimental investigations explained in the previous two chapters. A novel planar,
compact, cfficient antenna with good radiation characteristics is thus derived out of a
coplanar transmission line structurc by properly exciting it using an asymmetrical

teed system.
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7.1 Thesis Highlights

This chapter brings the thesis to a close by summarizing the results obtained out
of the numerical as well as experimental investigations conducted on the resonance and
radiation characteristics of coplanar waveguide with conventional feed and offset feed
and the coplanar antenna. Aim of this work was to develop a compact dual-band
antenna suitable for compact wireless connectivity terminals such as mobile phones,

wireless LAN etc.

An introduction to the overview of antenna research, state of the art antenna
technologies, introduction of coplanar waveguides have been discussed in chapter 1. The
literature review presented in chapter 2 clearly convinces the importance of the work in
this direction and the novelty of work presented. It could be seen from the literature
review that resonance phenomena on coplanar waveguides with offset feed scheme is
not yet addressed anywhere. The literature review clearly indicate that the radiating mode

excited with corner feed system is a novel concept for antenna applications.

The materials and methodology employed for experimental investigations have
been explained in chapter3. In chapter 4 the PML based FDTD technique has been
discussed. Importance of PML based FDTD computation in the present work and the

source model for fast FDTD convergence was also presented.

Investigations on resonant charactenistics of conventional coplanar waveguides,
offset fed coplanar waveguides were presented in chapter 5 with FDTD as well as

experimental results. Chapter 6 is devoted for the novel coplanar antenna developed
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based on the conclusions of chapter 5. The FD'TD and experimental results were also
presented. A design procedure is also presented after the rigorous parametric analysis to

design the antenna for any two bands.

7.2 Inferences from investigations on Coplanar Waveguides

A conventional open circuit coplanar waveguide 1s exhibiting resonance
phenomena at higher microwave bands. Fig. 5.2 in chapter 5 indicates the measured as
well as computed return loss characteristics with poor return loss at 6.5 GHz. The

conclusions arrived based on the expenmental as well computed results are as follows.

o When the frequency of operation is sufficiently high, open circuited CPWs
excites a resonant mode.
¢ The resonant frequency 1s more mfluenced by the structural parameters such as
1, w, ¢, and the dielectric constant of substrate.
» Retumn loss charactenstics of the system is observed to be very poor through out
the parametric analysis
e The efficiency of the system is very low (nearly 20%)
e Maximum gain is -2.1 dBi when the centre strip width is wide.
¢ Radiation pattern is highly distorted
The far field radiation presented in Fig. 5.3 in chapter 5 indicates that the
radiation intensity is very poor. The parametric analysis clearly gives an insight into the
influence of structural parameters on resonance. The antenna offers, extremely low gain

and distorted radiation pattern along with large size.
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The key idea behind the ‘coplanar antenna’ presented in the thesis is the
excitation of a resonance in conventional coplanar waveguide with offset feed scheme.
The offset feed mechanism have resulted a resonance on conventional coplanar
waveguides with excellent radiation charactenstics, FD'TD analysis, experimental results,
parametric analysis and simulation have resulted many important pomts, which will be

very useful for both antenna and electromagnetic compatibility (EMC) researchers.

When a conventional open circuit coplanar waveguide is excited with an offset
feed, a new resonance is found on the structure at lower microwave bands. This 1s a very
interesting phenomenon for antenna researchers, because the dimension of the new
resonant system has a very small size (/5 x 1/14, where X is the free space wavelength

of the fundamental resonance). The conclusions of the chapter are summanzed below.

e An open circuit CPW with conventional feeding excite spurious resonance at
higher microwave bands.

¢ The mode thus excited at higher bands are not radiating EM energy efficiently.
The radiation pattern, gain and efficiency are not enough to consider it as
etficient compact radiator.

e A coplanar waveguide structure is able to excite a resonant mode at a lower
frequency band when the feed point is away from the center of the signal strip,

along the width (usually at the comer).
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The new resonance is influenced mainly by the length |, signal strip wadth ‘w’,
and substrate parameters.
The resonance is due to the ‘U’ shaped resonant path excited on the centre strip
and the coupling between centre strip and the two lateral strips.
FDTD analysis shows that the comer feeding excites in phase field distribution.
FDTD analysis and measured far field radiation shows that the tangential
component of the fringing fields radiates and produce a honzontaly polanzed
EM radiation.
The width ‘W should be shghtly wide to obtain broad side radiation.
The measured gain of the device is ~1.8 dB1
Length T of the waveguide should be less than Ad/4, to obtain a distortion less
radiation pattern, where Ad is the wave length n the dielectnic corresponding to
the desired resonance. This reduces the phase vanation of the electric fields in

the slots.
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7.3 Inferences from investigations on ‘Coplanar antenna’

The conclusions presented in the above section was used to implement the
‘coplanar antenna’ configuration. A microstrip line was employed to excite the system.
The conclusions of FDTD analysis, simulation results, measured characteristics of the

antenna and the parametric analysis are summanzed below.

o The optimum ratio between width of the lateral strip to the signal strip of
coplanar geometry is 1:2.5 for obtaining good 2:1 VSWR band width and nearly
ommidirectional coverage.

¢ The antenna is operating in the dual mode.

e The lower resonant frequency of the antenna is due to the ‘U’ shaped resonant
path on the centre strip and ‘L and reflected ‘L’ shaped resonant paths on night
and left lateral strips respectively.

» The ‘U shaped current path on the center strip is half wave length in dielectric.

¢ L’ and reflected ‘L’ current paths are quarter wavelength in the dielectric.

*  Gap ‘g’ should be small compared to the wavelength corresponding to the lower
resonance to obtain good electromagnetic coupling between the center strip and
lateral strips.

e The upper resonant frequency 1s obtained due to the width of the centre stnp,
corresponding to a half wave length varation in substrate.

e Radation of the antenna in the lower resonant band 1s due to the fields along the

length at the two gaps separating center strips from the two lateral strips.
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o The antenna at the lower resonant frequencies can be descnbed as an array of
two identical in phase sources separated by a distance.

e In order to maintain a nearly constant phase of the electric field at the two gaps,
the dimension should be less than quarter wave length.

e The wide radiation coverage observed from the radiation pattern at the two
resonant bands suggests it use in mobile gadget applications.

o The antenna fabricated on RT duroid substrate exhibits 89% efficiency.

e The equations presented in the thesis can be used to design the ‘coplanar

antenna’ with ~2% accuracy.

7.4 Demerits of the present design

An important dement that has been encountered is the requirement of a ground
plane on the bottom layer of the substrate to excite the two possible modes on the
structure. That is a completely uni-planar integration is not possible. All the ments
furnished in the previous sections are being over ruled by this disadvantage. Moreover,
gap ‘g’ in the design is very small compared to the operating wavelength. A small
conducting dust on the gaps can perturb the fundamental mode of the antenna very
much. A short in the gap will not support these resonant modes. An insulator material

coating is highly required to protect it from any accidental shorting problems at the slots.
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7.5 Suggestions for future work

The radiation phenomena of offset fed coplanar waveguide has resulted a new
radiating geometry for compact antenna applications. But from the microwave circuit
point of view this resonance/radiation will be a problem for circuit designers. For
example, a coplanar waveguide based open circuited stub at the out put impedance
matching circuit of a microwave amplifier may excite spurious resonance/ radiation if the
connection to the input of the coplanar waveguide stub has got an offset on the centre
strip due to fabrication errors. This may produce unwanted radiation problems at the
resonant frequency of the open circuited stub. This will also arise feed back problems,
resonance in the system package etc. This aspect of the offset feed on coplanar
waveguides is not yet been addressed. A case study and analysis of its consequences by a
complete circuit modeling with offset fed coplanar waveguide stubs will be a good

research topic.

A complete uni-planar coplanar antenna using coplanar waveguide feed may be
explored to overcome the major demerit of the present design. Reconfigurable antennas
are the other area where ‘coplanar antenna’ is found to be a good candidate. The
varactor diodes integrated on the resonant path of the antenna element can tune its
resonant frequency electronically. These reconfigurable design concept will be useful
realizing ultra compact reactively steered antennas using parasitic array concepts for
automotive applications. Active antenna concept can be implemented in ‘coplanar

antennas’. Transistors, diodes, MOSFETs etc. can be integrated on the antenna element
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for amplification, self oscillating systems etc. It is worth noting that the ground potential
is available at the top layer of the antenna at the two lateral ground strips, avoids the use

of vias for active device integration.
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m

Compact planar Multi-band Antenna for GPS, DCS, 2.4/5.8 GHz
WLAN applications

A compact single fced multi-band planar antenna configuration suitable for GPS, DCS,
2.4/5.8GHz WILAN applications is developed. The antenna of dimensions 38mm x
3mm x 1.6mm offers good radiation and reflection characteristics in the above frequency
bands. The antenna has a simple gcometry and can be casily fed using a 5002 coaxial
probe. The wide 2:1 VSWR bandwidths at the three resonant bands along with moderate
gain and radiation characteristics make the proposed antenna an ideal choice for multi-

band wireless communication gadgets.
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A.1 Introduction

The rapid progress in personal and computer communication technologies
demand integration of more than one communication systems into a single compact
module. To comply with the above requirement compact high performance multi-band
planar antennas with good radiation characteristics are needed. A planar single feed dual
L antenna of dimensions 30.5mm x 21.5mm x 13mm operating in GPS and PCS bands
is proposed in [1]. The dual band antenna for the ISM band (2.4/5.8GHy) using a
backed microstrip line proposed in |2} has an overall dimension of 30 x 20 mm? on FR4
substrate and offers a maximum gain of 4dB1. Dual frequency antenna configuration
proposed in [3] uscs triple stacked mucrostrip patch antennas with a slot in the omuddle

patch, to achicve triple band operation.

This work presents a compact single feed planar antenna with three wide 2:1
VSWR operating bands around 1.8GHz, 2.4Gliz and 5.8GlIz respectively, covering
four uscful frequency bands namely GPS (1575.4Mllz), DCS (1800MHz), 2.4GlHz

(2400-2485M1 1) and 5.8GHz (5725-5825MHz) WI,AN.

A.2 Antenna design

Geometry of the proposed antenna is shown in Fig. A.1. Tt is ctched on FR4
substratc of relative permuttivity, e, = 4.7 and thickness h = 1.6mm. The antenna has two
arms of lengths I; = 38mm, 1, = 33mm and widths w1 = w2 = Imm placed symmetrically
on either side of a muddle clement of length 15 = 17mm and width w3 = 1mm. The feed

point of the antenna 1s optimized to be at the muddle of cdge AB.
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Good impedance matching is achieved by embedding a reflector of dimensions
I. = 40mm and W = 25mm on the bottom side of the substrate at an offset d = 0.5mm
from the edge AB as shown in the figure.

(a)

B

feed point backed reflector

+, (BT

Fig. A.1 Geometry of the proposed antenna (a) Top view  (b) Side view
L=40 mm, |;=38mm, 1=33mm, |;=17mm, W=25 mm, w;= w2=w3=1mm, h=1.6
mm, d=0.5mm
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From the experimental and simulation results, it is understood that the lower
resonance can be tuned by varying the length L of arm 1. Resonance in the 2.4GHz band
is influenced by the length | + L - 2 ;. When length s of the middle element is increased,
the second resonance shifts upwards whereas, it gets lowered when the length L is
increased. Dimensions of the reflector affect both the resonance frequency and
impedance matching in the 58GHz band. Another antenna with
1;=79.4mm,; =77 .48mm and 1;=60.54mm, exhibits resonance at 940MHz,1.85GHz and
5.2GHz respectively suitable for GSM/DCS/5.2GHz WLAN applications.

A.3 Results and Discussion

The measured retum loss characteristic of the proposed antenna is shown in Fig.

10

24GHz WLAN

Return Joss (dB)

1752GHz 2445GHz
.29d8 -37dB

1 2 3 . B ‘
Frequency (GHz)
Fig. A.2. Retumn Joss characternistics of the antenna

Three resonant bands are observed at frequencies 1.75 GHz, 2.45GHz and
576GHz with 2:1 VSWR bandwidths of 23%, 5% and 4.5% respectively. The lower
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resonant band with 406MHz (1466-1872) bandwidth is wide enough to cover the
GPS/DCS bands. The higher resonant bands with 124MHz (2372-2496) and 260MHz
(5630-5890) bandwidths cover the 2.4GHz and 5.8GHz WLAN bands respectively.

The normalized E-plane and H-plane radiation patterns measured at the centre
frequencies of the respective bands are shown in Fig. A.3. The pattems are observed to
be nearly omni directional in the H-plane, with a cross polar level better than -15dB in
the bore-sight direction. The antenna exhibits similar radiation characteristics in all the
desired bands.

The measured antenna gain against frequency is presented mn Fig. A4. The
antenna offers a peak gain of 7.38dB! in the GPS band. The maximum gain observed in
the DCS, 2.4GHz WLAN, 5.8GHz WLAN bands are 3.73dBi, 4.22dBi and 4.65dBi

respectively.

The radiation performance of the antenna in all the above bands is summarized
in Table. It is observed that all bands except the 5.8GHz band are linearly polarized
along Y direction. The 5.8GHz band is orthogonal to the other bands.
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Fig. A.3. Radiation Patterns at the centre frequency of the desired bands

3.2 GPSband 3b. DCSband 3.c. 24GHz WLAN band 3.d. 5.8GHz WLAN
band
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O il
Compact Amplifier Integrated Microstrip Antenna

A compact microstnip antenna integrated with an amplifier having an area reduction
of 70%, compared to the standard circular microstrip patch antenna, is presented in
this section. The antenna also provides an enhanced gain of 10 dB more than its
passive counter part. The measured 2:1 VSWR band width is 4% at 790 M}z, which

is 2.5 times larger than that of the passive microstrip antenna.
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B.1Introduction

There is a growing tendency for portable equipment to be made smaller and
smaller as the demand for personal communication rapidly increases, and the
development of very compact handheld units has become urgent. Various compact
microstrip antenna designs have been reported in the literature to overcome the size
problem of the conventional microstrip patch antenna, such as embedding slots in
microstrip patch and shorting pins placed between radiating element and the ground

plane [1, 2].

For most compact antennas, the gain and radiation efficiency 1s much lower than
the conventional microstrip antenna. In this work, area reduction is achieved by the
patch geometry [3], which is obtained by modifying standard rectangular and circular

microstrip patches, and gain 1s enhanced by integratuing an amplifier to it.

The active integrated antenna has become a growing area of research in recent
years, as microwave-integrated circuits and monolithic microwave-integrated circuit
(MMIQ) technology have become more mature, thus allowing for high-level integration.
Active integrated antennas also have strong potential for commercial applications in
wireless communications and radar. An amplifier-type active integrated antenna
Integrates a two-port active device to a passive antenna element at its input or output

port.
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The implementation of an amplifier in a passive antenna structure increases the
antenna gain and bandwidth, and improves the noise performance. Such an active slotted
equilateral-triangular microstrip antenna with an amplifier circuit has already been
tlustrated in [4]). In this work, a compact microstrip receiving antenna with enhanced
gain and wide-impedance bandwidth is presented.
B.2 Active Antenna Design

Fig. B.1 shows the top view of the proposed amplifier-integrated microstrip

antenna.

[STLLH 7 -
sided parch

1

Party | ' |
ary

50 ohm sutput Hgh im P:dl“—c Lie T ansister
Fig. B.1. Active antenna configuration

The antenna geometry is based on a rectangular geometry with its resonating
edges replaced by two circular arcs of radii 71 = 722=6 cm on two sides. The antenna and
the amplifier circuit are etched on a substrate of thickness #=0.148 cm and relauve

permittivity 3.95, as shown in figure.
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A high impedance microstrip line is used as load impedance at the collector of
the transistor. R1 and R2 are potential divider bias resistors and RE is the emitter
resistor. C1 and C2 are input and output coupling capacitors and CE provides emitter

bypass capacitance.

B.3 Results and discussion

The active recetving microstrip antenna is fabncated and the impedance
bandwidth, relative gain, and radiation pattems are measured using an HP 8510C vector
network analyzer. Fig. B.3 shows the retumn-loss curve of the active receiving antenna.
Relative gain of the active antenna compared to the passive element is also plotted in the
figure. It is observed that the proposed antenna has an impedance bandwidth of 4% and
a gamn enhancement of 10 dB, compared to that of the passive counter part. £ and H
plane radiation patterns of the antenna at 790 MHz are shown in Fig. B.4. The patterns
are broad as in the case of standard rectangular microstrip patch and cross-polarization

levels are better than 20 dB.

The overall size of the antenna including the amplifier circuit is 36 cm2, whereas
the size of a circular microstrip antenna operating at this frequency is 121 cm2. Thus, the

size of the new antenna is only 30% of the circular microstrip antenna.
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Fig. B.3. Return loss and gain curves of the passive and active antenna

Fig. B.4. Radiation patterns of the active antenna at 790 MHz
(a) Eplane; (b) H plane
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