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Synopsis

INVESTIGATIONS ON THE RADIATION

CHARACTERISTICS OF CPW-FED

PLANAR ANTENNA WITH

SUPERSTRATES

Coplanar Waveguide(CPW) transmission line consists of a conductor strip

at the middle and two ground planes located on either side of the center con-

ductor. The center conductor and the two ground planes lie in the same plane.

It combines some of the advantages of microstrip and slot lines. The radiation

loss and dispersion of cpw transmission line is less compared to a microstrip

line. These transmission lines can be used to feed planar antennas. Planar

antennas can be very small so that they are ideal for wireless applications.

Radiation characteristics of planar antennas can be modified by the proper

selection of superstrates.

Chapter 1 An overview of planar antennas and different methods used for

varying antenna parameters are described in this chapter. Superstrate effect

on antenna parameters are also discussed. The motivation behind present

work is mentioned. Chapter concludes with the description of organization of

the thesis.

Chapter 2 Earlier works related to cpw-fed antennas and effects of super-

strates on the performance of the antenna characteristics are presented in this

chapter.

Chapter 3 A brief account of simulation software used, antenna fabrication

process and experimental set up for antenna parameters measurement are

described in this chapter.



Chapter 4 Design and analysis of a CPW-fed planar antenna for dual-

band operation is described in this chapter. The evolution of the antenna, the

effect of varying different parameters on the performance of the antenna and

the radiation pattern of the antenna are also discussed.

Chapter 5 For enhancing the radiation characteristics of antennas a super-

strate printed with periodic pattern is used. Unit cell analysis of the pattern

is performed and the values of relative permeability and relative permittivity

are extracted. The effects of superstrate on the performance characteristics of

antennas are investigated.

Chapter 6 A brief summary of main topics described in the previous chap-

ters is presented here. Whether any promising paths are present for further

improving the techniques presented in the thesis is also considered here.
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1.1 Introduction

Communication is undoubtedly the need of the hour. Everyone whom we

come across in our daily life will be making use of one or the other of the

available communication techniques. People living under the same roof find it

easier to communicate with each other using modern gadgets than face to face

conversation. All these wireless devices makes use of electromagnetic waves.

Communication is made a reality in all these wireless devices by the transmis-

sion of electromagnetic waves. Antennas play a pivotal role in transmission of

electromagnetic waves between these devices.
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In this chapter major inventions and discoveries that had a great impact

in the communication field is discussed first. It is followed by an introduc-

tion to planar antennas. One of the areas in which active research is going

on is about artificially engineered materials. An introduction to artificially

engineered materials is given. These materials can be used as a superstrate

for antennas. The radiation characteristics of an antenna is greatly influenced

by the presence of a superstrate. A brief discussion of various methods used

in the design of superstrates is provided. The chapter concludes with the

motivation of the work and a brief description of thesis organization.

1.2 Historical timeline in communication

Chronology given below highlights those inventions and discoveries that im-

pacted the development of communications in a significant way.

Circa BC 2800 Greeks report attractive force of magnetite

Circa BC 600 Thales of Miletus describes how rubbing of amber develops

a force which could lift certain light objects

AD 1745 German Ewald Georg von Kleist and Dutch scientist Pieter van

Musschenbroek independently develop Leyden jar which could store electric

charge

1752 By his famous kite experiment Benjamin Franklin proves that light-

ning is a form of electricity

1785 Charles Augustin de Coulomb formulates mathematical expression for

force between two charges

1831 Michael Faraday demonstrates that a changing magnetic field induces

an electric field

1873 James Clerk Maxwell introduces his famous equations

1887 Heinrich Hertz proves the existence of electromagnetic waves predicted

by James Clerk Maxwell

1888 Nikola Tesla invents the alternating current

1895 Wilhelm Conrad Rontgen discovers X-Rays

1901 Guglielmo Marconi demonstrates wireless transmission across Atlantic

Ocean
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1906 Reginald Aubrey Fessenden invents amplitude modulation for ra-

dio transmission and performs first two-way radio telegraphic communication

across the Atlantic Ocean

1919 Edwin Armstrong develops the superheterodyne radio receiver

1926 John Logie Baird demonstrates television working by transmitting

TV images over telephone wires

1926 Shintaro Uda and Hidetsugu Yagi invents Yagi-Uda antenna

1933 Edwin Armstrong invents frequency modulation (FM) radio

1935 Robert Watson Watt invents radar

1947 American physicists John Bardeen, Walter Brattain and William

Shockley at Bell Labs invents junction transistor

1957 Sputnik 1, the first artificial earth satellite is launched into an ellipti-

cal earth orbit by Soviet Union

1969 The Advanced Research Projects Agency Network (ARPANET), which

was later evolved into INTERNET is launched by United States Department

of Defence

1976 Steve Noznaik and Steve Jobs designs and markets APPLE-1, per-

sonal computer

1989 Tim Berners-Lee and Robert Caillian invents the World Wide Web

1991 Global System for Mobile Communications (GSM), a standard de-

veloped by European Telecommunications Standards Institute for 2G digital

cellular networks is launched

1995 Interim Standard 95 (IS-95), first ever CDMA based 2G mobile telecom-

munications standard is launched

2001 Universal Mobile Telecommunications System (UMTS), a third gen-

eration mobile cellular system for networks based on the GSM standard is

launched

2009 Long-Term-Evolution (LTE), a standard for wireless broadband com-

munication for mobile devices and terminals based on GSM/EDGE and UMTS/HSPA

is launched

2018 5G NR radio access technology, designed to be the global standard

for the air interface of 5G network is launched
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1.3 Planar antennas

The term planar antenna can be considered as a quite general term. Antennas

like printed microstrip patch antennas, slot antennas, planar inverted F an-

tennas(PIFA), printed monopole antennas and printed dipole antennas come

under the category of planar antennas. When we use the term printed anten-

nas , we are referring to the technology used for fabrication of antennas. The

term planar implies that the characteristics of the antenna are determined by

two dimensions. Microstrip line, slot line, coplanar waveguide etc. are planar

transmission lines. Antennas based on these transmission lines can be consid-

ered as planar antennas. Their characteristics are almost independent of the

third dimension, say, thickness. The technology same as printed circuit board

can be used for the manufacture of a large number of antennas all having the

same performance characteristics. It is also possible to print these antennas

on curved surfaces.

1.3.1 Microstrip antenna

Microstrip antenna is also called a patch antenna. It consists of a patch

etched on one side of a substrate and ground plane on the other side. The

patch is made of highly conductive material. The patch can assume a variety

of shapes. Usually the height of the substrate is much smaller compared

to the wavelength of operation. Feeding method for patch antennas include

inset feed, quarter wavelength transmission line feed, coaxial cable feed and

aperture feed. The advantages of microstrip antenna include low volume,

low profile, low fabrication cost and easy integration with integrated circuits.

Some of the disadvantages with microstrip antenna include narrow bandwidth,

only half plane radiation and comparatively large ground plane. The structure

of a microstrip antenna is shown in Fig1.1.

1.3.2 Planar inverted F-antenna

This is one of the antennas that became very popular with mobile phone

market. The structure of the antenna looks like an inverted F and that is the

reason why it is called planar inverted F antenna. The structure of the antenna

consists of a ground plane, a top plate and a feeding wire to feed the top plate.
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Figure 1.1: Microstrip antenna.

A shorting plate at one end is used to short the ground plane to the top plate.

The planar inverted F antenna resonates at a quarter wavelength because of

the prescence of the shorting plate at one end. We can control the impedance

of a PIFA by changing the distance between feed line and shorting plate.

The main advanteges of PIFA include low profile, omnidirectional pattern,

easy integration to mobile phone housing and comparatively low backward

radiation. The structure of a planar inverted F antenna is shown in Fig.1.2.

1.3.3 Coplanar waveguide fed antenna

The structure of a coplanar waveguide transmission line is shown in Fig.1.3.

A coplanar waveguide transmission line consists of a centre conductor and two

ground planes on either side of the centre conductor. Antennas with CPW fed

are very popular for a variety of applications due to a lot of advantages like

low radiation loss, wide bandwidth, easy integration with MMIC applications.

A CPW fed antenna is shown in Fig.1.4.

1.4 Artificially engineered materials

When we apply an external electric or magnetic field, the response of atoms

or molecules to this field varies from material to material. Their behaviour to

electromagnetic fields may be described using Maxwells equations. To form

these equations, we must consider very small volumes where we have enough
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Figure 1.2: Planar inverted F antenna

Figure 1.3: Coplanar waveguide transmission line.

number of polarizable or magnetisable atoms or molecules. Over these small

volumes, we will consider the average of electric and magnetic fields. Then

the permittivity(ε) and permeability(µ) can be defined for the material. Ma-

terials can be characterized in terms of µ and ε. In a similar manner, when we

consider artificially engineered materials, we will assume that their structural

units are much larger compared with atomic scale but much smaller compared

to the operating wavelength. Hence just like ordinary materials, terms similar

Cochin University of Science and Technology 6
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Figure 1.4: CPW fed antenna

to permittivity and permeability can be used to describe such materials. When

the operating wavelength is very large, materials consisting of small elements

behave as a continuous media. Let us consider an artificially engineered ma-

terial. When electromagnetic wave falls onto this material, scattering occurs.

Now let us replace the artificially engineered material with a new medium

such that when EM wave falls onto it, we get the same scattered fields. Then

the newly introduced medium can be considered as an effective medium and

the medium will be characterized by its effective permittivity and permeabil-

ity. The reason why we use artificially engineering materials is that in the

microwave frequency range, naturally occurring materials may not have the

desired value of permittivity or permeability. But an artificial material will

have electric and magnetic properties that are not readily available in nature.

By proper design we can have an artificially engineered material with desired

value of effective permittivity or permeability. One of the methods to engineer

artificial materials is to use a periodic pattern in a host medium. One such

element in a periodic pattern is called a unit cell. We will design the unit cell

such that the size of the unit cell will be very small compared to the operating

wavelength. Various combinations of effective permittivity and permeability

are possible for an artificially engineered material. We can have dielectric ma-

terial with a high value of effective permittivity. It is also possible to design

a magnetic material with high value of effective permeability. When the arti-

ficially engineered materials are polarized both electrically and magnetically

when exposed to electromagnetic fields, they are called magneto-dielectric ma-

terials. Both effective permittivity and permeability of such materials will be
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greater than unity. It is also possible to have materials with both effective

permittivity and permeability less than one. Such materials are called DNG

materials. All these artificially engineered materials can be used as super-

strates for antennas. Radiation properties of antennas can be enhanced by

using artificially engineered materials as superstrates.

1.5 Superstrates

A superstrate can be considered as a dielectric or a dielectric with a printed

pattern, placed above an antenna. Initially the aim of using a superstrate was

to protect antenna from environmental hazards. Later people have started

making use of superstrates for improving antenna parameters. By the proper

choice of superstrates, it is possible to enhance the gain and radiation resis-

tance of an antenna. If the materials for the superstrates are properly selected,

surface waves can be eliminated which will improve antenna efficiency. Math-

ematical proof of antenna parameter enhancements by superstrates were given

by Nicolaos G. Alexopoulos and David R. Jackson. They used transmission

line analogy for antenna-superstrate combination. Based on the above anal-

ogy high gain occurs when the transmission line act as a resonant circuit. Re-

searchers started showing greater interest in using superstrates for enhancing

gain of antennas. Several papers appeared in literature using electromagnetic

band gap(EBG) structures as superstrates for enhancing gain of printed an-

tennas. When we use an EBG structure, the gain enhancement is obtained

because the EBG array helps in increasing equivalent aperture size of the

antenna. Frequency selective surfaces(FSS) were also used for gain enhance-

ment. When we use FSS as superstrate, a Fabry-Perot resonator is created

between ground plane and the superstrate. The resonance condition in the

Fabry-Perot resonator is the reason for the high gain of antenna-superstrate

combination.

1.6 Motivation of the work

Compact antennas are an integral part of devices communicating over WLAN

network. Hence designing of compact antennas that follow wireless commu-
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nication standards is very important. A coplanar waveguide fed antenna can

be made from a coplanar waveguide transmission line by a few modifications.

If we short one of the ground of the CPW line to its centre conductor, a

resonance can be generated(Fig.1.5).

Figure 1.5: CPW line with centre conductor shorted to ground

The resonance can be shifted to lower frequency side by making a slot in

the ground plane(Fig.1.6).

Figure 1.6: CPW fed antenna

The antenna can be made to work in an additional band by adding an

asymmetric T shaped strip(Fig.1.7).

Different techniques are available for improving the gain of planar anten-

nas. One of the method is to use a superstrate.
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Figure 1.7: CPW fed dual band antenna

The effect of superstrate on radiation properties of an antenna can be fur-

ther improved if we use an artificially engineered materials a superstrate(Fig.1.8).

These artificially engineered materials are formed by printing a periodic pat-

tern on a substrate. Depending upon the design the artificially engineered

material will assume different values for its effective permeability and effec-

tive permittivity.

Figure 1.8: Antenna loaded with superstrate
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1.7 Thesis organization

The thesis comprises of six chapters.

Chapter 1: Introduction

An overview of planar antennas and different methods used for varying an-

tenna parameters are described in this chapter. Superstrate effect on antenna

parameters are also discussed. The motivation behind present work is men-

tioned. Chapter concludes with the description of organization of the thesis.

Chapter 2: Literature Review

Earlier works related to cpw-fed antennas, effects of superstrates on the per-

formance of the antenna characteristics and parameter extraction techniques

are presented in this chapter.

Chapter 3: Methodology

A brief account of simulation software used, antenna fabrication process and

experimental set up for antenna parameters measurement are described in this

chapter.

Chapter 4: Design and analysis of CPW-fed planar antennas for wireless ap-

plications

Design and analysis of CPW-fed planar antennas for single band and dual-

band operation is described in this chapter. The evolution of the antenna, the

effect of varying different parameters on the performance of the antenna and

the radiation pattern of the antenna are also discussed.

Chapter 5: Investigations on the effect of superstrate on the performance char-

acteristics of antennas

For enhancing the radiation characteristics of antennas, a superstrate printed

with periodic pattern is used. Unit cell analysis of the pattern is performed and

the values of effective permeability and effective permittivity are extracted.

The effects of superstrate on the performance characteristics of antennas are

investigated.

Chapter 6: Summary and future prospects

A brief summary of main topics described in the previous chapters is pre-

sented here. Whether any promising paths are present for further improving

the techniques presented in the thesis is also considered here.
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This chapter gives a review of developments that has taken place in the

design of planar antennas. For enhancing gain and other radiation parameters,

superstrates can be used. A review of developments that has taken place in the

design of superstrates is done. When we use artificially engineered materials,

extraction of their material parameters is important. Recent developments in

the area of parameter extraction techniques is also discussed.

2.1 Planar antennas

The term planar antenna is used to denote a wide variety of antennas includ-

ing microstrip antennas, slot antennas, monopole antennas, planar inverted

F antennas, printed monopole antennas, and CPW fed antennas. The tech-

nology used in printed circuit board can be used for printing antennas onto a

substrate. A review of literature in the area of planar antennas is discussed

in this section.

Gain enhancement in microstrip antennas is discussed in [1–10].

In [1] a power amplifier is used as an active component in enhancing the

gain of a patch antenna. The gain enhancement achieved is 13.65 dB

In [4] split ring resonators are used to generate a magnetic response and

to get a negative value of permeability.

14
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For enhancing gain and bandwidth a slot is loaded to a patch antenna

in [6]. The antenna gain is enhanced from 4.24 dBi to 6.12 dBi.

Gain enhancement in CPW-fed antennas is discussed in [11–18]. In [11]

artificial magnetic conductor structure, which is insensitive to polarization is

designed. It is used as a reflector for a CPW-fed monopole antenna.

In [12] a hexagonal ring shaped defected ground structure is used for the

gain and bandwidth enhancement of a cpw-fed monopole antenna.

A CPW-fed circularly polarized antenna is considered in [13]. Frequency

selective surface is used to enhane the gain of the antenna.

Various design techniques for Planar inverted F antennas are discussed

in [19–27]. A planar inverted F antenna for multiband mobile communications

is presented in [20]. In order to obtain triple band operation, two parasitic

elements are placed under the main radiating patch.

A planar inverted F antenna for ISM, HIPERLAN, UNII bands are pre-

sented in [22].

A triple band planar inverted F antenna is presented in [25]. To imple-

ment the antenna, radiating conductors are printed on both sides of an FR-4

substrate.

2.2 Superstrate loading of antennas

Early days a superstrate layer was used to protect printed circuit antennas

from environmental threats. People thought keeping a material very near to

an antenna which was not a part of the design of the antenna will adversely

affect its performance. But N. G. Alexopoulos et al. proved that by the proper

selection of superstrates, it is possible to enhance the radiation characteristics

of an antenna.

Enhancing the gain of an antenna using super strates is discussed in [28–46]

In [40] authors demonstrate that by the proper selection of substrate and

superstrate thickness resonance conditions can be generated which will greatly

improve antenna gain, radiation resistance and efficiency.

When a printed antenna is loaded with a superstrate, transmission line

analogy can be used to analyze the radiation from the antenna structure [41].

In this paper David R. Jackson et al. demonstrates how resonance condition

can be used to generate large antenna gain
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In [42] authors propose a metasurface based superstrate for improving

gain and radiation efficiency of a multifrequency dipole antenna array. In the

metasurface the resonating unit cells are formed by capacitively loaded strips

and split ring resonators.

A comparative study of various types of superstrates in enhancing the di-

rectivity of a microstrip patch antenna is done in [43]. A frequency selective

surface, a plain dielectric slab and double negative slab are used as super-

strates. The authors demonstrates that level of directivity enhancement using

a double negative superstrate is not as high as enhancement achieved using a

plain dielectric slab or a frequency selective surface.

In [44] an artificial magnetic superstrate is designed with a modified split

ring resonator. This engineered magnetic superstrate is used to enhance the

gain and efficiency of a microstrip antenna. The authors claim an improvement

in gain by 3.4 dB and efficiency by 17%

Properly designed metamaterial reflective surface can be used as a super-

strate to enhance the gain, bandwidth and axial-ratio bandwidth of a circularly

polarized patch antenna [45]. The metamaterial reflective surface is designed

with a high value of epsilon and mue near zero.

Enhancing the gain of an aperture coupled microstrip antenna by loading

the antenna with a dielectric superstrate is explained in [46]. The authors have

analyzed how radiation properties of the antenna is affected with variation in

superstrate size, thickness and spacing height.

2.3 Parameter extraction

When materials which consists of small elements are operated in the long

wavelength region, their response will be that of a continuous media. There-

fore their behaviour can be characterized effective permeability and effective

permittivity. The material behaviour is similar to a homogenous material.

The role of small elements will be that of atoms or molecules in a homogenous

material. The material with small elements can be considered as an artificially

engineered material whose behaviour will depend upon the values of effective

permeability and effective permittivity.

From the previous paragraph it is clear that when we have an artificially

engineered material, the extraction of effective permeability and permittivity
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are very important. A review of literature dealing with parameter extraction

techniques is discussed below

In [47] David R. Smith et al. performs a fullwave electromagnetic simu-

lation to get local field. These fields are averaged to get macroscopic fields.

Field averaging is used to retrieve effective parameters.

In [48] J M Lerat et al. uses field summation method to determine the

effective permeability and effective permittivity of metamaterial structures.

One of the limitation that the author report is if the metamaterial is thick,

close to resonance frequeny we cannot consider it as a homogenous material.

3D field simulation data is used for extracting effective permeability and

effecctive permittivity in [49]. A homogenous slab is used for the equivalent

representation of the metamaterial.

In [50], transfer matrix simulation of electromagnetic waves are performed

to determine reflection and transmission coefficients. These are used to de-

termine effective permeability and effective permittivity. Structures used for

analysis include periodic arrangements of wires and split ring resonators.

The main drawbacks of Nicholson-Ross-Weir retrieval procedure is dis-

cussed in [51]. the authors prove that when the transmission coefficient is

near to unity, the presence of a small noise or perturbation can cause insta-

bility.

Peter Markos et al. analyzes transmission properties of metamaterials with

both permeability and permittivity negative( [52]). Effective permeability and

effective permittivity are extracted from transmission coefficients.

Xudong Chen et al. describes how to determine effective permeability and

permittivity of a slab material from scattering parameters( [53]). Method to

select proper sign of effective impedance is also provided.

Issues associated with homogenization is discussed in [54].The process of

extracting refractive index and imedance is presented. Physical significance

of extracted values are also described.

In order to determine effective parameters of magnetic materials, a non

resonant method is described in [55]. One of the advanteges with this method

is the absence of ripples in the evaluated material parameters.

When we retrieve material parameters which are complex quantities, am-

biguity may result in branching. Determining the major branch with the help

of Fourier Transorm is explained in [56].
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Homogenization method to extract effective parameters are presented in

[57]. The authors make an effort to rectify the limitations of standard homog-

enization techniques.

W. B. Weir et al. describes a new method for determining permittivity

and permeability [58]. In order to determine the parameters the material

sample is inserted in a waveguide reflection and transmission coefficients are

determined.

In order to retrieve effective parameters scattering parameters can be used.

If the medium that we are considering is dispersive measurement of exact

phase change will be difficult. When we solve for the wavenumber, a number

of solutions will result since it is a complex quantity. Causality of the medium

is considered in determining the predominant branch in [59].

In order to determine the effective parameters using scattering parameters,

one of the requirement was normal incidance of electromagnetic waves into the

sample. A more generalized approach is provided in [60].
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The software and experimental methodology used for design and analysis of

the proposed antennas are discussed in this chapter. Topics covered include

antenna fabrication technology, CST sotware simulation tool and facilities

used for antenna measurements. The techniques used for the measurement of

various antenna parameters are also discussed.
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3.1 Antenna fabrication method

One of the advantages associated with printed antennas is that they can be

manufactured by the same technology used for printed circuit board. For

antenna fabrication photolithographic technique can be used. With this tech-

nique high accuracy can be obtained for etched patterns. The various steps

involved in the fabrication of the antenna using photolithographic technique

is explained below. The geometry of the antenna to be printed is designed

using computer. Negative mask of the geometry is printed on a butter paper.

A copper clad lamination of suitable size is cleaned using suitable solvents

to get rid of any chemical impurities present. A very thin layer of negative

photo resist material is applied on the copper substrate. The mask prepared

is properly placed over the copper clad and it is exposed to ultra violet light.

The portion of the photo resist material getting exposed to UV light will be

hardened. The clad is now immersed in a developer solution for few minutes

to remove the photo resist material from the unexposed portions. The un-

wanted portion of the copper from the substrate can be removed by rinsing

it using ferric chloride solution to get the required antenna geometry. The

laminate is then washed with water and then cleaned using acetone to remove

the hardened photo resist.

3.2 CST studio suite

CST studio suite is a software package which can be used for designing, an-

alyzing and optimizing electromagnetics related systems. Different types of

solvers are available with CST. Accurate results can be obtained for high

frequency applications involving connectors, transmission lines, and antennas

with the use of time domain solver. Frequency domain solver will be preferred

for applications like simulation of dispersive materials, radar cross section

calculations, unit cell analysis of infinite arrays and for electromagnetic field

distributions at different frequencies. When we have highly resonant struc-

tures, different modes can be calculated efficiently using eigen mode solver.

Before simulation depending up on our problem we have to specify different

boundaries. For high frequency applications different types of boundaries in-

clude electric, magnetic, open, periodic and unit cell. When we use CST for
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antenna analysis, almost all parameters of the antenna including 3D and 2D

radiation pattern, antenna gain, efficiency, scattering parameters and surface

currents can be simulated using CST. Using simulation software, optimization

can be done before physically manufacturing the antenna.

3.3 Experimental setup for antenna

measurement

The antenna characteristics to be measured are return loss, radiation pattern,

gain and efficiency. Components that are a part of the experimental set up

are discussed in this section.

3.3.1 E8362B Network anlyzer

Figure 3.1: E8362B Network analyzer

Network analyzer can be used for measuring network parameters. It can

be used for determining scattering parameters, varifying design simulations,

checking component specifications etc. A vector network analyzer measures

amplitude as well as phase. E8362B network analyzer is from Agilent Tech-

nologies which can be operated from 10 MHz to 20 GHz. Network analyzer
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can be employed for the measurement of antenna parameters including return

loss characteristics, radiation pattern, gain, and efficiency.

3.3.2 Anechoic chamber

If the testing of an antenna is carried out at outdoors, the measurements

will be affected by electromagnetic interference. In order to minimize these

interferences indoor anechoic chambers are used. In an anechoic chamber

all the side walls, roof and the floor are covered with RF absorbing materi-

als. The materials used are having a reflection coefficient of around -40 dB

in the MHz frequency region. At microwave frequencies their performance

will be much better. The RF absorbers used are of tapered shape to achieve

good impedance matching with the microwave power falls into it. In order to

prevent electromagnetic interferences from outside anechoic chamber is usu-

ally built into a screened room designed using continuous covering of highly

conductive material. A photograph of anechoic chamber used for antenna

measurements is shown in Fig.3.2.

3.3.3 Turn table assembly

For taking radiation pattern measurements the antenna under test is paced on

a turn table. A stepper motor is attached to the turn table and the rotation

is controlled using software. For radiation pattern measurement a standard

wideband horn is used to receive signals from the antenna under test.

3.4 Antenna parameter measurements

3.4.1 Return loss and bandwidth measurement

The return loss characteristics of the antenna can be obtained from network

analyzer. Before connecting the antenna under test the corresponding port ca-

ble is calibrated for frequency range of interest. Then the antenna is connected

and scattering parameter corresponding to reflection characteristics (S11) is

measured. The range of frequencies over where return loss characteristics is
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Figure 3.2: Anechoic chamber

within -10 dB is termed as bandwidth. The frequency at which return loss

value is minimum is considered as the resonance frequency.

3.4.2 Radiation pattern measurement

In order to avoid external interferences, radiation pattern measurement is

carried out in an anechoic chamber. The antenna under test is placed on

a turn table whose rotation can controlled by software. A standard wide
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range horn is used as the receiving antenna. After connecting the antennas

calibration is performed. Now the turn table is rotated and the measured

results displayed in the network analyzer can be stored into a computer.

3.4.3 Antenna gain measurement

Antenna gain measurement is performed using a gain transfer method. The

gain of the antenna under test is measured relative to another antenna whose

gain is known. First we will mount 2 antennas on tripod with far field sep-

aration between antennas. One of the antennas is considered as reference

antenna whose gain is accurately known. These antennas will be aligned in

the direction of maximum intensity. In the network analyser frequency range

of interest is selected and normalization is done. Now we will have response

at 0 dB for the frequency range of interest. The next step is to replace the

reference antenna with antenna under test. The value of scattering parame-

ter S21 is recorded. This value represents the gain of the antenna relative to

reference antenna. The gain of the antenna under test is obtained by adding

gain of the antenna under test relative to the reference antenna with the gain

of the reference antenna at every frequency point.

3.4.4 Antenna efficiency measurement

Wheeler cap method can be used to measure the efficiency of an antenna.

In this technique two impedance measurements are performed. The first

impedance measurement is performed with a cylindrical box completely en-

closing the antenna and in the second case the impedance is measured without

the cylindrical box. The conductive sphere is used to reflect all of the antenna

radiation without much disturbance to near field. The test antenna behaves

like a series resonant RLC circuit and the efficiency can be calculated using

the following expression

Efficiency = Rnocap−Rcap

Rnocap

Where Rnocap represents the input impedance without the cap and Rcap

represents the input impedance with cap.
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4.1 Introduction

Coplanar waveguide(CPW) transmission line consists of a centre conductor

and two semi-infinite ground planes on either side. As a transmission line it

has certain advantages such as it simplifies fabrication, it eliminates the need

for via holes, it reduces radiation loss and cross talk effects between adjacent

lines are very weak. A non-radiating CPW transmission line can be converted

into an efficient radiator of electromagnetic waves by a few modifications. This

chapter discusses these modifications to develop two antennas. The impedance

bandwidth of the first antenna is from 2.47 GHz to 2.71 GHz. The second

antenna is a dual band antenna with its lower frequency band from 2.31 GHz

to 2.9 GHz and the upper frequency band from 4.65 GHz to 7.74 GHz. These

antennas meet the specifications of many wireless standards including IEEE

802.11a, IEEE 802.11b, Hiperlan/2 and HiSWaNa

4.2 Open ended CPW transmission line

Consider a coplanar waveguide(CPW) transmission line. If there is any ra-

diation from this transmission line, it will adversely affect its performance

because we prefer minimum losses from a transmission line. Let us feed the

transmission line from one end of the centre conductor and keep the other end

open. When we consider the reflection characteristics with one end open, it

can be seen that extending up to several gigahertz the signal is fully reflected,

i.e., the radiation is minimum.

The scattering parameter corresponding to reflection, S11, in Fig.4.2 is very

close to 0 dB indicating that majority of the signal gets reflected. Therefore

the radiation losses from this transmission line is minimum. Now let us take

up the issue of converting this transmission line into an efficient radiating

structure.
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Figure 4.1: An open ended CPW transmission line.

Figure 4.2: Reflection characteristics of an open ended CPW transmission line.

4.3 Transformation of a CPW transmission

line into a radiating structure

When a structure radiates electromagnetic waves, we will call it an antenna.

We can very easily transform the non-radiating CPW transmission line into

a radiating structure by shorting one of the grounds to the centre conduc-

tor. The reflection characteristics of an open ended CPW transmission line

is shown in Fig.4.2. From the figure it is clear that up to 8 GHz almost

whole signal is reflected. Let us consider a particular frequency, say 3.1 GHz.

The surface current distribution of the open ended transmission line at this

frequency is shown in Fig.4.3.

Consider the gap between centre conductor and ground g1 on the left hand

side of the centre conductor. The surface current flowing through the edges of
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Figure 4.3: Surface current distribution of an open ended transmission line.

ground g1 and the centre conductor near this gap are in opposite directions.

Therefore the corresponding electric fields will also be in opposite directions.

These opposing fields will cancel each other and no resultant field will be

existing in the far field. Now consider the gap between centre conductor and

ground g2. Similar explanation holds for surface current flowing through the

edges on either side of this gap. Hence we can say that no radiation field exists

for this structure in the farfield. If the current flow in the opposite directions

at the edges near the gap is somehow disturbed, there will be a resulting

electric field component in the far field. This is exactly what happens when

we short one of the grounds to the centre conductor [1].

4.4 Analysis of the position of the short on

reflection characteristics.

Our aim is to convert a non-radiating CPW transmission line into an efficient

radiator. Hence at the required frequency of operation proper impedance

matching is also important. In this section we are analysing the effect of

position of the short between one of the grounds and centre conductor on

reflection characteristics of the structure.

Let us first consider the case where the position of the short is 11.5 mm

away from the bottom. The resulting structure is shown in Fig.4.4 and the

corresponding simulated reflection characteristics is shown in Fig.4.5. A res-

onance is observed at 3.1 GHz. The scattering parameter for reflection, S11

has a value which is less than -10 dB at this resonance frequency.
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Figure 4.4: Open ended CPW transmission line with a short at 11.5 mm away from

the bottom.

Figure 4.5: Reflection characteristics of an open ended CPW transmission line with

a short at 11.5 mm away from the bottom.

Now consider the case where the position of the short is 7.5 mm away from

the bottom. The resulting structure is shown in Fig.4.6 and the corresponding

reflection characteristics is shown in Fig.4.7. In this case three resonances are

observed, the first one at 1.22 GHz, the second one at 1.96 GHz and the third

one at 3.1 GHz. The scattering parameter S11 of the all the three resonances

are above -7 dB.

Now let us consider the case where the position of the short is 3.5 mm

away from the bottom. The resulting structure is shown in Fig.4.8 and the

corresponding reflection characteristics is plotted in Fig.4.9. Four resonances

are observed at frequencies 1.14 GHz, 1.5 GHz, 1.99 GHz and 3.1 GHz. But
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Figure 4.6: Open ended CPW transmission line with a short at 7.5 mm away from

the bottom.

Figure 4.7: Reflection characteristics of an open ended CPW transmission line with

a short at 7.5 mm away from the bottom.

only the resonance at 1.99 GHz has a value of S11 which is less than -10 dB.

In this section we have considered the effect of position of the short on

reflection characteristics of the structure. The scattering parameter S11 has a

value which is less than -10 dB for two cases, namely when the position of the

short is 11.5 mm and 3.5 mm away from the bottom. The bandwidth obtained

when the position of the short is 11.5 mm away from the bottom is 525 MHz.

A bandwidth of 140 MHz is obtained when the position of the short is 3.5 mm

away from the bottom.
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Figure 4.8: Open ended CPW transmission line with a short at 3.5mm away from

the bottom.

Figure 4.9: Reflection characteristics of an open ended CPW transmission line with

a short at 3.5 mm away from the bottom.

4.5 Antenna design

In the previous section we discussed the effect of position of the short on

reflection characteristics. For the antenna to be developed, let us choose the

position of the short to be at 11.5 mm away from the bottom since it is having

better bandwidth. The corresponding resonance observed is at 3.1 GHz. This

can be brought to a lower frequency region by carving out a slot of length Ls

in ground g1. The resulting antenna structure is shown in Fig.4.10.
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Figure 4.10: Antenna structure formed by carving out a slot and adding a short on

an open ended CPW line. Wf = 3, Wg = 16.6, g = 0.35, Ls = 13, Sw = 1, Lg =

15 and t = 1.5 (All units are in mm)

4.5.1 Antenna geometry

Fig.4.10 depicts the geometry of the antenna. The antenna is fabricated on an

FR-4 material of thickness 1.6 mm and relative permittivity 4.3. The widths

Wg of two ground planes g1 and g2, width of the signal strip Wf , the gap

between the signal strip and the two finite ground planes g are selected so

that the impedance of the transmission line will be 50 Ω. Lg is used to denote

the length of the ground planes. Ls and Sw are used to denote the length and

width of the slot carved out in ground g1. The width of the metal strip used

to short feed line to ground g1 is denoted using t. With the introduction of

the slot, the antenna resonant frequency is brought down to 2.58 GHz.

4.5.2 Antenna reflection characteristics

The simulated reflection characteristics of the antenna is shown in Fig.4.11.

The -10 dB bandwidth of the antenna is 240 MHz from 2.47 GHz to 2.71 GHz.

The measured reflection characteristics of the antenna is shown in Fig.4.12.

From the plot the resonance frequency is observed at 2.62 GHz.The -10dB

impedance bandwidth obtained varies from 2.484 GHz to 2.84 GHz with a

bandwidth of 356 MHz. The impedance curve of the structure is shown in

Fig.4.13. The marker denotes the impedance corresponding to the resonance

frequency.
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Figure 4.11: Simulated reflection characteristics of the antenna structure formed by

carving out a slot and adding a short on an open ended CPW line.

Figure 4.12: Measured reflection characteristics of the proposed antenna.

The antenna surface current distribution in the structure at resonance

frequency is shown in Fig.4.14. It is clear from the figure that the current

distribution in the centre conductor is not balanced by the current distribution

in the ground g1 due to the presence of short and slot. This unbalanced current

distribution is the cause of radiation.
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Figure 4.13: Impedance plot of the antenna structure formed by carving out a slot

and adding a short on a CPW line.

Figure 4.14: Surface current at resonance frequency of the proposed antenna struc-

ture .
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4.5.3 Radiation characteristics of the antenna.

The software simulated 3D radiation pattern of the antenna is shown in

Fig.4.15. The unbalanced current flow along the structure results in far field

radiation with radiated fields exists in the YZ plane for a wide range of ele-

vation angle theta.

Figure 4.15: Simulated 3D radiation pattern of the proposed antenna.

The measured radiation pattern of the antenna at resonant frequency in

XZ and YZ plane are shown in Fig.4.16 and Fig.4.17. In both planes cross

polar isolation of more than 10 dB is observed along the bore-sight.

4.5.4 Gain and efficiency

The simulated gain obtained for the antenna at resonance frequency is 1.96 dB.

The measured gain against frequency is plotted in Fig.4.18. At the resonance
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Figure 4.16: Measured 2D radiation pattern of the proposed antenna in the XZ

plane.

frequency the measured gain obtained is 1.72 dB. The simulated radiation

efficiency of the antenna is 92.13%
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Figure 4.17: Measured 2D radiation pattern of the proposed antenna in the YZ

plane.
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Figure 4.18: Measured gain of the proposed antenna.
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4.6 CPW fed dual-band antenna

The antenna developed in the previous section had resonances with scattering

parameter S11 less than -10 dB at 2.58 GHz and the next higher resonance is

beyond 8 GHz. Impedance matching with S11 less than -10 dB and resonance

frequency below 8 GHz which satisfies WLAN standard frequency bands can

be obtained by suitable modifications. The modified antenna and its radiation

characteristics are discussed in the following sections.

4.6.1 Antenna Geometry

Fig.4.19 shows the geometry of the proposed dual band antenna. The antenna

is printed on an FR4 substrate of thickness 1.6 mm and relative permittivity

4.3. The size of the antenna is 36.9 × 18 × 1.6 mm3. In order to feed the

antenna, a 50 Ω transmission line consisting of a signal strip of width Wf and

a gap distance of g between signal strip and ground plane is used. The two

finite ground planes on either side of the CPW feed line are labelled g1 and g2.

The length of each ground plane is denoted by Lg and its width is denoted by

Wg. There is a slot of length Ls and width Sw on g1. The feed line is shorted

to ground g1 using a metal strip of width t. An asymmetric T shaped strip

is connected to ground g2. The horizontal portion of the T shaped strip has

the dimensions of length Lt1 + b + Lt2 and width ht. The vertical portion of

the asymmetric T has the dimensions of height a and width b. The vertical

portion of T shaped strip is at a distance d from left end of ground g2.

4.6.2 Antenna evolution

The evolution of the antenna is shown in Fig.4.20. When the strip line is

shorted to ground plane g1, a resonance is observed around 3.1 GHz. Addition

of a slot to this structure shifts the resonance towards lower frequency region.

An additional resonance is also observed at higher frequency. Finally when

an asymmetric T shaped metal strip is added, two more resonances generated

are merged with the already existing resonance to give a wider bandwidth in

the upper frequency band.
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Figure 4.19: The configuration of the proposed dual band antenna.(a)Top view and

(b)Side view. Lg = 15, Wg = 16.6, Sw = 1, g = 0.35, t = 1.5, d = 3.95, Wf =

3, b = 1.5, Lt1 = 7.5, Lt2 = 5.3, ht = 2, h = 1.6, and Ls = 15.15 (Units in mm)

4.6.3 Parametric analysis

The radiation performance of an antenna depends upon a lot of parameters.

In order to design an antenna with optimum features, parametric analysis can

be performed. Software simulation is used for the analysis. In parametric

analysis we will consider major parameters affecting the performance of the

antenna. These parameters are varied and the results are analyzed to select

the optimum value.

4.6.3.1 Effect of variation of length of slot on reflection

characteristics

The effect of variation of length of the slot on the reflection characteristics of

the antenna is studied. The results are illustrated in Fig.4.21. It is observed

that the lower resonance at 2.5 GHz is not much affected by variation of the

length of the slot. The higher resonances are shifted towards the lower side as
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Figure 4.20: Evolution of the antenna.

the slot length is reduced. For both lower and upper resonances impedance

matching becomes poorer with reduction in slot length.

Figure 4.21: Variation in S11 with Ls variation.
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4.6.3.2 Effect of variation of length of horizontal position of the T

shaped strip

The variation of reflection characteristics with the length of horizontal portion

of the T shaped strip is analyzed. Fig.4.22 illustrates the variation of S11 with

Lt1. Resonance frequency in the lower band is not affected by change in Lt1,

but matching is affected. In the upper band though the second and third

resonances are not much affected by change in length, the first resonance is

shifted towards lower frequency region with increase in length. Neither the

impedance matching nor the resonant frequency of the lower resonance and

the third resonance in the upper band are affected as a result of change in

Lt2 as illustrated in Fig.4.23. For the first and second resonances impedance

matching becomes poorer with increase in Lt2.

Figure 4.22: Variation in S11 with Lt1 variation.

4.6.4 Reflection characteristics

Comparison of measured and simulated reflection characteristics is shown in

Fig4.24. It is observed that simulated and measured results are in good agree-

ment. From the measured results it can be seen that the lower frequency
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Figure 4.23: Variation in S11 with Lt2 variation.

band has -10dB impedance bandwidth of 590 MHz (2.31 to 2.90 GHz) which

satisfies the IEEE 802.11b WLAN standards. For the upper frequency band

much wider band width is obtained. For it the -10dB impedance bandwidth is

about 3.09 GHz (4.65 to 7.74 GHz) which satisfies the IEEE 802.11a WLAN

standards as well as the Hiperlan/2 standard.

4.6.5 Radiation pattern

Simulated 3D radiation pattern at 2.5 GHz and 5.21 GHz are shown in Fig.4.25

and Fig.4.26 respectively. For the lower frequency band, in the far field, major

radiation exists along YZ plane for a wide range of elevation angle theta. In

the upper frequency region the major radiation of the antenna is not along

a plane, but it spreads out. The measured 2D radiation pattern for both

lower and upper frequency bands are plotted in Fig.4.27. The copolar and

crosspolar radiation pattern in the XZ and YZ plane for the lower frequency

band is illustrated in Fig.4.27(a) It can be seen from the figure that in the case

of lower frequency band cross polar isolation of more than 10 dB is observed

along the bore sight for both XZ and YZ planes. The copolar and crosspolar

Cochin University of Science and Technology 51



Chapter 4

Figure 4.24: Measured and simulated reflection characteristics.

radiation pattern in the XZ and YZ plane for the upper frequency band is

illustrated in Fig.4.27(b) Compared with lower frequency band the cross polar

isolation observed for the upper frequency band is less.

4.6.6 Gain and efficiency

The simulated as well as measured antenna gain are analyzed. At resonance

a gain of 1.96 dB is obtained for the lower frequency band and the corre-

sponding value at the upper frequency band is 3.28 dB. The measured gain

of the antenna versus frequency for the lower band is plotted in Fig.4.28 and

for the upper band is plotted in Fig.4.29. The measured gain plotted for the

upper band is not the maximum gain since there is a tilt for the major lobe

in the upper frequency band. The simulated efficiency of the antenna at the

resonance frequency for the lower frequency band is 92.51 % and that for the

upper frequency band is 86.24 %
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Figure 4.25: 3D radiation pattern at 2.5 GHz.
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Figure 4.26: 3D radiation pattern at 5.21 GHz.
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Figure 4.27: Measured 2D radiation pattern (a) at 2.5 GHz and (b) at 5.21 GHz.
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Figure 4.28: Measured gain of the antenna for the lower frequency band.

Figure 4.29: Measured gain of the antenna for the upper frequency band.
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4.7 Conclusion

Conversion of CPW transmission line into an efficient radiator was discussed in

this chapter. Two antennas were designed and their performance characteris-

tics were analyzed. These antennas can be used for WLAN devices since it pro-

vides sufficient bandwidth for 2.4 and 5.2/5.8 GHz WLAN/HIPERLAN2/HiSWaNa

standards.
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5.1 Introduction

The performance of printed circuit antennas used for outdoor applications

were affected by environmental hazards, severe weather conditions etc. A su-

perstrate layer, also called a cover layer was introduced to protect antenna

from these threats. Initially it was assumed that when we use a cover layer,

it will adversely affect the performance of the antenna. Alexopoulos et al.

showed that by the proper selection of superstrate layer it is possible to en-

hance the radiation parameters of printed antenna[1].Jackson et al. used trans-

mission line analogy to explain radiation from antenna structure. There the

authors established two dual resonance conditions for substrate-superstrate

printed antenna geometry by which better gain can be obtained for a high

value of permittivity or permeability of the superstrate. Researchers started

showing greater interest in developing new methods by which antenna param-

eters can be improved by manipulating material parameters of superstrates.

They successfully implemented superstrates in beam steering, enhancing gain

and improving bandwidth. Some authors proposed EBG structures as super-

strates for improving antenna parameters. But the thickness of the antenna

was the main barrier for these structures. Raj Mittra et al.[3] have done a com-

parative study of three superstrates, namely double negative slab, frequency

selective surface and plain dielectric in improving directivity of microstrip

antenna. The authors came to the conclusion that the physical mechanism

behind directivity enhancement is not the focussing effect of superstrate alone.

They attributed the directivity enhancement to the resonance resulting from

Fabry-Perot resonant cavity formed by the superstrate and metallic ground

plane. Jae Hee Kim et al. Proposed a holey dielectric superstrate for enhanc-

ing the gain of a microstrip patch antenna[8]. The effective permittivity was
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controlled by changing the radius of holes in the superstrate so as to generate

an in-phase electric field which resulted in improved gain.

In this chapter a technique for improving the radiation parameters of a

CPW-fed planar antenna using a non-resonant superstrate is discussed. It is

based on a novel engineered artificial dielectric with high value of effective

permittivity. The effect of artificial dielectric on antenna reflection character-

istics, gain and radiation pattern are investigated.

Propagation of electromagnetic magnetic waves through a media is af-

fected by the material parameters of the media. Therefore we can control the

propagation of EM waves through a media by properly setting the material

parameters. The major parameters on which electromagnatic wave propa-

gation depends are conductivity, permittivity and permeability. Artificially

engineered materials are formed by the periodic repetition of elements. The

term unit cell is used to describe one such element. The size of the unit cell

is very small compared to operating wavelength. The materials derive their

properties based on the design and orientation of the unit cells. From the

analysis of unit cell, we can predict the behaviour of electromagnetic wave

through a structure formed by the periodic repetition of the unit cell. Hence

unit cell analysis is very important.

As mentioned earlier, in order to determine the nature of propagation

of electromagnetic wave through a media, effective material parameters of

the media are required. It is possible to extract material parameters from

reflection characteristics(S11)[14].

When we are working with planar periodic structures, Floquet port will

be very useful in the analysis. In the ideal case we will assume that the planar

periodic structure extends upto infinity in its plane. In the analysis we will

have to compute the electromagnetic fields at every location in the infinitely

extending structure. Due to the limitations of the machine and storage capa-

bilities, it is not practically realizable. As a solution to this problem, we will

perform unit cell analysis. Unit cell is the basic building block of the periodic

structure. By analysing this basic building block, it is possible to predict how

the infinitely extending periodic structure responds to electromagnetic waves

incident on it. In order to perform unit cell analysis using simulation software,

we will apply unit cell boundary condition along X and Y directions. This

implies that the modelled structure repeats periodically upto infinity along X

and Y directions. Along the Z directions we will assign two Floquet ports. The
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structure to be analysed is placed between these two ports. These ports can

be used to excite electromagnetic waves. One port can be used for receiving

both transmitted signals from the other port as well as reflected signal from

the structure. Once we excite the ports with proper signals, it is possible to

determine scattering parameters(S parameters). From S parameters refractive

index(n) and impedance(z) can be calculated. We will use the values of n and

z to extract effective permeability(µeff) and effective permittivity(εeff).

5.2 Formation of unit cell

The geometry of the unit cell is formed in the following manner. Consider two

cylinders of same radii 2 mm and another one of radius 6 mm. All the cylinders

are of negligible thickness and made up of highly conductive material. They

are placed at the centre of an FR-4 substrate of size 14× 14× 1.6 mm3 and

relative permittivity 4.3. The thickness of the metallization etched on the

substrate is 35 µm. The two cylinders of radius 2 mm are shifted by 4.2 mm

in opposite directions along a straight line which makes an angle 45◦ with Y

axis (Fig. 5.1).

Figure 5.1: Geometry of the unitcell. p=14, a=6 and b=2 (units in mm.)
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In Fig.5.2 the unit cell is placed between the two Floquet ports Zmax

and Zmin. The substrate is made up of FR-4 with relative permeability 1

and relative permittivity 4.3. We are assuming that the metallization is of

perfectly conducting material.

Figure 5.2: Unitcell between two Floquet ports.

For characterising artificially engineered materials, retrieval of effective

permittivity and effective permeability are required. The usual method is to

use S parameters calculated from the incident wave to first obtain effective re-

fractive index n and impedance z. The effective permittivity and permeability

can then be calculated directly from the expressions µ = nz and ε = n/z.

The refractive index n and impedance z of a slab of material can be ob-

tained from the following expressions [14],

z = ±

√
(1 + S11)2 − S2

21

(1− S11)2 − S2
21

(5.1)

eink0d = X ± i
√

1−X2 (5.2)
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where X = 1/2S21 (1− S2
11 + S2

21) . k0 denotes the wave number of the incident

wave in free space and d is the thickness of the slab. For a passive medium,

the signs of the above equations are determined by the requirement

z′ ≥ 0 (5.3)

n′′ ≥ 0 (5.4)

where (.)′ and (.)′′ denote the real part and imaginary part operators, re-

spectively. Since equation 5.2 is a complex exponential, inverting it will result

in a multi-valued logarithmic function. Solving for refractive index we get

n =
1

k0d

{[[
ln
(
eink0d

)]′′
+ 2mπ

]
− i
[
ln
(
eink0d

)]′}
(5.5)

where m is the branch number of n′.

Before extracting material parameters of newly designed unit cell array

structure, we apply parameter extraction process to few simple structures

whose material parameters are known. These simple structures can be ob-

tained from the unit cell structure by appropriately assigning material prop-

erties to the composites of unit cell structure. For example, let us consider

the case where we want to extract the material properties of vacuum. We

will start with the unit cell. Along X and Y directions unit cell boundary

conditions are applied. Let us assume that the periodicity of the unit cell

structure is p = 14 mm. As mentioned earlier, the unit cell is placed between

Floquet ports Zmax and Zmin. The wave propagation through vacuum can

be simulated by simply assigning material properties of vacuum to both the

substrate and metallization of the unit cell. Now we excite one of the ports

with electromagnetic waves. The graphs of reflection and transmission char-

acteristics, refractive index, effective permeability and effective permittivity

are plotted.

In Fig.5.3, for the entire frequency range S11 has a magnitude of zero

indicating that there is no reflection in vacuum.

Transmission scattering parameter S21 In Fig.5.4 has a magnitude of 1

which implies full transmission.

The graph obtained in Fig.5.5 is in agreement with permeability of vacuum

which is very close to 1.
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Figure 5.3: Reflection characteristics when properties of vacuum is assigned to unit-

cell.

Figure 5.4: Transmission characteristics when properties of vacuum is assigned to

unitcell.
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Figure 5.5: Effective permeability when properties of vacuum is assigned to unitcell.

Figure 5.6: Effective permittivity when properties of vacuum is assigned to unitcell.

Effective permittivity has a magnitude very close to unity, which is same

as permittivity of vacuum.

Extracted value of refractive index has a value 1 which is same as refractive
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Figure 5.7: Refractive index when properties of vacuum is assigned to unitcell.

index of vacuum. Since we have assigned material property of vacuum to

substrate and metallization, in effect, the electromagnetic wave excited from

Floquet port Zmax is propagating through free space before reaching Floquet

port Zmin. Hence the electromagnetic wave will be transmitted without any

reflection. The value of refractive index, effective permeability and effective

permittivity will be that of free space.

Let us consider another case where we assign vacuum to metallization

and material properties of FR-4 to substrate. Let us simulate the values

of reflection and transmission characteristics, effective permeability, effective

permittivity and refractive index

With FR-4 material a small amount of reflection is there and the reflection

increases with frequency. From the plot5.9 it can be seen that almost whole

signal passes through FR-4 material.The simulated value of refractive index

for FR-4 attains a value slighly above 2.The value of effective permeability

is very close to unity which is same as that of vacuum.For simulation we

are assigning a value of 4.3 as permittivity of FR-4. The extracted value of

permittivity is also 4.3.

In the present case since we have assigned vacuum to metallization, the

electromagnetic wave will be propagating through FR-4 material of the sub-
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Figure 5.8: Reflection characteristics for FR-4 equivalent of unitcell.

Figure 5.9: Transmission characteristics for FR-4 equivalent of unitcell.

strate. The results are as expected. From the plot is is clear that the extracted

values of effective permeability and effective permittivity are same as that of

FR-4 material.
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Figure 5.10: Refractive index for FR-4 equivalent of unitcell.

Figure 5.11: Effective permeability for FR-4 equivalent of unitcell.

Now we are considering the case where we assign material properties of

FR-4 to substrate and a perfectly conducting material to metallization etched

on the surface of substrate. The transmission and reflection characteristics for

Cochin University of Science and Technology 68



Chapter 5

Figure 5.12: Effective permittivity for FR-4 equivalent of unitcell.

this case is shown in Fig.5.13.

Figure 5.13: Reflection and transmission characteristics of FR-4 with periodic pat-

tern.
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From the Fig.5.13 it is clear that reflection and transmission characteris-

tics is a function of frequency. At frequencies below 3.5 GHz, there is more

transmission than reflection. For frequencies above 3.5 GHz, there is more

reflection than transmission.

Figure 5.14: Refractive index of FR-4 with periodic pattern.

The refractive index evaluated from the S parameters is shown in Fig.5.14

From the figure it is clear that the refractive index is a function of frequency.

At low frequencies the refractive index attains a value greater than 4. With

increase in frequency a decrease in refractive index is observed. From the

figure it is clear that when we etch the periodic pattern on the substrate

refractive index attains a higher value than that of FR-4 substrate.

At low frequencies effective permeability is very close to unity. With in-

crease in frequency a slight decrease in the value of permeability is observed.

From the graph in Fig.5.15, it is clear that the magnetic nature of this struc-

ture is very feeble as the effective permeability is very small.

The extracted value of effective permittivity is shown in Fig.5.16. The

effective permittivity of the structure attains a high value which is greater than

18. Therefore if we periodically repeat this pattern, the resulting structure

can be considered as an artificially engineered material. If we load an antenna
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Figure 5.15: Effective permeability of FR-4 with periodic pattern.

Figure 5.16: Effective permittivity of FR-4 with periodic pattern.

with a periodically repeating pattern of this unit cell printed on a superstrate,

it is possible to modify the radiation properties of the antenna.
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5.3 Antenna array size selection

Based on the unit cell analysed in the previous section, let us form a periodic

array which can be used as a superstrate for a planar antenna. The radiation

properties of the antenna will be a function of unit cell array size. In order to

select the appropriate array size, simulation analysis is performed. Unit cell

array of sizes 3× 3, 3× 4 and 4× 4 are used for the analysis.

5.3.1 Analysis with 3 × 3 unit cell periodic array

pattern

For analysis let us consider the antenna developed in section 4.5. The reso-

nance frequency of the antenna was 2.58 GHz. and had a bandwidth of 240

MHz. We are using 3 × 3 unit cell periodic array pattern printed on FR-4

substrate with size 46.46 × 42.48 × 1.6 mm3 as superstrate. Let us load the

antenna with this superstrate.

Figure 5.17: Reference antenna loaded with 3× 3 array periodic pattern.

The reflection characteristics of reference antenna loaded with 3× 3 array

periodic pattern is plotted in Fig.5.18.From the plot the resonance frequency

is 2.56 GHz and bandwidth is 214 MHz
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Figure 5.18: Reflection characteristics of reference antenna loaded with 3× 3 array

periodic pattern.

The 3D radiation pattern of the antenna loaded with 3×3 array superstrate

is shown in Fig.5.19.Compared with the radiation pattern of the antenna alone,

the beam is more focussed. The gain obtained is 3.86 dB.

5.3.2 Analysis with 3 × 4 unit cell periodic array

pattern

For printing 3×4 unit cell periodic array pattern, we are using FR-4 substrate

with size 46.68× 42.48× 1.6 mm3.

When the antenna is loaded with 3 × 4 array superstrate, the reflection

characteristics obtained is plotted in Fig.5.18.

The resonance frequency is 2.58 GHz and bandwidth is 188 MHz. Com-

pared to 3×3 array, the resonance frequency shifts by 20 MHz and bandwidth

decreases by 26 MHz The 3D radiation pattern is shown in Fig.5.22.

The radiation pattern appears almost same as that of 3× 3 array of unit

cell. The gain of the antenna shows an improvement.With 3×4 periodic array

pattern the simulated gain is 4.46 dB.
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Figure 5.19: 3D radiation pattern of the reference antenna loaded with 3× 3 array

periodic pattern.

Figure 5.20: Reference antenna loaded with 3× 4 array periodic pattern.
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Figure 5.21: Reflection characteristics of reference antenna loaded with 3× 4 array

periodic pattern.

Figure 5.22: 3D radiation pattern of the reference antenna loaded with 3× 4 array

periodic pattern.
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5.3.3 Analysis with 4 × 4 unit cell periodic array

pattern

For the 4 × 4 unit cell periodic pattern the size of the FR-4 substrate is

56.46× 56.64× 1.6 mm3.

Figure 5.23: Reference antenna loaded with 4× 4 array periodic pattern.

The reflection characteristics is plotted in Fig.5.24. The resonance fre-

quency is 2.57 GHz and the bandwidth obtained is 203 MHz.

The 3D radiation pattern is shown in Fig.5.25. Just like the 3 × 3 and

3 × 4 array the beam from the antenna gets more focussed. The gain of the

antenna in the present case is 4.65 dB.

A comparison of above three cases is done in Table 5.1.

From the above analysis it is clear that as we increase the size of the

periodic array, there is an increase in gain. If we consider only gain, 4 × 4

array will be a better choice. The substrate on which the antenna etched is

of size 56.46 × 56.64 × 1.6 mm3. Hence if we use 4 × 4 array superstrate the

antenna will become more bulkier. If we take compactness also into account,

3× 4 array will be a better choice.
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Figure 5.24: Reflection characteristics of reference antenna loaded with 4× 4 array

periodic pattern.

Figure 5.25: 3D radiation pattern of the reference antenna loaded with 4× 4 array

periodic pattern.
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Table 5.1: Comparison of superstrate size, resonance frequency, bandwidth and gain

for different array sizes.

Array

size

Superstrate

size(mm3)

Resonance

Frequency

(GHz)

Bandwidth

(MHz)

gain

(dB)

3×3 45×21×1.6 2.56 214 3.86

3×4 56.45×42.48×1.6 2.58 188 4.46

4×4 56.45×56.64×1.6 2.57 203 4.65

5.4 Gain variation with spacing between

antenna and superstrate

The gain is also a function of spacing between the antenna and the superstrate.

The simulated results of variation in gain with respect to spacing is shown in

Table 5.2. The optimum value of gain is obtained when the spacing is 20 mm.

5.5 Unit cell periodicity selection

When we print periodic pattern of unit cell discussed in section 5.2 on an FR-4

substrate, it acts as an artificial dielectric with high value of effective permit-

tivity. The value of effective permittivity depends on inter-cell capacitance.

Hence if we change the spacing between unit cell elements, the inter-cell ca-

pacitance will be changed, which in turn will change the values of effective

parameters extracted. Unit cell analysis is carried out to study this variation.

We have already done the unit cell analysis for the case where the periodicity

p = 14 mm. Now let us consider the case where the periodicity p = 15 mm.

The extracted value of effective permittivity is plotted in figure 5.26.
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Table 5.2: Variation of gain with spacing between antenna and superstrate.

Spacing between antenna and superstrate(mm) gain(dB)

15 3.94

18 4.08

20 4.13

22 4.07

25 4.00

Figure 5.26: Effective permittivity when periodicity p = 15 mm.

From the plot it is clear that there is not much variation for the value of

effective permittivity with frequency.

The extracted value of effective permeability is shown in Fig.5.27. As

frequency increases a slight decrease in effective permeability is observed.
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Figure 5.27: Effective permeability when periodicity p = 15 mm.

Figure 5.28: Refractive index when periodicity p = 15 mm.

The plot of refractive index versus frequency for periodicity p = 15 mm is

shown in Fig.5.28. With increase in frequency a slight decrease in refractive

index is observed.
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Figure 5.29: Reflection/transmission characteristics when periodicity p = 15 mm.

The reflection and transmission characteristics when periodicity is 15 mm

is shown in Fig.5.29. The reflection coefficient increases while the transmission

coefficient decreases with frequency. When we change the periodicity to p

= 16 mm it can be seen that compared with periodicity p =15 mm,effective

permittivity decreases while the plot for the effective permeability is almost

the same(Fig.5.30 and Fig. 5.31).

It can be seen from Fig.5.32 that the magnitude of refractive index de-

creases when periodicity is changed from p = 15 mm to p = 16 mm.

Similar to the plot of periodicity p = 15 mm, it can be seen that with

increase in frequency the transmission decreases while there is an increase in

reflection.

Now let us consider the case where we are reducing the periodicity to p =

13 mm. As shown in Fig.5.34, the effective permittivity attains a value which

is greater than 23. The value of refractive index increases. For low values of

frequency, its value is greater than 4.5. With increase in frequency a decrease

in refractive index is observed.

The behaviour of reflection/transmission curves is similar to previous cases,

i.e., transmission decreases while reflection increases with increase in fre-

quency.
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Figure 5.30: Effective permittivity when periodicity p = 16 mm.

Figure 5.31: Effective permeability when periodicity p = 16 mm.

From the above analysis it can be seen that as we increase the periodicity,

the value of effective permittivity decreases. The value of effective perme-

ability is not much affected by change in periodicity indicating that it is not
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Figure 5.32: Refractive index when periodicity p = 15 mm.

Figure 5.33: Reflection/transmission characteristics when periodicity p = 16mm.

much magnetic in nature. The reflection /transmission characteristics is also

affected by change in periodicity. When we increase the frequency, the trans-

mission decreases and reflection increases. Since the curves of reflection and
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Figure 5.34: Effective permittivity when periodicity p = 13mm.

Figure 5.35: Effective permeability when periodicity p = 13 mm.

transmission are moving in opposite directions, with increase in frequency

they will meet at a particular value of frequency. From the above cases, it is

clear that if we decrease periodicity this meeting point will occur for a smaller
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Figure 5.36: Refractive index when periodicity p = 13 mm.

Figure 5.37: Reflection/transmission characteristics when periodicity p = 13 mm.

value of frequency. It simply means that if we reduce the periodicity there

will be more reflections than transmission for a lower value of frequency.

Fig.5.37 shows the reflection/transmission characteristics when the period-
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icity is 13 mm. The reflection and transmission curves meet around 2.7 GHz.

From the previous paragraph it is clear that for a frequency beyond 2.7 GHz

there will be more reflection than transmission.Therefore if we use this unit

cell periodic pattern as a superstrate for an antenna whose passband includes

2.7 GHz it will have an adverse effect on the performance of the antenna.

5.6 Analysis of antenna loaded with periodic

pattern printed superstrate

Let us take the antenna developed in section 4.5 as our reference antenna.

The periodic pattern is formed from 3× 4 array of unit cells. A photograph

of the periodic pattern printed on an FR-4 substrate of relative permittivity

4.3 is shown in Fig.5.38. This will be used as the superstrate for the antenna.

Figure 5.38: Photograph of periodic pattern
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5.6.1 Antenna loaded with superstrate

The photograph of the reference antenna loaded with superstrate is shown in

Fig.5.39. The spacing between antenna and superstrate is 20 mm.

Figure 5.39: Antenna loaded with periodic pattern

The measured reflection characteristics of the antenna with and without

superstrate is shown in Fig.5.40. It can be seen that when superstrate is added,

the impedance matching is improved. When superstrate is added, the periodic

pattern with substrate provides a parasitic loading which results in improved

matching. Bandwidth is not much affected by the presence of the superstrate.

The operating bandwidth is slightly shifted towards lower frequency region.

5.6.2 Gain

It is well known that the gain of printed antennas can be improved by the use

of a superstrate with proper parameters. The gain can be further increased

by printing appropriate periodic pattern on the superstrate. The simulation

results show that the gain of the reference antenna is 1.96 dB at resonant

frequency. The gain increases to 2.4 dB when a plain superstrate is used.

When periodic pattern is printed on the superstrate, the gain further increases

to 4.13 dB.

The measured gain of the reference antenna and the gain after adding

the artificial dielectric supersttate are shown in Fig.5.41. For the reference
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Figure 5.40: Reflection characteristics of the antenna with and without superstrate

Figure 5.41: Measured gain of the reference antenna with and without superstrate

antenna at 2.65 GHz, a gain of 1.96 dB is observed. When the superstrate is

added, the gain improves to 4.46 dB. At this frequency a high value of 18 is

obtained for the effective permittivity of the artificial dielectric. Due to this
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high value of effective permittivity, electric field confinement occurs which

results in higher gain.

5.6.3 Radiation Pattern

Simulated results of radiation pattern is considered in this section. Here we are

considering the radiation pattern of the reference antenna, reference antenna

loaded with a plain superstrate and reference antenna loaded with periodic

pattern printed on superstrate.

(a) (b)

(c) (d)

Figure 5.42: Structre(a), 3D pattern(b), 2D pattern in XZ plane(c) and 2D pattern

in YZ plane(d) of the reference antenna

From Fig.5.42b it can be seen that for the reference antenna alone, in the

plane YZ plane significant power exists for a wide range of elevation angle
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theta. The simulated gain for this antenna is 1.96 dB.

(a) (b)

(c) (d)

Figure 5.43: Structre(a), 3D pattern(b), 2D pattern in XZ plane(c) and 2D pattern

in YZ plane(d) of the reference antenna loaded with plain superstrate

From Fig.5.43b it is clear that compared with reference antenna alone,

when we load the antenna with plain superstrate the half power beam width

is reduced. The gain improves to 2.4 dB.

When we load periodic pattern printed superstrate, the radiation pattern

gets further focussed because of high value of effective permittivity. The main

beam is steered towards boresight. The gain observed for this configuration

is 4.13 dB.

The measured two-dimensional radiation pattern of the antenna with and

without superstrate in XZ and YZ planes at 2.65 GHz for the co-polarization

case is shown in Fig.5.45.
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(a) (b)

(c) (d)

Figure 5.44: Structre(a), 3D pattern(b), 2D pattern in XZ plane(c) and 2D pat-

tern in YZ plane(d) of the reference antenna loaded with periodic pattern printed

superstrate

From the reflection/transmission characteristics of the superstrate in

Fig.5.13, it is clear that the value of transmission co-efficient is more compared

to reflection co-efficient up to 3.5 GHz. Above 3.5 GHz, there is more reflection

from the superstrate than transmission. Therefore if we use this artificial

dielectric as a superstrate for a dual band antenna with one of the resonances

below 3.5 GHz and the other above 3.5 GHz, it will act as a transmitter for

lower frequency band and as a reflector for the upper frequency band. This can

be verified by loading the superstrate with the dual band antenna developed

in section 4.6 Let us place the antenna in the XY plane. We are loading the
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(a) (b)

Figure 5.45: Measured two-dimensional co-polarization radiation pattern with and

without superstrate for (a)XZ plane and (b)YZ plane

antenna with superstrate which is also placed in XY plane at a height of 10

mm above the antenna. For the antenna considered we had two transmission

bands, one with a resonance frequency of 2.51 GHz and the other with a

resonance frequency of 5.63 GHz. For the lower band the superstrate acts as

a transmitter and we get the main lobe along positive Z direction5.46(b). For

the upper band since the superstrate is acting as a reflector, the main lobe

will be directed along negative Z direction5.46(b).

Consider a particular application where the main beam of the upper fre-

quency band is required along positive Z direction. Since the superstrate acts

as a reflector for the upper frequency band,it can be easily realized by loading

the superstrate below the antenna. The resulting radiation pattern is shown

in Fig.5.49
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(a) (b)

Figure 5.46: 3D radiation pattern of the antenna at 2.5 GHz (a)without superstrate

and (b)with superstrate

(a) (b)

Figure 5.47: 3D radiation pattern of the antenna at 5.63 GHz (a)without superstrate

and (b)with superstrate
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Figure 5.48: Antenna loaded with superstrate from bottom

Figure 5.49: Radiation pattern at 5.6GHz when superstrate is loaded from bottom
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5.7 Two layer superstrate

In the previous section we discussed how the radiation properties of the an-

tenna can be improved by loading the antenna with a superstrate. In this

section we will be analysing whether any further improvement of radiation

properties of the antenna is possible by loading one more superstrate printed

with the same periodic pattern. When only a single superstrate was used,

the optimum spacing of superstrate from the antenna was 20 mm. When one

more superstrate layer is added (Fig.5.50), we have to consider the effects of

variation in spacing between the two superstrates as well as the spacing be-

tween antenna and the superstrate at the bottom. Let us analyse how the

bandwidth, resonance frequency and gain is varied with spacing variations.

Figure 5.50: Antenna loaded with two layers of superstrate

5.7.1 The effect of spacing variations on bandwidth

The variation in bandwidth when we change the spacing between antenna and

superstrate at the bottom as well as spacing between superstrates is studied.

The corresponding results are shown in Table 5.3

It can be seen that when we reduce the spacing between antenna and

superstrate at the bottom, there is an increase in bandwidth. If we keep the

spacing between antenna and bottom superstrate fixed and vary the spacing

between the two superstrates, it can be seen that the bandwidth is not much

affected by the spacing variation.
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h1 Bandwidth(MHz)

h2=20 h2=16 h2=6 h2=4 h2=1.6

12 248 250 248 247 243

15 229 235 233 232 230

16 214 225 226 225 221

18 212 222 223 223 221

20 205 216 220 222 219

Table 5.3: Bandwidth variation with antenna and superstrate spacings

h1=spacing between antenna and bottom superstrate in mm

h2=spacing between top surfaces of two superstrates in mm

5.7.2 The effect of spacing variations on resonance

frequency

When we vary the spacing between the two superstrates or between the su-

perstrate at the bottom and antenna, the resonance frequency is not much

affected. The result of this analysis is shown in Table 5.4

For higher values of spacing between two superstrates, the resonance fre-

quency is almost independent of spacing between antenna and the superstrate

at the bottom. But for very small values of spacing between two superstrates,

a small increase in resonance frequency is observed. Similarly for a fixed value

of spacing between antenna and superstrate at the bottom, small increase in

resonance frequency is observed when we reduce the spacing between super-

strates.
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h1 Resonance frequency(GHz)

h2=20 h2=16 h2=6 h2=4 h2=1.6

12 2.57 2.59 2.62 2.63 2.64

15 2.57 2.57 2.60 2.61 2.62

16 2.57 2.57 2.60 2.60 2.62

18 2.56 2.56 2.58 2.58 2.60

20 2.56 2.54 2.56 2.57 2.57

Table 5.4: Resonance frequency variation with antenna and superstrate spacings

h1=spacing between antenna and bottom superstrate in mm

h2=spacing between top surfaces of two superstrates in mm

5.7.3 The effect of spacing variations on gain

The result of analysis of gain variation when we change the spacing between

superstrates and spacing between bottom superstrate and antenna is shown

in Table 5.5

An increase in gain is observed when the spacing between the two su-

perstrates is reduced. For a fixed value of spacing between superstrates, in

general, as we increase the spacing between bottom superstrate and antenna,

the gain decreases. But for smaller values of spacing between two superstrates,

as we increase spacing between the bottom superstrate and antenna, there is

an initial increase followed by a decrease for gain.

Based on the above analysis let us select the value of spacing between an-

tenna and bottom superstrate as 15 mm and the spacing between top surfaces

of the two superstrates as 1.61 mm. When we load the antenna with these

two superstrates the simulated and measured reflection characteristics are il-

lustrated in Fig.5.51.The two results are in good agreement.The measured 2D

radiation pattern in XZ and YZ plane are shown in Fig.5.52
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h1 Gain(dB)

h2=20 h2=16 h2=6 h2=4 h2=1.6

12 5.34 5.54 5.62 5.59 5.55

15 5.29 5.43 5.62 5.63 5.72

16 5.27 5.39 5.58 5.62 5.74

18 5.17 5.26 5.46 5.51 5.65

20 5.06 5.10 5.29 5.35 5.48

Table 5.5: Gain variation with antenna and superstrate spacings

h1=spacing between antenna and bottom superstrate in mm

h2=spacing between top surfaces of two superstrates in mm

The measured gain of the reference antenna loaded with two superstrates

is shown in Fig.5.53 At 2.5 GHz, a gain of 5.34 dB is achieved.

When we used single layer superstrate, we obtained a gain of 4.46 dB and

the overall height of the antenna was λ0/6 where λ0 is free space wavelength.

With the usage of two layer superstrate,we were able to improve the gain to

5.34 dB. In this case the improvement in gain is achived with the reduction in

overall height of the antenna from λ0/6 to λ0/7.
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Figure 5.51: Simulated and measured reflection characteristics for antenna loaded

with two layers of superstrates

(a) (b)

Figure 5.52: Measured 2D radiation pattern of reference antenna loaded with two

layer superstrate at 2.5 GHz for(a)XZ plane and (b)YZ plane
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Figure 5.53: Measured gain of reference antenna loaded with two layer superstrate
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5.8 Conclusion

Unit cell analysis of a novel design is carried out and the effective parameters

are extracted. A high value of effective permittivity is observed for the ma-

terial. A CPW fed antenna is loaded with a superstrate made up of periodic

pattern of this unit cell and its characteristics are analyzed. With the use of

superstrate an enhancement in gain is observed for the antenna. The variation

in gain when we change the spacing between superstrate and antenna is also

analyzed.
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Summary and future prospects

A brief summary of experimental and numerical work done is presented in this

chapter. The highlights of the CPW fed antenna and the use of superstrates is

provided.The chapter concludes with suggestions which will further improve

techniques presented in this thesis.
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6.1 Thesis Highlights

Timeline in the history of communication, planar antennas,the effect of sub-

strates on antennas,artificially engineered materials and the motivation for

the work were described briefly in chapter 1.

A review of CPW fed antennas , different parameter extraction techniques,

gain enhancement techniques and the effect of substrates on antennas are car-

ried out in chapter 2.

The methodology used for experimental analysis of antenna , an introduction

to simulation software used and antenna fabrication procedure were discussed

in chapter 3.

Development of a single band antenna from an open ended CPW transmission

line and further modifications to convert it into a dual band antenna were dis-

cussed in chapter 4.

Design of a periodic pattern which can be used as a superstrate and its effects

on antennas developed in chapter 4 were described in chapter 5.

6.2 Inferences from CPW fed single band

antenna

An open ended CPW transmission line is converted into an antenna by short-

ing the centre conductor to one of the ground planes and carving out a slot

in the ground plane

The operating band width of the antenna can be varied by changing the po-

sition of the short and adjusting the length of the slot

Cross polar isolation of more than 10 dB is obtained along bore sight

Gain of the antenna observed at resonance frequency is 1.72 dB
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6.3 Inferences from CPW fed dual band

antenna

An asymmetric T shaped strip is added to the antenna developed in section

4.5 to generate additional resonances. These resonances are merged to form

the upper frequency band for the antenna

The impedance matching of both upper and lower frequency bands are af-

fected by the variation in the length of the slot

Cross polarization isolation is better for the lower frequency band compared

to the upper frequency band

Gain observed at the resonance frequency for the lower frequency band is 3.24

dB and that of the upper frequency band is 2.4 dB

6.4 Inferences from effect of superstrates on

performance characteristics of antennas

By proper design of the unit cell high value of effective permittivity can be

attained for a superstrate printed with periodic pattern of unit cell

High value of effective permitivity helps in improving the gain of the antenna

Gain can be increased by increasing array size of the antenna- superstrate

combination

Antenna gain depends upon spacing between antenna and superstrate

When the spacing between array elements in the periodic pattern is increased,

effective permittiviy decreases

Effective permeability is not affected by spacing between array elements

Reflection /transmission charecteristics of the artificial dielectric is a function

of frequency. For the superstrate used, there is more reflection than transmis-

sion above 3.5GHz
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6.5 Suggestions for future work

In the present work two CPW fed antennas were designed and their charac-

teristics were analysed. Loading these antennas with superstrates were also

discussed. Gain of these antennas were improved with the use of superstrates.

In addition to that sperstrates provided a parasetic loading which helped in

improving impedence matching.

One of the important parameters associated with an antenna is its polariza-

tion. In section 4.6.5 we discussed cross polar isolation of dual band antenna.

We had excellent cross polar isolation for lower frequency band. The polariza-

tion purity associated with upper frequency band was not as good as the lower

one. As a future work a new periodic pattern can be designed which when

printed on the superstrate will provide all the salient features of the present

pattern. At the same time it will improve the cross polarisation in the upper

frequency band. A lot of applications are there where circular polarisation is

preferred. Design of a periodic pattern which will help in improving the gain

of an antenna and at the same time convert linear polarization to circular

polarization will be an attractive one.
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