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Effects when Placed in the Vicinity of Antennas, and Investigation of Different
Aspects of Metamaterial-Inspired Small Antenna Models
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Metamaterials are humanly engineered artificial electromagnetic materials
which produce electromagnetic properties that are unusual, yet can be
observed readily in nature. These unconventional properties are not a result of
the material composition but rather of the structure formed.
The objective of this thesis is to investigate and design smaller and wideband
metamaterial-inspired antennas for personal communication applications,
especially for WiMAX, lower band and higher band WLAN applications. These
antennas have been simulated using HFSS Structure Simulator and CST
Microwave Studio software.
The first design to be analysed is a low-profile metamaterial-inspired CPW-Fed
monopole antenna for WLAN applications. The antenna is based on a simple
strip loaded with a rectangular patch incorporating a zigzag E-shape
metamaterial-inspired unit cell to enable miniaturization effect.
Secondly, a physically compact, CSRR loaded monopole antenna with DGS
has been proposed for WiMAX/WLAN operations. The introduction of CSRR
induces frequency at lower WLAN 2.45 GHz band while the DGS has provided
bandwidth enhancement in WiMAX and upper WLAN frequency bands, keeping
the radiation pattern stable.
The next class of antenna is a compact cloud-shaped monopole antenna
consisting of a staircase-shaped DGS has been proposed for UWB operation
ranges from 3.1 GHz to 10.6 GHz. The novel shaped antenna along with
carefully designed DGS has resulted in a positive gain throughout the
operational bandwidth.
Finally, a quad-band, CPW-Fed metamaterial-inspired antenna with CRLH-TL
and EBG is designed for multi-band: Satellite, LTE, WiMAX and WLAN.
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CHAPTER 1
INTRODUCTION

1.1 Background and Motivation
The world has been transformed into a global village with the technological
advancement in communications in general and in telecommunications in
particular, and as a result has brought the people, businesses and communities
together. In Telecommunications ‘tele’ is a Greek word that means ‘far off’. In
telecommunications, we either send or receive information in the form of
electrical signals or electromagnetic waves from one geographical point to
another over large distances. In the pre-technological era the far communication
was done through smokes, semaphore flags, beacons, etc. The history of the
modern telecommunications technology is based on not more than 200 years.
With a breakthrough in 1864 by J. C. Maxwell theoretically predicted
electromagnetic waves and then in 1886 Heinrich Hertz experimentally proving
radio waves with which the birth of wireless communications come into
existence. The research goes on and in 1896, Guglielmo Marconi invented
wireless telegraphy, in early 1900, Lee DeForest invented AM radio. Today
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most technological advancements are the result of the combination of
telegraphy, telephony and radio.

The history shows us that human kind take a leap in technology every decade,
like in 1980’s 1G was introduced in 1990’s 2G came into existence which
moved technology from analogue to digital and adding text message along with
voice. The new millennium 2000 starts with a revolution in technological
advancements in telecommunications by the introduction of 3G adding internet
to the mobile phones. With the passage of time and need for higher data rates
because of the advancements in social media like Skype, Facebook, YouTube,
twitter, instagram in 2010 4G was introduced with higher data rates.

One of the important entities of any communication systems is the antenna; it
acts as both ear and mouth in the human body. The size of wireless
communication systems like mobile phone, laptops, tablets etc. are shrinking
and the space for antennas is getting smaller and smaller because of the other
complicated entities like processor, speakers, ICs, battery and camera etc.
taking huge space.

In wireless communication systems (mobile, RFID, laptop, tablets etc.) mostly
PIFA, printed monopole and microstrip patch antennas are used. However, with
the small available space for antenna in these communication systems we need
2

to design ESA. There are different rules for the antennas to be considered as
electrically small. One of them is that the largest dimension of antenna is onetenth of the wavelength of the operating frequency [1]. The other one is
proposed by H. A. Wheeler which states that an antenna is considered to be
electrically small if Ka<1, where K defines the wave number and ‘a’ is the radius
of the sphere which encloses the maximum dimension of the antenna [2].

In 1968 Victor Veselago in his paper suggested that refractive index can be
negative if both the electric permittivity and magnetic permeability of a material
are negative, and such a media be called DNG media and can have anomalous
properties such as reversed Snell’s law and reversed Doppler shift; which later
on 2000-2005, John Pendry and David Smith experimentally proved that it is
possible to create such materials and opened the gates for creating super lens,
cloaking and electrically small antennas.

3

1.2 Antennas
Since its birth, modern communication or telecommunication is done through
either wire, called wired communications, or wireless, called wireless
communications. With wired communication, which needs no antenna, needs
great care, is expensive and sometimes impossible to reach the difficult terrain.
However, with wireless communications it is the opposite and can be taken care
easily, easy to reach any kind of place, needs an antenna to communicate with
other communication devices, and is synonym to ears in the human body.

All modern communication devices like smart phones, laptop, tablets, T.V,
Radio, Satellites, Wi-Fi routers etc. use one kind or the other kind of antennas.
Different types of antennas are used in communication devices for different
applications like yagi-uda, dipole, printed monopole, patch antennas etc. These
are all conventional antennas.

There is another type of antennas which is called metamaterial-based antennas
and these antennas affect the paths of the electromagnetic waves because of
their small physical structure compared to the wavelength that they interact [6].
These metamaterial based antennas have significant advantages over the
conventional antennas for examples these antennas are electrically small to
achieve miniaturization [7], can reduce mutual coupling between antenna arrays
4

[8] and can be used to enhance gain and bandwidth and also can be used to
shifts the frequency to the lower bands [7].

Metamaterial unit cells and metamaterial-based antennas will be designed,
simulated and their advantages over simple conventional antennas will be
discussed in detail in later chapters.

1.3 General Outline of Metamaterials
Metamaterial in the last decade has become a very popular area of research in
the field of electromagnetics. The prefix ‘Meta’ is a Greek word, which means
beyond [5]. Many different definitions have been coined for metamaterials in the
past, which may sounds different but means the same. Metamaterials are
artificial man-made composite materials made of copper or any other metals
engineered in such a way that they have negative refractive index [4]. These
materials have electromagnetic properties that are difficult to find in nature or
yet to be found in nature. The properties of any material can be known by
knowing its electric permittivity or magnetic permeability. Metamaterials were
first called left-handed materials (LHM), negative refractive index material (NIM)
or double negative materials (DNG). Which means both the permittivity and
permeability of such materials have simultaneously negative values as shown in
the Figure: 1. Nevertheless, the concept of metamaterial is much wider than just
5

LHM or NIM. We can achieve the unusual electromagnetic properties from
material in which we have either negative permittivity or negative permeability
and are called epsilon negative (ENG) materials and mu negative (MNG)
materials respectively. There are very few examples of RHM means both the
permittivity and permeability is negative, which possess these unusual
electromagnetic properties [3].

Figure 1.1 tells us about this different

metamaterial medium and what they are called. Metamaterial can be used or
deployed between MIMO antennas to increase the isolation [9]. It can also be
used for miniaturization of antennas [10].
µ
I
DPS
ε>0, µ>0
Most dielectric
materials

II
ENG
ε<0, µ>0
Metals,
semiconductors

ε

III
DNG
ε<0, µ<0
Unnatural
materials

IV
MNG
ε>0, µ<0
Some ferrites

Figure 1-1: Behaviour of electromagnetic waves in different mediums
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1.4 Project Objectives
The objectives of this thesis are to design number of metamaterial-inspired
antennas and compare its performance in terms of gain, bandwidth and
radiation pattern, with that of simple conventional antennas. Therefore, different
kinds of novel metamaterial-inspired antennas are designed and investigated.
The summary of the objectives of the technical procedures adapted through this
present work and the demonstration of the design concepts of several
metamaterial-inspired antennas are illustrated as follows:


To design two non-periodic metamaterial unit cells that exhibits DNG
media. Generally periodic structures are used with wires to obtain such
DNG

phenomena.

The

targeted

operating

frequency for

these

metamaterial unit cells is lower WLAN (2.45 GHz) range and DVB-T (1
GHz) range that can be used with other antennas to achieve
miniaturization.



To design and investigate three different metamaterial unit cell loading
antennas for gain and bandwidth enhancement for DVB-T applications.
The horn antenna is taken and is tested for gain enhancement and
miniaturization effect with and without metamaterial unit cell and its
results are compared. The results show gain enhancement after
metamaterial unit cell loading. To design two CPW-fed fork shaped
7

monopole antennas and compare its results with and without
metamaterial unit cell loading for any gain and bandwidth enhancement.
The targeted frequency for these antennas ranges from 400 MHz to 2500
MHz.



To design a low-profile compact-size metamaterial-inspired antenna for
WLAN (2.4GHz/5.2GHz/5.8GHz) applications. The objective is to
miniaturize the simple antenna by introducing ENG shell inside the
antenna structure and compare the antenna parameters of the simple
conventional antenna with that of metamaterial-inspired antenna. The
results show enhanced performance of metamaterial-based antenna as
compared to the conventional antenna.



To design a physically compact, monopole antenna with CSRR etched
on the top and DGS at the back of the substrate for WiMAX/WLAN
operations. To show the evolution of antenna and compare the results of
all the three antennas and to discuss the effects of CSRR that is to
miniaturize the antenna by inducing frequency in lower WLAN (2.45 GHz)
and to see the effects of DGS on the antenna. The introduction of DGS
has provided bandwidth enhancement in WiMAX (3.5 GHz) and upper
WLAN (5.2 GHz and 5.8 GHz) frequency bands, keeping the omnidirectional monopole radiation pattern stable.
8



To design novel cloud-shaped compact monopole antenna consisting of
a staircase-shaped pattern DGS for UWB operation. The objective is to
design a small antenna that covers the whole UWB frequency ranging
from 3.1 GHz to 10.6 GHz and to have positive gain throughout the
targeted frequency range. The introduction of DGS has made the
antenna resonant over the full UWB frequency range from 3.1 to 10.6
GHz. The antenna with carefully designed DGS has resulted in a positive
gain throughout the operational bandwidth ranging from 0.1 dBi to 3.36
dBi. The results of the proposed antenna, of that of radiation patterns,
and peak gains, validate using of the proposed antenna for UWB
applications.



To design a CPW-Fed metamaterial-inspired monopole antenna loaded
with CRLH-TL and EBG for miniaturization, multi-band operation, and
gain enhancement. The targeted frequency range here is LTE ranging
from 2.78 GHz to 2.90 GHz, WiMAX band (3.33 GHz to 3.53 GHz) and
WLAN. The effect of CRLH-TL is studied for multi-band operation in the
stop band and the role of EBG in improving the gain and bandwidth in
the WLAN band. EBG squares play an important role in the bandwidth
and gain enhancement in the operational frequency range.
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All the designed antennas described above and carried out through the thesis
have been summarized in terms of the operational frequencies and their
potential applications are shown in Table 1-1.
Table 1-1: Operating frequency and possible applications of all the antennas
presented in this Thesis
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1.5 Organization of project
There are ten chapters in this report. The summary of these chapters are as
follow:

Chapter one briefly discusses the background of antennas and metamaterials.
The project outline and the project organization are also addressed to have a
fair idea how the whole project will be unfold.

In Chapter two, metamaterials unit cells and different kinds of metamaterial
antennas, including their applications and limitations are reviewed and
discussed thoroughly.

In Chapter three, the derivations of the complex medium characteristics are
presented from the basic principles of the propagation modes across a thin
dielectric slab. This will provide the understanding role of such mechanism of
such assumption made towards the metamaterial that have been extensively
used in radio frequency application for instance small resonators applications.

In Chapter four, the methodology for designing unit cell is briefly discussed.
Then four different kinds of metamaterial unit cells are designed and simulated
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in CST and HFSS and its constitutive parameters are computed through
MATLAB code.

In Chapter five, three different kinds of metamaterial-inspired antennas in HFSS
are designed and simulated for DVB-T applications and the results are
compared with and without metamaterial unit cells.

In Chapter six, a metamaterial-inspired antenna is designed, simulated and
fabricated for WLAN and broadband applications, and its results are compared
with simple conventional antenna.

In Chapter seven, a combination of CSRR and DGS is used to design compact
monopole antenna for WLAN/WiMAX operation that incites frequency in the
lower WLAN frequency band. The results are compared with the conventional
antenna and the improvement is reported and discussed.

In Chapter eight, a cloud-shaped monopole antenna with staircase-shaped
defected ground structure is designed for UWB operation and the improvement
compared to conventional antennas are discussed in detail.
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In Chapter nine, a compact monopole antenna with a combination of CRLH-TL
and EBG is designed and simulated. The bandwidth and the gain of this
metamaterial-inspired antenna are also enhanced.

Finally Chapter ten presents the summarized conclusions of this research work
and also gives some valuable proposals for the future research work.
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CHAPTER 2
LITERATURE REVIEW OF METAMATERIALS

2.1 From Science Fiction to Reality
Every great discovery or scientific findings, whether the fall of an apple that
leads us to gravity, or the moving train which gives birth to special theory of
relativity, or the perfect lens were all results of imagination of these great
scientists like Isaac Newton, Albert Einstein and Victor Veselago respectively.
Which at first looks a fiction what these scientists were saying, but time and
research shows that imagination can lead us to the higher boundaries, and
unimaginable results.

Metamaterial is purely a product of imagination, as it is not found in nature or
yet to be discovered. In 1968 when Veselago defined the properties of such
materials, it didn’t exist. It was just his imagination that maybe one day one can
make these materials and use it in different applications.
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It is true that science fiction, fantasy and imagination often inspire us to
contribute in the field of science. Science fiction forces us to think of the
possibility of thinking beyond what the fundamental laws of physics tell us.

There are a few examples of such science fiction depiction in media, which
have told us about things, which at that time were not invented. For example
“The Jetsons”, an animated science fiction telecast in 1962, where the
characters are shown to be in futuristic Utopia – 2062 [62]. This has shown us
the products like video chat, holograms, flat screen TV, robot vacuum and
mobile devices. This at that time was just a fiction now turned into reality as all
these products can be seen and widely used in our daily lives. Star Trek is one
of those science fiction programmes, which has shown invisibility cloaking long
ago before it was talked about [62]. A few other examples of such science
fiction are the invisible “Predator” and Doctor Who.

To keep in mind the use of metamaterials is not just limited to the invisibility
phenomena but have some more important applications like its use in ESA and
perfect lens etc. Science fiction, one way or the other often inspires us to think
beyond and to make them into reality as once metamaterial was. As John
Pendry, one of the pioneers in this metamaterial field stated in his article,
“Positively Negative”, metamaterials are not science fiction anymore.
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2.2 Origin and Background of Metamaterials
Victor Vesalago, in 1968, was the first person who gave the theoretical concept
of these hypothetical materials who has negative permittivity and permeability at
the same time [45]. However; he was not able to practically demonstrate it.
Different names were coined in the past for metamaterials, like NIM and LHM.
For almost the next 30 years of Veselago theory, there was no significant
breakthrough in this field because of lack of any experimental evidence [11].

The first breakthrough came to the scene in 1996 [48] by Pendry discovering
the negative permittivity medium followed by negative permeability medium
discovery in 1999 by Pendry [47]. The schematic of the first split ring resonator
designed by Pendry is shown in Figure 2-1, which includes two concentric
circles each with different radius and a gap between the two circles and a gap
at opposite ends of the concentric circles. The second breakthrough was by
Smith et al., in 2005 discovering that electromagnetic waves can be bent
through the gradient refraction index medium (lens) [49].
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Figure 2-1: Pendry SRR

2.3 Metamaterials (EBG) and Surface Wave Current
Metamaterials are artificial man-made composite structures which produce
electromagnetic properties that are not yet attained by any natural material or
are hard to attain. In the microwave and optical regime, metamaterials have
drawn much interest in the last decade or so. In this thesis, different kinds of
metamaterial-inspired resonator type antennas will be reviewed: that is the main
field of interest. A few other applications are briefly discussed.

EBG structures are human-made artificial structures usually made of copper as
like all other conventional antennas, but carefully designed to behave in a
17

peculiar or unconventional way. In addition, EBG structures have properties
difficult to find in nature and depend and achieve the properties from
macroscopic structure, shape, size and orientation, rather than its composition.
These EBG metamaterial structures can either be periodic [123] or non-periodic
[32] fulfilling the criterion that it controls and manipulates the electromagnetic
waves, and are smaller in size compared to the wavelength of the operating
frequency. These metamaterial structures can be classified into different types
like DGS, high impedance surfaces (HIS), artificial magnetic conductors (AMC),
photonic band-gap structures (PBG), and frequency selective surfaces (FSS)
[112], and are very useful in miniaturization of antennas, microwave circuits and
perfect lens etc. [40].

When an antenna is fed by a source, it radiates two kinds of waves. One in free
space is the signal or information one wants to send in the form of
electromagnetic waves and the second one is the unwanted surface waves that
radiate downward into the substrate at some angle. These surface waves pass
through the substrate hitting the ground plane, are reflected, and possibly could
have repeated reflections represented by a zigzag path between radiating
element and ground plane until it reaches the boundary, and are then diffracted
from the edges, which give rise to end-fire radiation [50][51]. These surface
waves can degrade the antenna radiation and efficiency and creates multi-path
interference, and if there is another antenna in its close vicinity like an array of
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radiating elements as example MIMO, the surface waves can be coupled
together and increase the mutual coupling of antenna array. EBG structures
reduce this mutual coupling by suppressing these unwanted surface waves
when placed in between an antenna array and enhance the antenna array
performance [124].

2.4 Metamaterial-Inspired Antennas
The use of metamaterials can be found in different engineering communities
and physics and has many applications like cloaking, super lenses,
transmission lines, ESA, and couplers etc. However, here we focus on different
kinds of metamaterial-inspired antennas, and how these materials can be used
in the designing process of a complete antenna system to improve the
performance enhancement of conventional antennas. It should be noted that in
a conventional antenna when the size is smaller than the wavelength of the
operating frequency, the antenna reflects most of the power or signal back to
the source, while metamaterial-inspired antennas behave as if much larger than
their actual size and store and re-radiate that energy or signal. Metamaterialinspired antennas can be categorised as follows:
1)

Leaky-wave antennas (LWAs)

2)

Resonator type small antennas
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Leaky-wave antennas are different type of antennas where energy leakage
occurs due to the discontinuities in the guiding structure with either continuous
or periodic discontinuity and can be exploited as an advantage in terms of
antenna [165]. In this thesis, the work will focus on metamaterial-inspired
resonator type small antennas as the main objective of such study based on
several designed antennas and then compare their results with those of simple
conventional antennas [12].

The main concerns of the design process are that an antenna should be
physically small, low cost, broader bandwidth, good gain and better radiation
pattern. It is quite known that antenna size is inversely proportional to quality
factor (Q) and radiation loss. What metamaterial-inspired antennas do is to
manipulate the near-field boundary conditions, which results in reduction of
antenna size physically while still maintaining a high radiation performance [14].

Metamaterial-inspired resonator-type small antennas can be categorized in four
different classes. These will be illustrated by the following sub-sections.
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2.4.1 CRLH-TL Metamaterial Resonant Antennas
The antennas included in this type are zeroth-order resonators [130] and
negative-order modes [131]. These types of antennas can also be called
dispersion engineered resonant antennas [12]. On the basis of dispersion curve
(k-B diagram), some of the antennas developed can be seen in [15] and [16].
TL theory based on circuit parameters is one of the ways to define or describe
metamaterials [12]. To understand theoretically and then design metamaterial
devices one of the solution that is widely used for analysis is given in [17]. In a
pure left-handed circuit, if one puts or introduces a right-handed effect, it will
give us a practical metamaterial CRLH-TL structure.

The equivalent circuit model of a unit cell of CRLH TL will be similar to the one
shown in Figure 2.2: a) shows us the left-handedness in which the capacitors
are in series and the inductors are shunt. This is also called T-type model; b)
shows us the right-handedness in which the inductors are in series and the
capacitors are shunt. This is also known as

model. Mostly this type of

antennas is dual band in nature and very useful where one need to design small
antennas with multiband operation and better radiation patterns [12].
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(a) LH-TL

(b) RH-TL

Figure 2-2: Circuit model of (a) left handed-TL (b) right handed-TL

Transmission line (TL) theory comes under the scope of metamaterials [118].
CRLH-TL supports broad bandwidth and has low losses compared to SRR
structures which are generally lossy and narrowband in nature [122]. At higher
frequencies the CRLH-TL exhibit very dispersive behaviour as the phase
velocity

becomes more frequency dependent. The LH and RH effect

exactly balance each other at a certain frequency and this phenomena exhibit
the dual nature of CRLH-TL. The CRLH-TL is dominantly LH at low frequencies
and is dominantly RH at higher frequencies. The important point to note is in the
balanced case, when the series and shunt resonances are equal there is no
stop-band effect. But generally the series and shunt resonances of the CRLHTL are different and unbalanced including they have stop-band that is a unique
characteristic [117].
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These kinds of antennas have broader bandwidth in comparison to SRR
antennas but still needs improvement and can be further enhanced if they have
been used in combination with EBG structures.

2.4.2 Metamaterial Loading Based Small Antennas
It is a known fact that the size of antenna directly affects the gain and radiation
characteristics of antennas. The bigger the size the better the gain and radiation
characteristics. ESA achieved by introducing metamaterial loadings like ENG,
MNG and other parasitic elements have provided the opportunity to get good
radiation characteristics still with a miniature size antennas. Some of these
metamaterial loadings are called near-field resonant parasitic (NFRP) elements
[18], the magnetic photonic crystals [19] and mu-zero resonators. These
metamaterial loadings fall under the category of RLC resonator type antennas
as shown in Figure 2-3. These antennas are mostly ESA.

CLL-based (capacitively-loaded loop) NFRP antennas can either be coupled
electrically or magnetically with a loop or monopole antenna, though the
electrically coupled CLL-based NFRP antennas outperform the common
magnetically driven antennas. The gain pattern distortion is much larger though
at higher frequencies [125]. These antennas are good candidate for lower
frequency operation like GSM communications rather WLAN applications [126].
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Figure 2-3: RLC resonator type antenna and circuit model

2.4.3 Miniaturized Meta-resonator Antennas
In this category, there are two types:
1)

SRR-based meta-resonator antennas

2)

CSRR-based meta-resonator antenna

2.4.3.1 SRR-Based Meta-resonator Antennas
The SRR can either be periodic or non-periodic, behaves as a resonant
magnetic dipole and can be used for synthesizing metamaterials. The antenna
design shown in [21] is a perfect example of SRR for ESA application. In which
the SRR is printed on substrate FR-4 and electrically excited through a
monopole or co-axial cable. The antenna achieves a very small size with a
43.6% of radiation efficiency. For millimetre-wave application two SRR
antennas are proposed here in [22]. The ability of these SRR of exhibiting a
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quasi-static resonance frequency at wavelengths, which are far larger than the
size of these inclusions makes it a standout in different applications related to
antennas.

The SRR can be used to design a compact antenna just excited by a 50
microstrip feed line for wireless applications [31]. These SRR or sometimescalled magnetic inclusions can be used in the design process of electrically
small planar monopole antennas. It can also be used in reducing the operating
frequency of the antenna significantly as can be seen in [29]. One of the most
important applications for these SRR is that it can be used in MIMO
communication systems. It reduces the mutual coupling between two or more
antennas, as it is well-known the biggest problem in the way of designing MIMO
Antennas. By placing these magnetic inclusions in between MIMO antennas,
one can suppress the flow of electromagnetic energy, which results in mutual
coupling, and reduce the efficiency of the system [32]. The SRR can be further
classified into three different types [30], as in the following sub-sections.
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2.4.3.1.1 Multiple Split Ring Resonators (MSRR)
MSRR is the extension of SRR with two or more rings either circular, square,
rectangular, etc. having the splits at the opposite sides [61]. This magnetic
inclusion is smaller than the wavelength (λ) of the operating frequency so its
electromagnetic behaviour can be shown in quasi-static regime as shown in
[30], according to which the total series resistance

in the presence of

lossy conductors is:

Where,

is the per unit length resistance,

being the electrical resistivity of

the metal and t is the thickness of the metallic strip and
inductance and

is per unit length inductance.

Moreover, the total equivalent shunt resistance

Where

being the total

is:

is the conductivity of the dielectric substrate, h being height of the

substrate, w is width of the metallic strip, s is the gap between the metallic strips
and is e length of the outer metallic strip.
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The dielectric substrate does not affect the inductance to be noted here, and its
expression is given below:

(2.3)

This describes the losses in the di-electric substrate

Figure 2-4: Resonant frequency of MSRR as a function of number of rings [30]

The capacitance is affected by the dielectric substrate and can be expressed as

(2.4)
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By using the above four equations we can analytically find the resonant
frequency of the magnetic resonator. This resonating frequency can be
increased or decreased by either decreasing or increasing the inductance and
capacitance i.e.

or by increasing or decreasing the number of rings as

shown here in Figure 2.4. By using MSRR inclusion miniaturization of the order
of around /40 can be achieved [30].

2.4.3.1.2 Spiral Resonators (SR)
SR is used if further miniaturization is required as it gives the miniaturization of
the order around

to

. The quasi-static circuit model is shown in [30].

In the presence of losses in conductors and dielectrics, the expression for the
total inductance and capacitance is given below.

(2.5)

(2.6)

Where N is the number of spiral turns,

is the length of the external turn,

is

the vacuum permeability and being the per-unit-length capacitance between two
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parallel metallic strips. The same method as used in MSRR is used to find the
series and shunt resistance, which is

(2.7)

(2.8)

Figure 2-5: Resonant frequency of SR as a function of number of rings [30]

From the quasi-static circuit model and the four equations used above we can
find the resonant frequency analytically for the spiral resonator. Figure 2.5
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shown here tells us how the number of turns inversely affects the resonant
frequency [61].

2.4.3.1.3 Labyrinth Resonators (LR)
In the region of higher microwave frequencies where miniaturization is not a
prime concern LR with anomalous behaviour of the permittivity and permeability
are used [63]. In a lossy environment, the inductance is found analytically in the
same way as for MSRR and SR, as only the total external length L of inclusion
is replaced by

[30].

(2.9)

The procedure though for finding the capacitance, that is found by two
equations as the first one is the same as for previous inclusion and the second
one is from the cuts or gaps. These are given by:

(2.10)

(2.11)

30

Where

is the vacuum permittivity,

is the effective relative permittivity

related to the dielectric filling of the substrate. The total capacitance for the
labyrinth resonator is the sum of the above two equations and is calculated as:

(2.12)

Figure 2-6: Resonant frequency of LR as a function of gap length [30]

The series resistance is given by the equation below and could be found in the
same way as for previous-inclusions:
(2.13)
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The shunt resistance can be found using this equation below:
(2.14)

Where

represents the dielectric losses between the strips and

is the

dielectric losses between the cuts of the metallic strip.
Figure 2-6 shows how the gap length affects the resonant frequency. The
structures as shown in Figure 2-4, Figure 2-5 and Figure 2-6 are three of the
many magnetic inclusions used for miniaturization of antennas and are periodic.
It is not necessary that only periodic structures to be considered for
metamaterials. There are non-periodic structures such as in [32], which have
anomalous behaviour and are used for increasing the isolation between two
monopoles. In fact based on the angular resonant frequency, ω

, the

resonant frequency can be brought to the lower values and vice versa, by
increasing the inductance and/or capacitance. There is one major problem that
is the smaller the inclusion the higher the quality factor [30]; in addition the
bandwidth will be too narrow which is an unavoidable issue and the solution
depends on the designer how to design and tailor the metamaterial antennas for
specific applications.
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2.4.3.2 CSRR –Based Meta-resonator Antennas
The CSRR antennas behave as an electric dipole [43] [44]. These antennas are
not considered to be very good radiators. An example of such antennas in
which it has two CSRRs embedded on the top can be seen in [23], for which
there is RIS (reactive impedance surface) or can be simply called metal surface
that was made of array of metallic square patches periodically composed. On
top of which is a patch antenna and then two face-to-back split rings including a
coaxial probe fed a little off the centre. This antenna behaves as dual band and
the resonance produced caused by the presence of CSRRs while the second
resonance is because of the patch [12]. By changing the orientation of the two
CSRRs an antenna with different characteristics can be produced as shown in
[23].

Meta-resonator antennas are very narrowband and lossy in nature as compared
to other types of metamaterial-based antennas. The performance of these
resonator type antennas as regards to bandwidth and gain need careful
improvement and some techniques or combinations such as defected ground
structure or CRLH-TL in this regard, needs to be used to observe if any
enhancement can be achieved.
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2.4.4 Meta-surface Loaded Antennas
The Last but not the least in the family of metamaterial-inspired resonator type
antennas is called meta-surface loaded antennas, which are of different types
as the one explained in CSRR-based meta-resonator antennas, where RIS is
used as a meta-surface [23] [24]. Another type is called the AMC or EBG
structures such as that presented in [25] [26]. The third type is called UC-PBG
(uniplanar compact photonic band gap) surface and its applications can be
found in microwave circuit as in [27]. The advantages of using AMC or EBG
surface are to give zero reflection phases and to suppress the surface wave,
which could give rise to broader bandwidth. This meta-surface can also support
good radiation performance [23]. DGS, EBG, PBG and AMC all falls under the
meta-surface loaded antennas family.

Meta-surface loaded antennas performance with respect to bandwidth, gain and
radiation pattern is better as compared to other metamaterial-inspired antennas,
when used separately. The parameters of metasurface that play an important
role in making the antenna inexpensive and efficient are the periodic surface
distribution of small elements and its thickness, which as compared to the
wavelength of the operating frequency are much smaller. Metasurface have this
quality of reconstructing incident waves by carefully designing the periodic
structures to achieve the desired level of transmission and reflection [166].
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2.5 Applications of Metamaterials
Some of the applications of metamaterials are given in the following subsections:

2.5.1 Metamaterial Antennas
The technological advancements in the field of sensor network and wireless
communication system means the devices are becoming smarter and smaller.
These smaller systems demand miniaturized antennas that are inexpensive,
have good bandwidth, efficient and easy to integrate. An antenna whose
physical size is smaller than the wavelength of its operating frequency is said to
be ESA [55] [56] [127]. The antenna is said to be ESA if ka<1, where ‘k’ defines
the wave number and ‘a’ is the radius of the sphere, which encloses the
maximum dimension of the antenna; where k=2π/λ and a=λ/2π as investigated
by wheeler in 1947 [28]. Further Chu defined the limitation on ESAs by deriving
the relationship between the antenna size and quality factor and is called Chu
limit and can be written mathematically as Qchu = 1/ka+1/k3a3. An example of
ESA using a metamaterial-inspired SRR can be reviewed in [28] [29]. In [28], by
the introduction of metamaterial SRR the frequency band of the patch antenna
was lowered and the size of antenna was reduced and satisfying Chu limit as
ka=0.944. In the field of research of the last decade or so metamaterial
magnetic resonators are widely used in the MIMO communication systems [57]
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[58] [59]; because of the fact that it can reduce mutual coupling between
antennas as it enable the antennas to be brought in each other vicinity and will
bring the size of the communication system all together to a smaller size [60]. A
few examples of reducing mutual coupling between two antennas in MIMO
using metamaterials are proposed in [32] [39] [128].

2.5.2 Cloaking
Cloaking is a method to make objects invisible. This application of
metamaterials can be most effective in military purposes to make high value
targets invisible. It is a known fact that light travels in a straight line in free
space and when an object comes in its way it reflects from that object and
cause a shadow, which makes that object visible. To make the object invisible
one should bend the light around that object rather reflect to cause no shadow.
Cloaking devices are used for invisibility, which sounds like of a fiction that how
one can make objects invisible. Nevertheless, by the use of cloaking device it
can be made possible as it can deflect the light around the object that is
required to make it invisible. These devices can be used on spaceships,
aircrafts and tanks to make them invisible to the electromagnetic spectrum.
There are ways by which the object can be made invisible that is using mirrors
at certain angles as used by the magicians in their act to create illusion of
invisibility. However, its use is very limited of carrying the mirrors all the time
and working only in certain angles makes its use just limited to the acts in a
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theatre for fun. The other ways is by warping space and time, which is not
possible by now and is unlikely way to achieve invisibility, as it takes loads
amount of mass or energy to bend the light. But there is another method to
achieve invisibility that is to use some periodic material to cloak an object and
that is metamaterials [54]. The NZRI (near-zero refractive-index) metamaterial
has the ability to cloak metallic objects in a certain frequency band and has a
good prospect of playing an important role in the defence sector [129].

2.5.3 High Resolution Super Lenses
Super lenses are used for medical imaging, optical imaging, super resolution or
higher resolution images and non-destructive detections are some of the
features of LHM [46]. The first super lens was realized in 2004, which has three
times better resolution than the diffraction limit [53]. The biggest disadvantage
of metamaterial is its lossy nature. Scientists have built a flat metamaterial lens
which unlike conventional lens give three-dimensional images of a three
dimensional objects [64].

2.5.4 Transmission Lines
Conductors in pair or alone which carry electricity or information from one place
to another keeping the losses minimum is transmission lines like for example
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coaxial cable twisted pair fibre optic etc. Waveguides are also included in this
category.

The conventional transmission line TL is a series inductor and a shunt
capacitance that is called right-handed TL [46]. And just by inter-changing the
position of inductor and capacitance one can achieve left-handed TL but in
practice such kind of LH TL does not exist. But this LH TL behaviour can be
achieved by artificial TL consisting lumped elements [33] [52]. Equivalent circuit
model of right-handed TL and left-handed TL is shown in Figure 2-7.

CRLH-TL can be made by bringing LH TL and RH TL together, which has many
applications like leaky wave antenna [134], zeroth order resonators [135], and
small antennas [133] [138]. Equivalent circuit model of CRLH-TL is shown
below in Figure 2-7 [34].

(a)

RH-TL diagram

(b)
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LH-TL diagram

(c) CRLH-TL diagram
Figure 2-7: Equivalent circuit diagram of a) RH-TL, b) LH-TL, c) CRLH-TL

2.5.5 Microwave Filters
By taking LH metamaterial unit cell of CSRRs a small compact microstrip band
pass filter with better performance was designed and proposed by Baral in [37].
Based on CSRRs, Falcone has proposed a compact and better performance
band stop filter which has very sharp cut-offs rejection in the forbidden band.
Metamaterials have the ability to optimize and miniaturize the microwave filters
to a greater extent as shown in [136] [137].
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2.5.6 Couplers
Conventional couplers are normally broader in bandwidth but it is very difficult to
achieve tight coupling levels at a broad bandwidth, while on the other hand
metamaterial-based couplers are broad in bandwidth and have tight coupling
over that bandwidth [35] and are relatively small, depending on the coupling.
Directional couplers, based on complementary SRR (CSRRs) with greater
coupling area compared to circular structures were designed and proposed in
[36], one of the examples to achieve better bandwidth at WLAN.

2.5.7 Magnetic Resonance Imaging (MRI)
RF fields are important in the imaging technique by MRI used in radiology to
detect diseases and investigate the human anatomy and interestingly
metamaterials can help improve this imaging process [46]. There are various
coils used in MRI for transmitting and receiving signals in the near field and the
Veselago-Pendry super lens which is a metamaterial device good at controlling
and manipulating near-field signals as shown in [41] [42]; the lens is made using
a negative permeability split ring resonator and in the quasistatic limit acts as a
perfect lens. The experimental results are shown in [42], where the split ring
resonator is placed between the coil and human body and better results are
obtained as compared to coils alone. The RF coil or loop antenna is a key
component of MRI systems and in [65] a new metamaterial-inspired RF coil is
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used to enhance the performances in terms of magnetic field intensity, magnetic
field distribution, and the penetration into the human body. These metamaterialinspired MRI RF coils have greater SNR and better image resolution as
compared to the conventional coils.

2.6 Practical Limitations of Metamaterials
The following are quite common practical limitations faced the designers
working with the implementations of the metamaterials,


LHM materials are normally narrowband and frequency dependent



They are lossy in nature



Complex 3D structures are very difficult to construct

2.7 Conclusion
In this chapter a literature review of metamaterial in terms of their effects and
implications in the field of antenna design has been presented and discussed.
Different metamaterial-inspired antennas, split ring resonators and different
metamaterial applications including their design limitations have been reviewed.
Metamaterials could be recommended as a very interesting area for research
especially in terms of the design of antenna array systems, as by their use,
most of the antenna properties and characteristics can be controlled such as
gain,

bandwidth

mutual

coupling

and
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radiation

pattern.

Furthermore,

metamaterial inclusions can be used to bring down the resonant frequency of
the antennas to the lower bandwidth, enhancing gain and making antenna
electrically small. Smaller bandwidth and the lossy nature of metamaterial are
still big problems, however, looking deeply and experimenting different
techniques or using these metamaterial-inspired antennas in combination with
the DGS or CRLH-TL, these can be overcome in the near future, and hopefully
some more interesting applications of metamaterials can be developed.
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CHAPTER 3
THE MATHEMATICAL CONCEPT OF
METAMATERIALS

3.1 Introduction
Antenna dimensions are inversely proportional to frequency, as the frequency
increases the electrical length of the antenna decreases [66]. Increasing the
operating frequency is not always a favourable method to reduce the antenna
size, as this shortens the communication distance. Thus, novel antenna
miniaturization methods are in burgeoning demand. As for the printed monopole
antennas, in recent decades, these antennas have found applications in a wide
variety of fields. These antennas have advantages of low-cost, wide bandwidth,
omni-directional patterns and ease of integration into a PCB. Therefore they are
attractive for portable systems, such as ultra-wideband (UWB) communication
systems [67], wireless local area network (WLAN) [68], Industrial, Scientific and
Medical (ISM) systems [69], and Digital Video Broadcasting-Terrestrial (DVB-T)
applications [70]-[73] to offer high-data-rate transmission, providing interactive
services, and operating on small amounts of power.
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Many research works in terrestrial digital video broadcast need high performance
such as low cross polarization and omni-directional beams, and low side lobes of
the radiation pattern. Printed antennas are among these applications. These are
widely used in electromagnetic scattering for their interesting features, especially
when loaded with different types of dielectric materials [74], to enhance the
bandwidth and the radiation pattern; metamaterial is one the most widely used
materials known for absorption of undesirable wave effects on antennas, and
also used for antenna miniaturization [75].

This chapter presents the basis of the mathematical tools to define the
operation of the metamaterial. Fundamentally it starts from the basic principles
of wave propagation and then derives the characteristic matrix when incident
waves illuminate a thin substrate layer. Finally this matrix is equivalently
equated to a two-port network in terms of S-parameters and relates the values
of the refractive index and relative parameters of the medium in terms of values
of permittivity and permeability.
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3.2 Basic Wave Assumption
The four basic Maxwell equations are [85]:

  E  4

(3.1)

H  0

(3.2)

 E 

B
0
t

(3.3)

E
 4 J
t

(3.4)

 H 

Here the yz-plane is taken as the plane of incidence.

For a TE wave

and the Maxwell’s equations will be reduced to six scalar equations, assuming
time dependence exp(-iωt) given below:

(a)

(b)

(c)

(d)
(e)

(3.5)

(f)

Ex in terms of y and z can be given by as below after eliminating Hy and Hz.
(3.6)

45

Where
=εμ,
Separation of variables can be applied to solve (3.6)
(y, z)= Y(y) U (z)

(3.7)

Hence, (3.6) can be reduced to the following:
(3.8)

The variables in the above equation (3.8) can be totally separated and we can
make two equations out of it:
(3.9)

And
(3.10)
Assume,
(3.11)
This gives:
Y = [constant]

(3.12)

And thus, Ex could be rewritten as:
(3.13)
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Where U (z) is a function of z, and thus Hy and Hz can be expressed as follows:
(3.14)

(3.15)

U, V and W are related as stated in the equation below:

(3.16)

(3.17)

αU + μW = 0

(3.18)

The prime represents the differential with respect to z. Using equations (3.16),
(3.17) and (3.18) then:

(3.19)

(3.20)

The equivalent to the electric transmission lines equations are given below. Now
solving for U and V only:
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(3.21)

(3.22)

Now when Hy=Hz=0 similar equations can be deduced for TM waves. The
surfaces of constant amplitude of Ex are given below, U, V and W are complex
functions.
|U (z)| = constant

(3.23)

The surfaces of constant amplitude have the following phase:
(3.24)
Where the phase of U is (z). One can write the following equation for small
changes in dz:
(3.25)
Then angle

normal to the co-phasal surface can be given by:

(3.26)

For the homogenous plane wave, the solution can be given by:
(3.27)
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(3.28)
Thus:
(3.29)

3.3 Solutions towards the characteristic Matrix
The characteristic matrix of a stratified medium is represented by a constant , µ
and

, then we have the condition shown in (3.28). The equations (3.21)

and (3.22) can be given by:
(3.30)

(3.31)
The solutions for these subject to (3.19) and (3.20) can be given by:
(3.32)

(3.32)

By using the below boundaries, the constants can be computed as:
(3.33)
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(3.34)
Such that:
(3.35)
Hence U and V can be written as:
(3.36)

(3.37)
So the characteristic matrix can be given as:
(3.38)

This satisfies the following:
(3.39)

The solutions are given by the following four equations given below:
(3.40)

(3.41)
(3.42)

(3.43)
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Where
(3.44)

For which M is defined as:
(3.45)

Similar analysis can be done when the TM mode is considered for such
application.
For the two port network shown in Figure 8, the [S] could be easily transferred to
the equivalent M matrix given in (3.45), which lead to:
(3.46)

If

the elements of S matrix can be alternatively stated using the M

matrix elements as given below:
(3.47)
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The simple two-port network is shown below in Figure 3.1:

Figure 3-1: Simple two-port network

The refractive index ‘n’ can be found by equating (3.45) and (3.46) and ‘d’
represents the thickness of the substrate:
(3.48)

The normalized impedance z of the thin dielectric slab is given by:
(3.49)

The ambiguity of the signs of the refractive index n and the impedance z then
can be computed subject to the following conditions:
(3.50)

’

(3.51)
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where (.)’ and (.)” represent the real and the imaginary part operators
respectively.

Finally, the complex permittivity ( ) and permeability ( ) are given by:
(3.52)

(3.53)

3.4 Summary
In this chapter the derivation of the complex medium characteristics are
presented from the basic principles of the propagation modes across a thin
dielectric slab. This will provide understanding of the assumptions made
regarding metamaterial that have been extensively used in radio frequency
applications, for instance small resonators applications [76]-[84] in which they
have negative permittivity, negative permeability or both negative (DNG).
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CHAPTER 4
MODELLING CONCEPT OF METAMATERIAL
CELL STRUCTURE

4.1 Introduction
In this chapter the modelling concept of a metamaterial unit cell is discussed in
detail. Simulation of metamaterial unit cells requires a different test
environment, including simulation methods and techniques, as compared to
normal antenna designs. Four different types of metamaterial unit cells are
designed in this chapter and simulated in CST Microwave Studio and HFSS
Structure Simulator, and their constitutive parameters are calculated using
MATLAB. Firstly, two metamaterial unit cells given below in 4.6.1 [86] and 4.6.3
[87] are simulated to prove the results are in good agreement to that of the
method used here in HFSS: the codes developed for MATLAB simulation are
given in Appendix A and Appendix B. Afterwards, two more unit cells are
designed and simulated in HFSS and MATLAB and then they are discussed.
The results show that these two newly developed metamaterial unit cells have
simultaneously negative permittivity and permeability in the desired frequency
and are DNG in nature. Nevertheless, the boundary elements for modelling
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such material will be firstly presented in this chapter, followed then with several
examples.

4.2 The definition of Electric Wall
In case of the electric wall, the tangential components of electric fields will vanish;
this boundary does exist in practice [90]. The definition of such a surface can be
stated as follows:

 

(4.1)

Ms 0

(4.2)

σ and Ms are the electric conductivity and the surface magnetic current of the
electrical wall respectively. The boundary condition is equivalent to a lossless
electric conductor that satisfies the following:


n  D  s

(4.3)


nB  0

(4.4)


nE  0

(4.5)


nH  Js

(4.6)

Here ρs and Js are the electric surface charge density and surface current
density respectively. n is the unit vector normal to the conducting surface. For
details of such conditions, refer to Figure 4.1.
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Figure 4-1: The description of electric wall.

4.3 The definition of Magnetic Wall
In case of a magnetic wall, the tangential components will be vanish; this
boundary does not exist in practice [90]. The definition of such a surface can be
stated as follows:

m  

(4.7)

Js  0

(4.8)

σm and Js are the magnetic conductivity and the surface electric current of the
magnetic wall respectively. The boundary condition is equivalent to a lossless
magnetic conductor that satisfies the following:

nD 0

(4.9)
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nB  0

(4.10)


n  E  M s

(4.11)


nH  0

(4.12)

For more details of such conditions, refer to Figure 4.2.

Figure 4-2: The description of magnetic wall.

4.4 Generation of TEM mode using the Electric and
Magnetic Walls
Refer to Figure 4.3, which shows the definition of such a mode. The direction of
propagation is along the x axis. The field components Ex and Hx both vanish in
the direction of propagation ‘x’.
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Figure 4-3: TEM wave travelling into the x direction.

Now to build a test environment of such mode propagation one can think to
generate for example Ey component of Figure 4.3. We need two electric wall
parallel to each other and normal to y-axis as shown in Figure 4.4. Alternatively, if
Ez component is considered then Figure 4.5 will define that electric wall.

Figure 4-4: Electric walls for Ey component.
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Figure 4-5: Electric walls for Ez component.

Similarly, we can define the magnetic wall for Hz and Hy components as shown
in Figures 4.6 and Figure 4.7.

Figure 4-6: Magnetic walls for Hz component.
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Figure 4-7: Magnetic walls for Hy component.
Now to develop the TEM mode we have to define both walls for each field
component. Assume we have TEM described by Hz and Ey, then the model of
such a mode can be as shown in Figure 4.8. The model can be simply excited by
two wave ports as presented in Figure 4.9.

Figure 4-8: TEM model using electric and magnetic walls.
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Figure 4-9: TEM model using electric and magnetic walls with wave port
excitations.

4.5 Absorbing Boundary Conditions
Absorbing boundary conditions emulate the environment of free space, truncating
the infinite domain into a finite domain for computational purposes. They absorb
the waves to minimize the reflections, the same concept as in an anechoic
chamber [89]. We will use these absorbing boundary conditions for the simulation
of metamaterial unit cells.

4.6 Different Metamaterial Unit Cell Design
In this section, the simulation of four metamaterial unit cells in CST Microwave
Studio and HFSS Structure Simulator is presented:
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4.6.1 Non-Periodic SNG Metamaterial Unit Cell
Mostly when one talks about metamaterials one thinks of periodic structures, but
it is not always the case, and non-periodic structures can have anomalous
behaviour and have negative values of electric permittivity and magnetic
permeability and be called metamaterials as in [86], which is here tested in CST
Microwave Studio, with results considered here.

A non-periodic rectangular resonator shown in Figure 4-10, made of just one
loop, is simulated by putting in an absorbing boundary in CST Microwave Studio.
Magnetic walls are placed on top and bottom of the unit cell that is the x-axis as
shown in Figure 4-9; an electric wall is placed on the y-axis; moreover, ports are
assigned on the z-axis as shown in Figure 4-11.

The results are in good

agreement with the one in [86]. This unit cell is of the size 13 mm×9.5 mm×1.6
mm substrate size, is made of FR-4 having loss tangent
permittivity

=0.02 with relative

, and works at 2.45GHz. The SRR is of the size 9.75 mm×5.5

mm. This unit cell is used in [86] for successfully reducing the mutual coupling
between two monopoles or MIMO. This unit cell radiates most of the
electromagnetic energy in free space rather than absorbing it. The effective
permeability has negative values in the region of resonant frequency, which helps
to suppress the surface waves and radiate the excessive electromagnetic waves
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in air to reduce the mutual coupling between antennas. All the results are shown
below in order. MATLAB code is given in Appendix A.

Figure 4-10: Dimensions of metamaterial unit cell: A=13 mm, B=9.5 mm, a=9.75
mm, b=5.5 mm, s=3.65 mm, w=0.5 mm, and g=0.7 mm

Figure 4-11: Unit cell with boundary conditions
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Figure 4-12: Reflection and transmission scattering parameters of the unit cell.

Figure 4.12 shows the frequency response of the transmission/reflection
coefficients of the unit cell model presented in Figure 4.11. The results quite
clearly show the resonances around the selected WLAN frequency band.
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Figure 4-13: Effective permittivity of a unit cell
The effective permittivity has a positive real part as shown in Figure 4.13, so
that the permittivity of the above unit cell is positive here.

Figure 4-14: Effective permeability of a unit cell
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The permeability of the above unit cell in Figure 4.11 is negative in the desired
frequency band of 2.45 GHz as shown in Figure 4.14. As the real part should
only be taken in consideration for knowing whether the permeability is positive
or negative. The unit cell is called SNG (single negative) unit cell because only
permeability has negative values in the frequency of interest.

4.6.2 Non-Periodic DNG Metamaterial Unit Cell
This unit cell model is extended as a better version of the unit cell illustrated in
section 4.5.1. All the dimensions of this unit cell are the same as that of the one
shown in Figure 4.10; with a few changes at the arms as here we introduced the
periodic zigzag arms to achieve DNG. Mostly the change is brought in the
shape and length of arm of the unit cell as compared to the previous unit cell.
This unit cell has two zigzag arms, and unlike the above unit cell shown in
Figure 4-10, both the electric permittivity and magnetic permeability of this
current unit cell have negative values in the desired frequency range. All the
results concerning the current cell will be summarized as follows.
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Figure 4-15: Dimensions of DNG metamaterial unit cell: F=9.75 mm, H=5.5 mm,
s=0.5 mm, h1=1.5 mm, h2=1.5 mm, WP=4 mm, Wu=2.5 mm, and gu=0.5 mm.

The above structure in Figure 4.15 is a unit cell design taken from a working
plane in the HFSS structure simulator, which is the extension of section 4.6.1.
The difference is that here both the electric permittivity and magnetic
permeability are exhibiting negative real parts at the resonant frequency.
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Figure 4-16: The response of the reflection/transmission coefficient of Figure 415.

Figure 4.16 shows the S-parameter or transmission/reflection co-efficient of the
unit cell calculated from HFSS simulations. It can be easily seen that the
minimum values of S11 and S21 overlap over the region of operating frequency
2.45 GHZ. In fact this has been achieved after several attempts of optimizing a
few dimensions of the unit cell structure.
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Figure 4-17: Transmission/reflection coefficient

Figure 4.17 is the S-Parameter data calculated using the MATLAB code shown
in appendix B. which is in absolute agreement with the results obtained using
HFSS as shown in Figure 4.16.

Figure 4-18: Frequency response of a unit cell
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Figure 4.18 is the frequency response of a unit cell as shown in Figure 4.15.
The real part of the relative impedance has a maximum value at 2.45 GHZ,
while the imaginary part is around zero ohms.

Figure 4-19: Refractive index of a unit cell

The real part of the refractive index has a negative value at the desired
frequency of 2.45 GHz, calculated using MATLAB code as shown in Figure
4.19.
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Figure 4-20: Effective permittivity of a unit cell

The improvement brought in this design compared to 4.5.1 is that both the
permittivity and permeability have negative real parts in the desired resonant
frequency range, while previously, Figure 4.5.1, there is only negative
permeability.

Figure 4-21: Effective permeability of a unit cell
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The Figure 4.21 shows the negative permeability that is extracted using
MATLAB code at the resonant frequency of 2.45 GHz. So having both
permittivity and permeability negative in such a media means the electric field,
the magnetic field and the propagating vector will follow the LH rule, and the
phase and group velocity will be antiparallel.

4.6.3 Uni-Planar Periodic DNG Metamaterial Unit Cell
DNG metamaterial has both electric permittivity and permeability negative over
specific frequency bands. The negative values of these structures having sizes
smaller as compared to the wavelength of the operating frequency, operate in a
very useful and unusual way, which results in enhancing the radiation properties
of antennas and making the a antennas electrically small. Here a double SRR,
printed on one side of the substrate is simulated in HFSS having dimensions
8.8 mm×8.8mm×1.6 mm on FR-4 substrate having loss tangent

=0.02 and

, resonating at 2.45 GHz. The unit cell model is four sides of an air box
that is loaded with PEC and PMC, with top and bottom are assigned with
radiation ports on the same side as the magnetic walls. This type of resonator is
used in [87], and placed in the vicinity of monopole and inverted L monopole
antennas. Its impact is that it has shifted the lowest resonant frequency of the
composite antenna towards the SRR resonant frequency. The antenna has a
resonant frequency of 2.45 GHz as well. The monopole antenna has excited the
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inner and the outer rings of the double SRR, though the bandwidth is very
small, well-known as one of the limitations of these sub-wavelength structures.
It is also noted that SRR has not adversely affected the omnidirectionality of the
monopole. The step by step process of modelling, simulation of magnetic
inclusion in HFSS and then in MATLAB shows the refractive index, effective
permittivity and effective permeability have negative values in the region of 2.45
GHz as will be demonstrated below. The MATLAB code for retrieving the
constitutive effective parameters is also given in appendix B.

Figure 4-22: Dimensions of DNG metamaterial unit cell: a=8.8 mm, b=8.8 mm,
y=7.7 mm, z=7.7 mm, w=0.7 mm, t=0.3 mm, and g=0.3 mm.
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Figure 4-23: SRR resonator on di-electric substrate

Figure 4.23 shows SRR etched on di-electric substrate in the working plane in
HFSS.

Figure 4-24: Unit cell design in working plane
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Figure 4-25: Reflection and transmission co-efficient in HFSS

Figure 4.25 shows the variations of S-parameters of the new unit cell illustrated
in Figure 4-23 and its 3D model achieved by HFSS in Figure 4-24. As can be
clearly noted, the transmission co-efficient is around -21 dB at 2.45 GHz.

Figure 4-26: Reflection and transmission co-efficient of a unit cell
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This above graph in Figure 4.26 is calculated using the MATLAB code in
appendix B. which is in absolute agreement with the results calculated using
HFSS as shown above in Figure 4.25.

Figure 4-27: Effective refractive index of a unit cell

The real part of the refractive index has negative values at the desired
frequency of 2.45 GHz, calculated using MATLAB code in the above Figure
4.27.
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Figure 4-28: Effective permittivity of a unit cell

The real part of the permittivity of a unit cell in above Figure 4-28 tells us that
effective permittivity has negative values in the resonant frequency band of 2.45
GHz.

Figure 4-29: Effective permeability of a unit cell
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The real part of the permeability of a unit cell as shown in Figure 4-29 tells us
that effective permeability calculated through MATLAB code given in appendix
B is having negative values in the resonant frequency band of 2.45GHz.

4.6.4 Dual-Planar Periodic DNG Metamaterial Unit Cell
In this section, a different kind of approach is taken into account from the
previous two examples for the simulation of unit cell called Floquet port. The
unit cell size is 74 mm×34 mm×1.6 mm printed on each side of the substrate
FR-4, substrate having relative permittivity

, and di-electric loss tangent

=0.02. Half of resonator is designed on top of the substrate and half on
bottom of the substrate. For simulation, the Floquet port is assigned on top and
bottom of the air box enclosing the whole unit cell. The master slave boundary
is assigned to the other four sides, while master slave boundary facing or
placed opposite to each other. In the solution set up window, the solution
frequency is set to 1 GHz with maximum number of passes set at 16 and
maximum delta on 0.02, the sweep type is set on discreet in the sweep window
for better simulation results and frequency set up type is linear count from 0.8 to
1.6 GHz.

The MATLAB code is used to further test the reflection/transmission co-efficient,
which is in agreement with the HFSS results. The other results derived using
78

MATLAB code are refractive index, which is negative in the region of 1 to 1.3
GHz, effective permittivity has negative values in the region 1 to 1.3 GHz and
effective permeability is negative in the region of 1.1 to 1.3 GHz. This shows
that the structure is DNG metamaterial and can be used for enhancing the
bandwidth and gain as used in [88] for enhancing the gain and bandwidth of the
Horn antenna. The results are illustrated as follows.

Figure 4-30: Dimensions of DNG metamaterial unit cell: a=74 mm, b=34 mm,
x=70 mm, y=30 mm, w=4 mm, u=5 mm, R=16 mm, s=52 mm, and g=10 mm.

The above figure 4-30 is the unit cell in air box etched on the dielectric substrate
in the working plane in HFSS.
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Figure 4-31: Reflection and transmission co-efficient in HFSS

Figure 4-31 is the S-parameters result obtained after the unit cell is simulated in
HFSS. The transmission co-efficient (blue curve) is around -30 dB at 1 GHz.

Figure 4-32: Reflection and transmission co-efficient of a unit cell
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This above graph in Figure 4-32 is calculated using MATLAB code in appendix
B. which is in absolute agreement with the results calculated using HFSS as
shown above in Figure 4-31.

Figure 4-33: Effective refractive index of a unit cell

The real part of the refractive index has a negative value at the desired
frequency range of 1 to 1.3 GHz, calculated using MATLAB code as shown in
Figure 4-33.
.
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Figure 4-34: Effective permittivity of a unit cell
The real part of the permittivity of a unit cell in Figure 4-34 shows us that
effective permittivity is negative values in the resonant frequency band of 1 to
1.3 GHz.

Figure 4-35: Effective permeability of unit cell
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The effective permeability has a negative real part in Figure 4-35 at the selected
frequency; in addition the permeability of the unit cell as shown in Figure 4-30 is
negative and is also located in the desired resonant frequency band.

4.7 Conclusion
In this chapter two new metamaterial unit cells are designed and simulated for
DNG medium along with two other metamaterial unit cells to prove the
authenticity of the simulation in HFSS and MATLAB code. The absorbing
boundary condition which emulates an anechoic chamber or free space is
discussed in detail to give and present the different simulation environment
required for these metamaterial unit cells. The two newly designed unit cells
show negative refractive index in the operational desired frequency. These
metamaterial unit cells can be used for different applications like reduction of
mutual coupling, gain enhancement and miniaturization [163].
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CHAPTER 5
METAMATERIAL-INSPIRED ANTENNAS

5.1 Introduction
With technological advancement and the inception of high-definition television
(HDTV), the digital video broadcasting-terrestrial (DVB-T) antenna has caught
the attention as it has the ability to provide high definition television
programmes. In this chapter three different kinds of metamaterial-inspired
antennas are designed for DVB-T applications. The targeted frequency band is
from 430 MHz to 1GHZ and 1.5 GHz to 2.5 GHz. Firstly, a horn antenna with
and without a metamaterial unit cell is designed and simulated: an improvement
in gain and shifting of the frequency to the lower frequency band is observed
but at the cost of reduction in bandwidth. The other two are identical cpw-fed
fork shaped monopole antennas, designed and simulated in HFSS, loaded with
different kinds of metamaterial unit cells for bandwidth and gain enhancement.
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5.2 Metamaterial-Inspired Horn Antenna for DVB-T
DVB-T needs low cross polarization, low side lobes and omni-directional
beams. To achieve such properties mentioned above horn antenna is the best
candidate as used in [93] [94]. Here the pyramidal horn antenna is used that is
fed by a monopole and is loaded with a SRR as metamaterial unit cell to
resonate the antenna at lower frequency without changing the physical
dimension of the antenna. The metamaterial inclusion also enhances the gain of
the antenna.

The horn antenna used here has a resonant frequency in the range from 0.96 to
1.06 GHz before SRR metamaterial loading. Its dimensions are given below in
Figure 5-6. A Horn antenna loaded with SRR on top of the throat is also shown
in Figure 5-7.

5.2.1 Metamaterial Inclusion Design
The SRR unit cell is designed in HFSS with a size of 152 mm×72 mm×1.6 mm on
FR-4 substrate with relative permittivity

, and dielectric loss tangent

, as shown in Figure 5-1 and Table 5-1. The calculated effective permittivity
and permeability results are shown in Figures 5-2 and 5-3 which gives
simultaneous negative values of both permittivity and permeability in the frequency
range from 525 to 900 MHz except for the frequency 710 MHz. Of course this is
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valid for the resulted refractive index as shown in Figure 5-4 and with a very stable
variation of relative impedance as presented in Figure 5-5, in which the imaginary
part is almost zero.

Figure 5-1: Unit cell design

g

152 mm

s

72 mm

H

61 mm

r

22 mm

I

40 mm

k

38 mm

m

22 mm

J

18 mm

n

8 mm

p

4 mm

Table 5-1: Unit cell dimensions
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Figure 5-2: Effective permeability of unit cell

Figure 5-3: Effective permittivity of unit cell
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Figure 5-4: Effective refractive index of unit cell

Figure 5-5: Relative impedance of unit cell
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Figure 5-6: Horn antenna with dimensions

Figure 5-7: Horn antenna with metamaterial-unit cell
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5.2.2 Results and Discussion
Figure 5-8 depicts the variations of the return loss with and without
metamaterial loadings and it tells us that after metamaterial loading the
resonant frequency is shifted from 1 GHz to 0.67 GHz towards the lower
frequency and the displacement is around 33%; in addition the bandwidth is
reduced from (1.06-0.96= 0.1 GHz) by around 10 % to (0.73-0.64=0.09 GHz).

Figure 5-8: Return loss with and without metamaterial

The radiation pattern of the Horn antenna, with and without metamaterial, is
plotted at 0.67 GHz and shown in Figures 5.9 and 5.10. The gain without
metamaterial is around 8 dB while after loading the antenna with metamaterial it
reaches 11 dB, an improvement of 30%.
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Figure 5-9: Radiation pattern without metamaterial

Figure 5-10: Radiation pattern with metamaterial
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It is also observed that after the loading the horn antenna with metamaterial
inclusion the resonant frequency of the antenna is shifted towards the frequency
of the unit cell, though the bandwidth is reduced by 10% of course this is based
on enhanced the antenna gain as illustrated above.

5.3 CPW-fed Metamaterial-Inspired Antenna for
Broadband Applications
The anomalous nature of metamaterials makes it a good candidate for the
enhancement of different antenna parameters. Metamaterials are used for
bandwidth and gain enhancement as in [91] [92]. The antenna designed next is
a CPW-fed antenna loaded with SRR metamaterial as can be seen in Figure 511 and Figure 5-12 for DVB-T. The dimensions of the antenna are 150 mm×70
mm, placed on FR4 substrate with relative permittivity
loss tangent

, and di-electric

=0.02. The antenna is dual band having resonance frequency

ranges 430 to 950 MHz and 1500 to 2500 MHz). The unit cell which is etched
on the back of the substrate has maximum dimensions of 70 mm×50 mm and it
is analysed using HFSS software covering the operating frequency range from
360 to 760 MHz.
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Figure 5-11: Front view of antenna geometry

Figure 5-12: Back view of antenna
93

5.3.1 Results and Discussion
The return loss of the above antenna in Figure 5-11, with and without
metamaterial is shown in Figure 5.13. This clearly indicates that the bandwidth
is enhanced by around 10% for both bands i.e. 50 MHz in the lower frequency
band and 50 MHz in the upper frequency band. It is also noted that the lower
frequency band is shifted towards lower frequencies after loading metamaterial
SRR resonator.

CPW-Fed antenna with and without metamaterial
-5
-10

Return loss(dB)

-15
-20
-25
-30
-35
with metamaterial
without metamaterial

-40
-45

0.5

1

1.5

2

2.5

Frequency (Ghz)

Figure 5-13: Return loss in (dB)

The radiation pattern (E-plane in red) (H-plane in blue) is illustrated in Figure 514 and Figure 5-15. It is clear from the figures that there is a 10% increase in
bandwidth and around 20% increase in the gain from -10 dB to -8 dB after
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loading the antenna with metamaterial unit cell without affecting the radiation
pattern.

Figure 5-14: Radiation pattern with metamaterial at 0.65 GHz

Figure 5-15: Radiation pattern without metamaterial at 0.65 GHz
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5.4 CPW-fed Metamaterial-Inspired Antenna for Gain
Enhancement
In this section, CPW-Fed antenna loaded with SRR metamaterial is designed
and simulated as shown in Figure 5-16 and Figure 5-17, for DVB-T applications.
The dimension of the antenna is 150mm×70mm mounted on substrate FR4
having relative permittivity

, and di-electric loss tangent

=0.02. The

antenna is dual band having resonance frequency ranges at (430 MHz to 950
MHz) and (1500 MHz to 2500 MHz). There are a total of four SRR unit cells
each of size 34 mm×34 mm etched on the back of the substrate. The model is
simulated using HFSS software to match the two resonant frequencies 1.6 GHz
and 2.5 GHz.

Figure 5-16: Front view of antenna
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Figure 5-17: Back view of antenna

5.4.1 Results
The variations of the reflection coefficients with and without metamaterial are
demonstrated in Figure 5-18. The graph indicates that the bandwidth remains
the same for both conventional and metamaterial-inspired antennas.

Figure 5-18: Return loss in dB
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The radiation pattern (H-plane in red) (E-plane in blue) is also given in Figure 519 and Figure 5-20 respectively for without and with metamaterial; It is clear
that the radiation pattern without metamaterials, the gain is found around 6.15
dBi at 1.9 GHz whereas with 4 SRR metamaterial inclusions there is an
increase of about 18.9% in gain at 1.9 GHz.

Figure 5-19: Radiation pattern without metamaterial loading
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Figure 5-20: Radiation pattern with metamaterial loading.
Figure 5-21 shows the total gain of the CPW-fed antenna, throughout the band
with and without SRR metamaterial unit cells. The improvement in the gain is
visible and can be observed from 0.7GHz up to 3 GHz. The maximum effect
can be observed at 1.9GHz, without affecting the radiation pattern.

Figure 5-21: Total gain of antenna with and without SRR
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5.5 Conclusion
In this chapter, three antenna types for DVB-T applications have been
presented. These are:


Horn antenna loaded with metamaterial-unit cell



CPW-fed antenna loaded with SRR metamaterial.



CPW-fed metamaterial-inspired antenna for broadband applications

These antennas are modelled and studied with and without metamaterial unitcell loadings. The results of these metamaterial unit-cell loaded antennas are
compared with that of conventional or unloaded antennas. The results suggest
that the performance in regards to bandwidth and gain were enhanced and in
one case miniaturization of antenna is also achieved.

In the following chapter a uni-planar small metamaterial-inspired antenna is
designed and simulated for UWB applications. The simulated and measured
results of simple conventional and metamaterial-inspired antennas are
compared and discussed in detail.
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CHAPTER 6
COMPACT SIZE UNI-PLANAR SMALL
METAMATERIAL-INSPIRED ANTENNA FOR
UWB APPLICATIONS

6.1 Introduction
The antenna is a key element in any wireless communication systems, and the
performance in the form of capacity, data rate, coverage, gain, etc., of these
systems largely depends on the performance of the antenna. The sizes of these
modern wireless communication systems are shrinking and consequently the
size of the antenna, because of the smaller space available. The challenge is
not just to maintain but to enhance the antenna performance, and to meet these
challenges, new improved methods need to be scrutinized, researched and
implemented. Keeping all these challenges mentioned above in mind, next a
uni-planar metamaterial-inspired monopole antenna is designed for dual-band
operation [139], suitable for WLAN and WiMAX [140] [144], and many other
wideband [141] [145] and ultra-wideband [142] [143] applications. Metamaterialinspired antennas are a good candidate to attain miniaturization, bandwidth [96]
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[97] and gain enhancement [98] [132]. In the literature metamaterial-inspired
antennas are designed [99] [100], but they are either bulky, narrowband or low
gain.

In this chapter, a novel, uni-planar metamaterial antenna having zigzag E-shape
structure at the right top is carefully designed with the aim to have a balanced
performance regarding size, bandwidth and gain. The objective is to achieve
dual-band operation in the upper WLAN frequency of 5.2 GHz and 5.8 GHZ and
to achieve miniaturization by inciting lower WLAN frequency of 2.45 GHz after
the introduction of meander line ENG shell having negative permittivity inside
the antenna. The simulated and measured results regarding different design
parameters such as impedance bandwidth, radiation pattern and gain are
discussed with visual representation.

6.2 Proposed Antenna Geometry
The proposed metamaterial-inspired antenna is designed and simulated using
HFSS V. 14 [95] fed with coplanar waveguide (CPW) for WLAN and ultrawideband applications. The geometrical configuration of the antenna is shown
in Figure 6-1.
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Figure 6-1: Geometry of proposed metamaterial-inspired antenna
The prototype of this metamaterial-inspired antenna as shown in Figure 6-2 is
fabricated on an FR4 substrate having a relative permittivity of Ԑr = 4.4, dielectric loss tangent

=0.02, and a thickness of t = 1.6 mm. The antenna is a

coplanar waveguide, (CPW)-fed, with ground etched on the same side as that
of antenna, on each side of the microstrip monopole. This technique of CPW
feeding makes the antenna uniplanar and enhances the bandwidth in the higher
frequency range of WLAN. The microstrip line, length 14 mm and width 3 mm,
is placed symmetrically with respect to the ground after a parametric study as
shown in Figure 6-7. Rectangular shaped symmetrical grounds of length Lc and
width Wc are etched on each side of the monopole antenna. The values of all
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the parameters of the fabricated antenna are shown in Figure 6-2 and given in
Table 6-1.

Figure 6-2: Photograph of the prototype antenna

parameter

L

W

Lp

Wp

ht

Optimum value / mm

28

24

10.75

7

4

parameter

Lc

g

Wc

Wt

h

Optimum value / mm

12

8.5

10

3

2

Table 6-1: Dimensions of the optimized antenna
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The originality of this antenna stationed in the zigzag E-shape structure, carved
at the top right side of the rectangular patch, that gives rise to the resonance at
lower WLAN at 2.45 GHz.

Figure 6-3: (a) Metamaterial-inspired antenna (b) Simple conventional antenna

6.3 Experimental Verification
A metamaterial-inspired antenna with the optimized dimensions and the
prototype to ratify the proposed design are shown in Figure 6-1 and Figure 6-2
respectively. The prototype was tested using an HP8510C vector network
analyser to get the measured results, while for simulation HFSS for modelling.
To verify the design steps of the proposed antenna a comparative study of the
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simple conventional and metamaterial-inspired antenna as shown in Figure 6-3
is carried out to get a comprehensive account of the characteristics of both
antennas. The measured and simulated results of reflection coefficients of
simple conventional and metamaterial-inspired antenna are shown in Figure 64.

Figure 6-4: Simulated and measured reflection coefficient (dB) of simple
conventional and metamaterial-inspired antenna
The small differences between the measured and simulated results in upper
WLAN frequency may be described to both fabrication errors and HFSS
boundary condition selection. The antenna has an impedance matching (S11< 10 dB band) from 4.2 to 6.5 GHz in the upper WLAN and extending from 2.45 to
2.6 GHz in the lower WLAN band. The resonance at 2.45 GHz is because of the
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carved zigzag E shape structure that resonates the antenna at lower frequency
making the antenna electrically small and behaving like a structure that comes
in the path of a signal and its phase suddenly drops at that particular frequency.
The size of these metamaterial unit cells are smaller as compared to the
wavelength of the operating frequency and secondly these unit cells are lossy
that’s the reason the impedance bandwidth is narrow.

6.4 Parametric Study of Antenna
Figure 6-5 shows the simulated parametric study of different substrate heights.
There is some resonance beyond 6.5 GHz but that is not taken into
consideration because of higher values of VSWR, which means that matching
network will be required for taking this frequency band into consideration. The
best results are obtained while taking the substrate height as 1.6 mm.

Figure 6-5: Return loss (dB) for different substrate heights
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Figure 6-6 illustrates the simulated return loss (dB) of the metamaterial-inspired
antenna for different width size (n) of E-shape zigzag unit cell at the top right
corner of the antenna. It is worth noting that the width of the zigzag E-shape unit
cell has greater influence on controlling the lower WLAN frequency ranging from
2.4 to 3 GHz. For fabrication the width (n=0.15) is taken to get the resonance at
2.45 GHz. Though n=0.25 gives an overall better bandwidth in both bands but
the lower WLAN frequency moves from 2.45 to 2.6 GHz.

Figure 6-6: Return loss for different width of ‘n’
Figure 6-7 shows the simulated return loss (dB) of parametric study for different
microstrip lengths. As expected the microstrip length has very little influence on
the lower ISM frequency band, but a significant bandwidth enhancement can be
observed for upper WLAN frequency band.
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Figure 6-7: Return loss for different metallic microstrip lengths

6.5 Simulated and Measured Radiation Pattern
Figure 6-8 illustrates the simulated E-plane and H-plane for 2.45, 5.2 and 5.8
GHz. Omnidirectional monopole radiation pattern is observed throughout the
operating frequency band. The simulated gain of metamaterial-inspired antenna
is 0.85 dBi, 2.6 dBi and 2.77 dBi at 2.45, 5.2 and 5.8 GHz respectively. When
the thin small wire of size 4×0.15 mm2, in front of the zigzag unit cell is removed
the gain is enhanced from 0.85 to 0.91 dBi, but the resonant frequency is also
moved from 2.4 to 2.2 GHz.
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(a)

(b)

Figure 6-8: Simulated radiation patterns at 2.4, 5.2 and 5.8 GHz (a) in yzplane, (b) in xz-plane.

Figure 6-9: Measured total gain radiation pattern at different frequencies (2.4,
5.2 and 5.8 GHz) in the xz-plane
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The measured radiation pattern shown in Figure 6-9 is carried out in anechoic
chamber room. The antenna gain of 0.98 dBi is measured at 2.45 GHz that is
slightly greater than the simulated recorded results 0.91 dBi. The measured
gain is slightly reduced at 5.2 GHz and 5.8 GHz from 2.6 dBi and 2.77 dBi to
2.23 dBi. The simulated and measured data are in good agreement. The
small differences in simulated and measured radiation pattern data may be
accredited to fabrication errors and different simulated and practical
environment.
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6.6 SUMMARY
A novel metamaterial-inspired CPW-Fed antenna has been proposed to enable
miniaturization effect and provide dual band operation for WLAN and ultrawideband applications. The antenna is designed and simulated using HFSS
software. The antenna is loaded with a small zigzag E-shape metamaterialinspired structure along with a thin wire in the close vicinity, which acts as a
resonator at operating frequency of 2.45 GHz. This antenna has covered 150
MHz of impedance bandwidth at 2.45 GHz, and 2.3 GHz impedance bandwidth
extended from 4.2 GHz to 6.5 GHz; covering both lower WLAN (2.45 GHz) and
upper WLAN (5.2/5.8 GHz) bands respectively. The fabricated antenna shown
in Figure 6-2 is fed by the CPW transmission line and has an overall volume of
28×24×1.6 mm3 after optimization. The simulated and measured results as
shown in Figure 6-4 are in good agreement.

The next chapter provides a compact CSRR loaded monopole antenna with
defected ground structure for WLAN and WiMAX applications.
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CHAPTER 7
A COMPACT CSRR LOADED MONOPOLE
ANTENNA WITH DEFECTED GROUND
STRUCTURE FOR MOBILE WLAN AND
WIMAX APPLICATIONS

7.1 Introduction

Antennas play a central role in any wireless communication system. The size of
these communication systems is getting smaller and slimmer as the technology
is getting smarter and progressing. The adversity that comes with this
technological advancement is shrinking of available space for all communication
components including antenna. The scarcity of available space for antenna has
brought engineers to investigate various techniques to achieve miniaturization
of an antenna. The numerous techniques used for miniaturization includes Lshaped, U-shaped slots [102] [103], and G-shaped structure [104], loading
CSRR and EBG [105], and placing periodic resonators in the close vicinity of an
antenna

[106].

Monopole

antennas employing CSRR
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with

different

combinations like left-handed transmission line (LHTL), inter-digital capacitors
and DGS are reported in literature for multi-band, bandwidth broadening,
miniaturization and gain enhancement applications [146] [147] [148] [149] [150].

In this chapter a compact dual band monopole antenna is designed for WLAN
and WiMAX applications. The combination used here to achieve miniaturization
is a CSRR and DGS. The duality of SRR and CSRR allows us to use them
interchangeably as their operating frequency remains the same if taken the
same dimensions [101]. The SRR is designed and simulated in HFSS and its
constitutive parameters are calculated through MATLAB. This single SRR unit
cell is then removed from the pentagon shaped monopole antenna inciting a
narrow stop band frequency in the lower WLAN 2.4 GHz band. The DGS plays
an important role in the widening of bandwidth in both the WiMAX (3.5 GHz)
and upper WLAN (5.8 GHz) frequency bands.

7.2 Antenna Design Concept
The proposed CSRR loaded monopole antenna with DGS for WLAN and
WiMAX applications is designed and simulated using HFSS V. 14 [95]. The
geometrical configuration, front and back view of the metamaterial-inspired
antenna is shown in Figure 7-1. The fabricated antenna front and back view can
be seen in Figure 7-2.
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(a)

(a)

(c)

Figure 7-1: (a) Geometry of the proposed antenna (b) front view and (c)
back view

The metamaterial-based antenna is designed on FR4 substrate having a
relative permittivity of Ԑr = 4.4, di-electric loss tangent
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=0.02and a thickness

of t = 1.6 mm. The antenna is pentagon shaped and is microstrip fed. The
rectangular shaped CSRR unit cell with zigzag arms is removed from the
antenna to achieve a miniaturised radiator structure by inciting lower band
WLAN frequency of the order 2.45 GHz. The DGS is introduced at the back of
the antenna to make the antenna resonant or radiate at WiMAX (3.5 GHz) and
upper WLAN (5.2 GHz and 5.8 GHz) frequency bands, and also contributes to a
stable radiation pattern.

(a) CSRR with no ground defection

(b) CSRR with defected ground plane

Figure 7-2: Front and back view of the two fabricated antennas
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7.3 Results and Discussions
An optimized, composite, pentagon-shaped, metamaterial-inspired antenna with
DGS is designed and simulated in HFSS for WLAN/WiMAX applications. In this
chapter, the three step evolution of the metamaterial-based antenna is carried
out, as shown in Figure 7-3. The antenna structure is optimized from
rectangular shape to pentagon shape by cutting the edges to match the
antenna with the microstrip line.

(a)

(b)

(c)

Figure 7-3: Metamaterial-inspired antenna design evolution (a) conventional
antenna (b) monopole with CSRR (c) monopole CSRR with DGS

Figure 7-4 shows the simulated return loss of three different types of antennas
i.e. conventional, CSRR, and CSRR with DGS monopole. The introduction of
CSRR has induced a resonance at lower WLAN frequency band from 2.40 to
2.50 GHz. This new resonance comes at the cost of reduction at upper WLAN
frequency band from 6 GHz to 5.7 GHz and WiMAX frequency band from 3.5 to
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3.8 GHz. The DGS is then introduced at the back of the metamaterial-inspired
antenna to enhance the frequency in the WiMAX band from 3.8 GHz to 3.5 GHz
and in upper WLAN frequency bands from 5.7 GHz to 6.35 GHz as shown
below in Figure 7-4 (simulated) and Figure 7-5 (simulated and measured
results).

Figure 7-4: Simulated reflection coefficient of the conventional, CSRR and
CSRR along the DGS monopole antenna

The optimized parameters of the proposed metamaterial-inspired monopole
antenna with DGS can be seen below in Table 7-1.
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Table 7-1: The optimized parameter of the proposed metamaterial-inspired
antenna

S11, Reflexion Coefficient CSRR and CSRR no defection
0

Reflexion Coefficient (dB)

-5
-10
-15
-20
-25
-30

csrr
csrr
csrr
csrr

-35
-40

1

2

measured
+ no defection measured
+ no defection simulation
simunlation

3

4

5

6

Frequency (Ghz)

Figure 7-5: Simulated and measured reflection coefficient of CSRR with
defected ground plane and CSRR with no defected ground plane
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7

7.4 SRR unit cell design and results
The geometrical configuration of the SRR unit cell, which is used as a CSRR in
the antenna structure, is shown in Figure 7-6.

Figure 7-6: Geometrical configuration of CSRR unit cell

The properties of SRR are in dual relation with CSRR, which means they have
the same resonant frequency if the same dimensions are considered, by the
principle of duality [101]. The optimized parameters of the SRR unit cell are
given in Table 7-2.

Table 7-2: The optimized parameters of the proposed SRR unit cell
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The reflection/transmission coefficient of the SRR unit cell is shown below in
Figure 7-7. The resonant frequency of the SRR unit cell is from 2.32 GHz to
2.54 GHz.

Figure 7-7: Transmission/reflection coefficient of SRR unit cell in HFSS,
S21(blue), S11 (red)

Figure 7-8 shows the transmission/reflection coefficient of the unit cell
calculated using MATLAB.
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Figure 7-8: Transmission/reflection coefficient of a unit cell in MATLAB

The real part of the effective extracted permittivity of the SRR unit cell, which
exhibit negative response in the 2.45 GHz frequency region can be seen in
Figure 7-9.

Figure 7-9: Effective extracted permittivity of a unit cell
The real part of the effective extracted permeability of a unit cell can be
observed in Figure 7-10, exhibiting negative response at the operating
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frequency of 2.45 GHz.

Figure 7-10: Effective extracted permeability of a unit cell
The simultaneous negative permittivity and permeability is observed in the
above SRR unit cell as shown in Figure 7-6; that makes this unit cell as DNG,
and a perfect candidate for inducing frequency at the resonant frequency of
the unit cell itself i.e. 2.45 GHz. The size of this unit cell is very small as
compared to the wavelength of the operating frequency, so when the signal
comes in contact with this unit cell there is a sudden drop in the phase at the
resonant frequency of the unit cell which incites this new frequency in the
antenna, in this case it is 2.45 GHz.

The SRR and its counterpart CSRR are narrow band and very lossy
structures, that’s why the resonant frequency of the unit cell is from 2.32 to
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2.54 GHz and the frequency induced in the antenna is from 2.40 to 2.50 GHz.

7.5 Radiation Pattern and Gain
The simulated E-plane and H-plane of the antenna at three different
frequencies i.e. 2.45 GHz, 3.5 GHz and 5.2 GHz are shown in Figure 7-11.
The radiation pattern of the antenna is of that of the monopole and is not
disturbed or made worse by the inclusion of the SRR unit cell and DGS.

(a) Radiation pattern at 2.45GHz
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(b) Radiation pattern at 3.5GHZ

(c) Radiation pattern at 5.2GHz

Figure 7-11: Simulated E-Plane and H-Plane at a) 2.45 GHz, b) 3.5 GHz, c) 5.2
GHz.
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Figure 7-12: Radiation pattern test environment (anechoic chamber room)

The simulated and measured data of total gain of the CSRR monopole antenna
with DGS is shown in Figure 7-13. A low gain of -1.65 dBi is observed at lower
WLAN frequency band of 2.45 GHz because of the small size of antenna and
lossy nature of the CSRR. The maximum gain of 3.9 dBi is observed at upper
WLAN frequency band of 5.8 GHz.
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Figure 7-13: Simulated and measured power gain of the CSRR monopole
antenna with DGS

Figure 7-14: Measured total gain radiation pattern at different frequencies i.e.
2.45 GHz, 5.2 GHz and 5.8 GHz in the xz-plane
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The antenna is tested in the anechoic chamber for which the measured
radiation pattern indicates that the antenna is vertical polarised. The results
show that the gain at lower frequency is smaller and as the frequency increases
the gain is enhanced. The slight difference in simulated and measured data
regarding radiation pattern and gain may be accredited to different environment
and fabrication errors.

7.6 Conclusions
A novel, physically compact, CSRR loaded monopole antenna with DGS for
dual band operation has been proposed for WiMAX/WLAN operations. The
overall volume of the antenna is 26 mm×25 mm×1.6 mm. The simulation results
suggest an impedance bandwidth of 3.9% from 2.40 to 2.50 GHz induced by
the CSRR unit cell, to achieve miniaturization. The introduction of DGS has
provided bandwidth enhancement in WiMAX (3.5 GHz) and upper WLAN (5.2
GHz and 5.8 GHz) frequency bands, keeping the omni-directional monopole
radiation pattern stable. The peak gain of 3.9 dBi is observed at 5.8 GHz.

In the next chapter, a novel staircase-shaped DGS monopole antenna for UWB
operations is designed, fabricated, simulated and discussed.
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CHAPTER 8
A NOVEL STAIRCASE-SHAPED DGS
STRUCTURE MONOPOLE ANTENNA FOR
UWB OPERATIONS

8.1 Introduction
UWB antennas have gained great attention because of current demands for
high data rates. The desired operating frequency range given by the U.S. FCC
regulation in (2002) is 3.1 to 10.6 GHz. UWB relative to bandwidth can be
defined by the following equation:
(8.1)

Where,

and

represents the upper and lower frequency band limits

respectively [110]. UWB communication is a wireless technology that supports
the transmission of copious data rates [152] [153] at low power consumption
over a wide frequency spectrum [111] [151].
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EBG structures [154] [155] can be classified into three types i.e. DGS, PBG and
HIES (high impedance electromagnetic surface) [112]. DGS are defected
patterns or periodic structures that can be etched on the backside metallic
ground plane and are known for introducing band gap effects that provide
rejection of certain frequency bands. This stop band effect is very useful in the
suppression of leakage transmission and unwanted surface waves [113]. The
introductions of DGS not only reduce the size of the microstrip circuits, but also
introduce the frequency selectivity to the UWB antennas that helps in rejection
of particular frequency [114]. Various monopole antennas with DGS [115] [116]
are reported in the literature for UWB applications.

In this chapter a novel, physically compact monopole antenna of balanced
characteristics is designed and simulated utilizing a DGS technique for UWB
applications. The antenna design consist of a cloud-shaped monopole antenna
and a staircase-shaped DGS with a square cut in the middle of size 4.1 mm×4
mm. the V-shape triangular patch is removed from the top of the monopole
antenna to reduce the antenna footprint without effecting its characteristics. The
staircase-shaped DGS plays an important role in the widening of the operational
bandwidth by suppressing the surface waves. The square cut carved in the
middle of the already DGS plays an important role in maintaining the continuous
full band UWB frequency response.
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8.2 Antenna Design Geometry
The proposed DGS monopole antenna geometry is shown in Figure 8-1. The
overall volume of the antenna is 26×25×1.6 mm3 and is etched on FR-4
substrate having monopole antenna on top and DGS patterned on the back.
This microstrip fed antenna is designed and simulated in HFSS V. 14. The
fabricated antenna prototype can be seen in Figure 8-1.

Figure 8-1: Front and back view of the fabricated cloud-shaped monopole
antenna with DGS
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The novel cloud shape monopole antenna with a triangular patch removed from
the top to reduce the antenna footprint is chosen to attain novelty, wider
bandwidth, and stable radiation pattern. The staircase DGS is inspired from the
ancient Mexican observatory called El Caracol, which will further enhance the
bandwidth and radiation pattern. The square shape cut in the middle of the
ground plays an important role in maintaining the resonance throughout the
whole ultra-wide band ranging from 3.1 to 10.6 GHz. The geometry of the
proposed antenna can be seen in Figure 8-2.

Figure 8-2: Geometry of proposed DGS antenna
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The three step evolution of the antenna is shown in Figure 8-3. The dimensions
of the optimized proposed antenna are given in Table 8-1.

Table 8-1: Dimensions of the proposed antenna

(a) Simple ground

(b) DGS

(c) modified DGS

Figure 8-3: Evolution of DGS, UWB antenna
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8.3 Antenna Design and Performance
A novel, cloud-shaped, monopole antenna with defected ground structure is
designed and simulated in HFSS for UWB applications. The three step
evolution of the DGS monopole antenna is presented and discussed, as shown
in Figure 8-3.

Figure 8-4 shows the comparison graph of the simulated and measured
reflection coefficient (dB) of the three monopole antennas as shown in Figure 83 i.e. simple ground, DGS and modified DGS antennas. The monopole antenna
with simple ground is not matched properly and has no resonance at all in the
whole frequency band. The ground is then given a staircase-shape on both
sides of the ground and the antenna has started resonating at frequency
ranging from 3 to 6 GHz. The staircase-shape ground is further modified with a
square cut of size 4.1 mm×4 mm and the antenna is matched and resonating
throughout the whole UWB frequency band ranging from 3.1 to 10.6 GHz. The
resonance of the antenna changes after fabrication and the measured operating
frequency ranges from 3.5 to 10.2 GHz. The difference in simulated and
measured reflection coefficient may be attributed to fabrication errors.
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Figure 8-4: Simulated and measured reflection coefficient of the monopole
antenna with simple ground, DGS and modified DGS.

Figure 8-5 shows the parametric study of the antenna regarding the space (h)
between the antenna and the ground, though both the antenna and the ground
on the opposite sides of the substrate to get a comprehensive picture of the
characteristics of the antenna. Four different spaces (h) are taken into
consideration as shown in Figure 8-5. The best result regarding matching and
return loss (dB) is observed for 1.5 mm spacing between antenna and ground.
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Figure 8-5: Reflection coefficient of UWB antenna for different “h”
Figure 8-6 shows parametric study regarding five different square cuts (s×p) in
the middle of the DGS to inquire where the antenna perfectly matches and
resonate at all UWB frequencies, which in this case is 4.1 mm×4 mm. The effect
of this square cut is above 6 GHz frequency and can be observed in below
Figure 8-6.
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Figure 8-6: Reflection coefficient of UWB antenna for different s×p

8.4 Total Gain and Current Distribution
The total gain of the DGS monopole antenna can be seen in Figure 8-7. The
gain is positive throughout the whole operating frequency and varies from 0.5
dBi to 3.29 dBi. This phenomena of low gain at higher frequencies is observed
in DGS [108] and MTM [109] antennas as the resonance is not only because of
the antenna but DGS and metamaterial unit cell as well. The peak gain of 3.29
dBi is observed at 5.2 GHz. The simulated and measured gain of the defected
ground structure monopole antenna can be seen in Figure 8-7.
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Figure 8-7: Simulated and measured total gain of DGS monopole antenna
across the UWB

Figure 8-8: Anechoic chamber room test environment for measuring radiation
pattern
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The DGS disturbs the current distribution of the ground and give rise to different
resonances depends on the size and shape of the DGS. The simulated current
distribution of the UWB monopole antenna at three different frequencies i.e. (3.2
GHz, 7 GHz and 10 GHz) can be observed in Figure 8-9. It can be observed
from the figures below that most of the resonances at these stated frequencies
arise from either the sharp edges of an antenna or from the defected ground
structure.

(a) Current distribution at 3.2 GHz
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(b) Current distribution at 7 GHz

(c) Current distribution at 10 GHz

Figure 8-9: Current distribution at different frequencies (a) 3.2 GHz (b) 7 GHz
(c) 10 GHz
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8.5 Radiation Pattern
The simulated radiation pattern at four different frequencies i.e. (3.2 GHz, 5.2
GHz, 7 GHz and 10 GHz) is plotted in Figure 8-10. The H-plane shows strong
omni-directional behaviour throughout the UWB frequency range. The E-plane
keeps the doughnut shape for all four frequencies mentioned in the figure under
considerations.

.
a) Radiation pattern at 3.2 GHz

C) Radiation pattern at 7 GHz

b) Radiation pattern at 5.2 GHz

d)

Radiation pattern at 10 GHz

Figure 8-10: Simulated E-Plane (red) and H-Plane (blue) at different frequency
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(a) Measured radiation patterns at 4 GHz and 5.2 GHz
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(b) Measured radiation patterns at 5.8 GHz, 7 GHz and 10 GHz
Figure 8-11: Measured total gain radiation pattern at different frequencies i.e.
(4, 5.2, 5.8, 7 and 10 GHz) in the xz-plane
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The measured radiation patterns shown in Figure 8-11 are carried out in
anechoic chamber for which the maximum gain found around 3.29 dBi at 5.2
GHz. The simulated and measured data are in reasonable agreement. The
small differences between the simulated and the measured radiation patterns
may be attributed due to fabrication errors.

8.6 Conclusions
A physically compact monopole antenna consisting of a staircase-shaped
pattern DGS, fed by microstrip line has been proposed for UWB operation.
HFSS V.14 is used for the analysis of the simulation model. The size of the
antenna is kept at 26mm×25mm×1.6mm. The introduction of DGS has made
the antenna resonant over the full UWB frequency range from 3.5 GHz to 10.2
GHz. The novel shaped antenna along with carefully designed DGS has
resulted in a positive gain throughout the operational bandwidth, ranging from
0.5 dBi to 3.29 dBi. The peak gain of 3.29 dBi is observed at 5.2 GHz. The
simulated and measured results of the proposed antenna, of that of radiation
patterns, and peak gains, validate using of the proposed antenna for UWB
applications.
The next chapter provides a detailed outline of a compact CPW-fed antenna
loaded

with

CRLH-TL

and

EBG

for multi-band

enhancement.
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CHAPTER 9
COMPACT CPW ANTENNA LOADED WITH
CRLH-TL AND EBG FOR MULTI-BAND AND
GAIN ENHANCEMENT
9.1 Introduction
The Russian physicist V. Veselago, in 1967, presented the concept of LHM and
speculated the possible unique and peculiar electromagnetic behaviour of these
materials that include reversal of the Doppler effect, Snell’s law [45], and
anomalous refraction [156] [157]. In practice there are no pure LHM phenomena
and these LHM materials show RH effects that occur by default or naturally,
called CRLH structures [117].

This combination of RH and LH give rise to CRLH phenomena that lead to a
resonant frequency of the antenna independent of its dimensions [120] [121],
and broaden the bandwidth [112]. Transmission line (TL) theory comes under
the scope of metamaterials [118] [158]. CRLH-TL supports wider bandwidth,
and is smaller in size and has low losses compared to SRR structures which
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are generally lossy and narrowband [122]. The equation that represents the
propagation constant of a transmission line (TL) is given by:
(9.1)
Where

is the per unit length impedance and

admittance and

is the per unit length

is the phase constant.
(9.2)
(9.3)

The dispersion relation for the homogeneous CRLH-TL shown in Figures 9-2 is
given by the equation below:
(9.4)
The phase constant

can either be purely real or imaginary. When it is purely

real in the frequency range a pass-band exists since
occurs when

is purely imaginary since,

and a stop-band

. This stop-band in CRLH-TL

[159] is not present in purely right hand (PRH) or purely left hand (PLH)
materials, which makes them unique [117].

At higher frequencies the CRLH-TL behaviour is increasingly dispersive as the
phase velocity

becomes more frequency dependent. So at a given

frequency the LH and RH effects exactly balance each other and this
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phenomenon exhibits the dual nature of CRLH-TL. This CRLH-TL is dominantly
LH at low frequencies and is dominantly RH at higher frequencies. The phase
constant splits into RH and LH phase constants when the LH and RH effects
balance each other as follows:
(9.5)
This is called the balanced case and the dispersive curve has no stop-band,
and the series and shunt resonances are equal and are given by
(9.6)
Generally, the series and shunt resonances of the CRLH-TL are different and
are unbalanced [117].

EBG is formed and shaped of metallic periodic structure [160] [161] [162]
having peculiar electromagnetic properties and the ability to manipulate the
electromagnetic radiation in the same manner as semiconductor devices. The
performance of an antenna can be enhanced by EBG structure as this
suppresses the surface waves, lowers the back lobe levels, and improves the
gain [119] [112]. The surface waves direct electromagnetic waves to propagate
along the ground rather radiating in the free space and the effect is almost
unavoidable in many antenna systems. The band gap effect of the EBG
structure is very useful in suppressing these surface waves that result in better
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gain and broader bandwidth. EBG can also improve the radiation efficiency as it
is capable of constructive image current within a certain frequency band that
can help in designing a low profile efficient antenna [112].

In this chapter CPW-Fed monopole antenna is designed and loaded with a
combination of CRLH-TL resonator and EBG squares for multi-band operations
and different applications. The main purpose of this design is to observe and
investigate the stopband effect of CRLH-TL for LTE (2.78 GHz to 2.90 GHz)
application and the effect of EBG on bandwidth and gain enhancement in
WLAN (5 GHz) frequency range. The CRLH-TL improves the gain and incites
frequency in LTE band and the EBG improves the bandwidth along with the
gain of metamaterial antenna. This antenna can also be a potential candidate
for satellite communications (1.43 GHz to 1.53 GHz) as it works in that
frequency range, though this antenna was not initially intended to be working in
that range but the CRLH-TL is working independent of the size of antenna and
has resonance in satellite frequency range.

9.2 Antenna Geometry
The geometry of the proposed compact monopole antenna loaded with CRLHTL and EBG for multi-band and gain enhancement is shown in Figure 9-1. The
equivalent circuit diagram of the CRLH-TL unit cell is shown in Figure 9-2. The
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resonance condition of such a resonator is defined by the dispersion relation
[107].
(9.7)

Where N is the number of unit cells,

is the physical length of the resonator,

and n is the mode number, for n=0 the CRLH-TL resonator is obtained.

The overall volume of the antenna is 29×22×1.6 mm3 and is etched on an FR-4
substrate, having a relative permittivity of Ԑr = 4.4, di-electric loss tangent
=0.02 and a thickness of 1.6 mm. This CPW-fed antenna is designed and
simulated in HFSS V. 14.

The compact antenna is composed of monopole antenna and CPW ground
connected by a zigzag inductor and parallel capacitor constituting the
admittance Y, and the zigzag inductor and capacitor in series is considered as
the impedance Z.

In this antenna design the offset feeding technique [164] is used instead of a
centre line feed or inset feed so as to bring the antenna in close vicinity to the
EBG for maximum effect, and secondly, offset feeding plays an important role in
bandwidth enhancement and matching technique.
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Figure 9-1: Geometry of proposed metamaterial-inspired antenna

Figure 9-2: Equivalent circuit diagram of the proposed CRLH-TL
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The dimensions of the optimized proposed antenna are given in Table 9-1. The
three step evolution of the antenna is shown in Figure 9-3.

Table 9-1: Dimensions of the proposed antenna

(a)

(b)

(c)

Figure 9-3: Evolution of the antenna models; (a) original, (b) CRLH, (c)
CRLH+EBG
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The fabricated antenna designs of CRLH and CRLH+EBG antenna is shown
below in Figure 9-4 and is tested with a PNA-X network analyzer (N5242A).

Figure 9-4: Practical prototype of proposed CRLH and CRLH+EBG antenna

9.3 Experimental Investigation and Discussion
An optimized, quad-band, CPW-Fed metamaterial-inspired antenna with CRLHTL and EBG is designed and simulated in HFSS for Satellite (1.43 to 1.53 GHz)
LTE (2.78 to 2.90 GHz) WiMAX (3.33 to 3.53 GHz) and WLAN (4.45 to 5.40
GHz) applications; and then is fabricated and tested. The three step evolution of
the metamaterial-inspired antenna structures is shown in Figure 9-3.
151

S11 of the CPW Antenna Loaded with CRLH & EBG
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Figure 9-5: Simulated reflection coefficient of three different antennas

The simulated reflection co-efficient of the three antennas as shown in Figure 93 has been carried out in HFSS, and is compared as can be seen in Figure 9-5.
The original antenna is single band and has resonance in the range of 3.9 to 6.2
GHz. The antenna is then loaded with CRLH-TL and from Figure 9-4, it can be
seen that the antenna has started resonating in three different frequency ranges
of LTE (2.64 to 2.74 GHz) WiMAX (3.3 to 3.5 GHz) and WLAN (4.2 to 5.5 GHz).
The CRLH-TL antenna is then loaded with EBG, which will shift the resonance
of the antenna, and also improves the bandwidth from 5.40 GHz to 5.53 GHz in
the WLAN frequency band.
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S11, Reflexion Coefficient CRLH +EBG and CRLH
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Figure 9-6: Simulated and measured S-parameters of the two proposed
antennas (CRLH and CRLH+EBG)

The simulated and measured results of the two metamaterial-inspired antennas
are shown in Figure 9-6. The measured results show that both antennas have
incited a frequency in the region of 1.43 to 1.53 GHz as a result of CRLH-TL
loading that give rise to CRLH phenomena that works independently of the size
of an antenna, and the frequency range is reduced in the WLAN region as
compared to the simulated results. The EBG loading has further improved the
bandwidth of the CRLH antenna in the WLAN region by suppressing the surface
waves as can be observed in Figure 9-6. The small shift in frequency is also
observed in the LTE and WiMAX bands as well. The discrepancies between the
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computed and measured data can be attributed to reflections from the SMA
connectors.

9.4 Gain and Radiation Pattern
The simulated total gain of the three antennas (original, CRLH, and CRLH &
EBG) is shown below in Figure 9-7. The graph clearly indicates the
improvement in the gain of the (CRLH and CRLH-EBG) antenna as compared
to the original antenna. The maximum measured gain of 3.07 dBi is observed at
5.2 GHz in the WLAN frequency range for CRLH-TL and EBG antenna as
shown in Figure 9-8.
Total gain of the CPW Antenna Loaded with CRLH-TL and EBG
5
Original antenna
Antenna with CRLH
Antenna with CRLH + EBG

4
3

Gain (dBi)

2
1
0
-1
-2
-3
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4.5
5
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6.5
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Figure 9-7: Simulated gain comparison graph of three antennas
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Figure 9-8: Measured gain of monopole antenna loaded with CRLH-TL and
EBG

The CRLH+EBG antenna is tested in the anechoic chamber for radiation pattern
as shown in Figure 9-9. The measured data indicates that the antenna is
vertically polarised.
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Figure 9-9: Anechoic chamber room

(a) Radiation pattern at 2.85 GHz

(b) Radiation pattern at 3.4 GHz
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(C) Radiation pattern at 5.2 GHz
Figure 9-10: Simulated radiation pattern xz (red) and yz (blue) plane at three
different frequencies (2.85, 3.4 and 5.2GHz)

The measured radiation pattern at five different frequencies of CRLH+EBG in
the xz-plane shows that the total gains of the CRLH-EBG antenna is reduced as
compared to the simulated results, and that can be attributed to the different
environment provided for the antenna. The gain observed at the lower
frequency i.e. 1.47 GHz is -2.29 dBi, at 2.85 GHz the observed gain is 0.58 dBi,
at 3.4 GHz it is 1.05 dBi, at 5.2 GHz it is 3.07 dBi and at 5.8 GHz the gain is
1.12 dBi. It is observed that as the frequency goes higher the gain is enhanced
in this case.
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(a) Measured radiation pattern at (1.47, 2.85 and 3.4 GHz)

(b) Measured radiation pattern at ( 5.2 and 5.8 GHz)
Figure 9-11: Measured total gain radiation pattern at different frequencies (1.47,
2.85, 3.4, 5.2 and 5.8 GHz) in the xz-plane
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The measured radiation pattern shown in Figure 9-11 is carried out in the
anechoic chamber room. The simulated and measured data are in good
agreement. The small differences in simulated and measured radiation pattern
data may be accredited to fabrication errors and different simulated and
practical environment.

9.5 Summary
A compact CPW-fed metamaterial-inspired monopole antenna loaded with
CRLH-TL and EBG has been proposed for miniaturization, multi-band
operation, and gain enhancement. The miniaturization effect and multi-band
operation that includes satellite band 1.43 to 1.53 GHz, LTE band in the range
of 2.78 to 2.90 GHz, WiMAX band ranging from 3.33 to 3.53 GHz and WLAN
band ranging from 4.45 to 5.40 GHz has achieved by inserting CRLH. The gain
of the antenna is improved in all three bands by the insertion of CRLH and EBG
squares. The bandwidth of the CRLH antenna in the WLAN frequency band is
improved by 10% after EBG square insertion. The overall size of the antenna
after optimization is 29×22×1.6 mm3, and is designed and simulated in HFSS.
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CHAPTER 10
CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

10.1 Conclusions
The antenna is a key element and plays a central role in any wireless
communication system. The modern wireless communication systems demands
smaller electrical and electronic components, as the technology is getting
smarter and the sizes of these systems are getting smaller. As a result the
availability of space is becoming scarce for all electronic components including
the antenna. The scarcity of available space for the antenna has brought
challenges for the researchers to investigate not only various techniques for the
miniaturization of antennas but to improve the different characteristics of the
antennas like bandwidth, gain and radiation pattern to improve the performance
of an overall system.

The aim of this research was to study and introduce new concepts in
metamaterial unit cells and metamaterial-based antennas. Several novel and
compact metamaterial-inspired antennas were designed and investigated and
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compared against conventional antennas. The improvement in the form of gain,
bandwidth and miniaturization is found and discussed. The conclusion of this
research work can be summarized as follows:

Two novel, non-periodic unit cells were designed exhibiting negative refractive
index at the operating frequency which can be used for different applications
like miniaturization and for increasing isolation in MIMO systems.

A metamaterial-inspired horn antenna for DVB-T is designed and simulated for
gain enhancement. Two CPW-fed fork-shaped monopole antennas are
designed for DVB-T applications for bandwidth and gain enhancement, loaded
with two different metamaterial unit cells.

A novel metamaterial-inspired CPW-fed antenna has been proposed to enable
the miniaturization effect by introducing 150 MHz of bandwidth in the 2.45 GHz
frequency band in WLAN and provides dual band operation for WLAN and ultrawideband applications.

A physically compact, CSRR loaded monopole antenna with DGS for dual band
operation has been proposed for WiMAX/WLAN operations. The impedance
bandwidth of 3.86% from 2.40 to 2.50 GHz is induced by the CSRR unit cell, to
achieve miniaturization. The introduction of DGS has provided bandwidth
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enhancement in WiMAX (3.5 GHz) and upper WLAN (5.2 and 5.8 GHz)
frequency bands, keeping the omni-directional monopole radiation pattern
stable.

A compact cloud-shaped monopole antenna consisting of a staircase-shaped
pattern DGS, fed by microstrip line has been proposed for UWB operation. The
introduction of DGS has made the antenna resonant over the full UWB
frequency range from 3.1 to 10.6 GHz. The novel shaped antenna along with
carefully designed DGS has resulted in a positive gain throughout the
operational bandwidth.

CPW-Fed metamaterial-inspired monopole antenna loaded with CRLH-TL and
EBG has been proposed for miniaturization, multi-band operation, and gain
enhancement. The miniaturization effect and multi-band operation that includes
satellite band ranging from 1.43 to 1.53 GHz, LTE band in the range of 2.78 to
2.90 GHz, WiMAX band ranging from 3.33 to 3.53 GHz and WLAN band
ranging from 4.45 to 5.40 GHz has achieved by inserting CRLH. The CRLH-TL
has introduced multi-band function and enhanced the gain of the antenna. The
bandwidth is enhanced in the WLAN band and the gain of the antenna is
improved by the insertion of EBG squares.
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10.2 Future Recommendations
In the future, more different sub-wavelength metamaterial structures need to be
designed and used to design electrically small antennas though keeping this in
mind that when we use sub-wavelength structures there is a limitation and that
is narrow bandwidth.

In addition, MIMO antenna systems performance can be improved to reduce the
mutual coupling between antenna arrays by the introduction of metamaterial
unit cells in close vicinity, without affecting the radiation patterns.

The questions and challenges that need to be answered and addressed in the
future regarding metamaterial antennas are:

1. Why metamaterial antennas have no commercial usage after an
existence of more than a decade and claims that metamaterial antennas
or metamaterial-based antennas have far better performance than the
conventional antennas.

2. Why we are stuck with these four or five types of resonators like
rectangular, circular, spiral, labyrinth etc. New resonator types could be
designed.
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3. How to produce dual band or multi-band resonators.

4. How to take any commercial antenna that is used in wireless
communication systems like mobile phone or laptop and introduce MMs
unit cell in the antenna vicinity and to look for improved results.

5. How to achieve simultaneous negative permittivity and permeability by
designing materials rather than giving different shapes to copper to
achieve those results.

6. We have to consult nature for solutions and inspiration to decode. The
reason we say that metamaterials are humanly engineered materials
having properties not found in nature is because we didn’t tried and
consult nature at all.

7. To study the skin of chameleon for self-adaptation of frequency by
antenna.
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10.3 Inspiration from Nature:
1. Humans would have never thought of an aeroplane if they didn't saw a
bird flying, they would have never developed satellites systems if they
didn't observed the moon and the planets far away revolving around
other objects.

2. Travelling salesman problem was solved while studying the behaviour of
bees. (Algorithms) to use the shortest route. To find the efficient
algorithm they study the behaviour of bumblebee.

3. The idea of artificial anti-ice skin for air plane wings was inspired by
poison dart frogs which release venom from under skin when in trouble.

4. Hexagon shaped honey comb made of wax is the strongest and most
efficient structure as it is made of minimum wax as compared to
triangular and square structures.

5. Velcro is ubiquitous these days, found on everything from astronaut suits
to children's shoes. The sticky material was actually inspired by the
way plant burrs stick to dog hair. In 1941, the Swiss engineer George de
Mestral looked at the burrs under a microscope and noticed they
contained hundreds of tiny hooks that could catch on loops of hair or
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clothing. He developed a material based on this and called it Velcro, from
the French words "velours," meaning velvet, and "crochet," meaning
hook.

6. The tiny Namib Desert beetle has a clever way of surviving in its parched
habitat: It collects water by condensing fog into droplets on the ridges of
its back. Researchers from the Massachusetts Institute of Technology
have developed a bumpy material made out of glass and plastic that
mimics the beetle's back. That material could be used to collect water or
other liquids, make a "lab on a chip" or build cooling devices, scientists
said. U.S. military officials think the material could even be useful for
cleaning up toxic spills.

7. Researchers

developing color

displays

for

e-readers

are

taking

inspiration from an unlikely source: butterfly wings. Qualcomm MEMS
Technologies created the first full-color, video-friendly e-reader prototype
based on the way butterfly wings gleam in bright light. The display,
known as Mirasol, works by reflecting light, instead of transmitting light
from behind the screen the way LCD monitors do. The new type of
screen can be read in bright sunlight and has longer battery life.
8. Albatross inspired the remotely piloted aircraft known as drones design, a
major warfare in modern times.
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Nature and engineering are tied together. As an English engineering pioneer
Thomas Tredgold said, “Engineering is the art of directing the great sources of
power in nature for the use and convenience of man”.
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Appendix A

MATLAB Code for retrieving the constitutive effective
parameters of Metamaterials in CST:
clear all
% c=299792458;
load mag1.txt;
load phase1.txt;
% f=mag1(:,1)*1e9;
% F=f/1e9;
%%
% s11=20*log10(mag1(:,2));
% s21=20*log10(mag1(:,3));
%%
% sr11=mag1(:,2).*exp(-j.*phase1(:,2)*pi/180);
% sr21=mag1(:,3).*exp(-j.*phase1(:,3)*pi/180);
% clear all;
% clc;
s11_mag=mag1(:,2);
% format long;
s21_mag=mag1(:,3) ;
s11_arg=-1.*phase1(:,2);
s21_arg=-1.*phase1(:,3);
%convert magnitude and phase of s11 and s21 into a complex number
s11= s11_mag.*(cosd(s11_arg)+i*sind(s11_arg));
s21= s21_mag.*(cosd(s21_arg)+i*sind(s21_arg));
s11dB=20*log10(abs(s11));
s21dB=20*log10(abs(s21));
f=(1e9).*mag1(:,1);
F=f/1e9;
c=3e8;
ko=2*pi*f/c;
d=18e-3;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%
z=sqrt(((1+s11).^2-s21.^2)./((1-s11).^2-s21.^2));
einkod=s21./(1-s11.*((z-1)./(z+1)));
abs(einkod);
N=-i*log(einkod)./(ko*d);
mu=N.*z;
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eps=N./z;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%figures%%%%%%%%%%%%%%
%%%%
%%%%%%%%%%%%S11 and S21 figures%%%%%%%%%%%%%%%%%%%
figure(1)
plot(F,s11dB,'r-.+','linewidth',1.5)
hold on
plot(F,s21dB,'b-..','linewidth',1.5); grid on
legend('S11','S21');
title('S11,S21','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
ylabel ('Transmission/Reflection (dB)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
hold off
%%%%%%%%%%%%%%%%Real and Imag of z figure
%%%%%%%%%%%%%%%%%%%
figure(2)

plot(F,real(z),'b-..','linewidth',1.5), grid on
hold on
plot(F,imag(z),'r-.+','linewidth',1.5)
title('Relative Impedance, Z','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
ylabel ('impedance(Ohm)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
legend('Real','Imag');
%%%%%%%%%%%%%%%%Real and Imag of N figure
%%%%%%%%%%%%%%%%%%%
figure(3)
plot(F,real(N),'b-..','linewidth',1.5), grid on
hold on
plot(F,imag(N),'r-.+','linewidth',1.5)
title('Effective Refractive Index, n','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
legend('Real','Imag');
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
ylabel ('Refractive index','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
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%%%%%%%%%%%%%%%%Real and Imag of Eps figure
%%%%%%%%%%%%%%%%%%%
figure(4)
plot(F,real(eps),'b-..','linewidth',1.5)
hold on
plot(F,imag(eps),'r-.+','linewidth',1.5)
title('Effective extracted Permittivity','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
legend('Real','Imag')
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
grid on
%%%%%%%%%%%%%%%%Real and Imag of mue figure
%%%%%%%%%%%%%%%%%%%
figure(5)
plot(F,real(mu),'b-.+','linewidth',1.5)
hold on
plot(F,imag(mu),'r-..','linewidth',1.5)
title('Effective extracted Permeability','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
legend('Real','Imag')
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
ylabel ('Mue','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
grid on
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Appendix B

MATLAB Code for retrieving the constitutive effective
parameters of Metamaterials unit cell in HFSS:

clear all
c=299792458;
load s11mag.txt;
load s11deg.txt;
load s21mag.txt;
load s21deg.txt;
f=s11mag(:,1)*1e9;
F=f/1e9;
%
s11=20*log10(s11mag(:,2));
s21=20*log10(s21mag(:,2));
%
sr11=s11mag(:,2).*exp(-j.*s11deg(:,2)*pi/180);
sr21=s21mag(:,2).*exp(-j.*s21deg(:,2)*pi/180);
plot(F,-abs(s11),'r-','linewidth',1.5)
hold on
plot(F,-abs(s21),'b-.','linewidth',1.5);% grid on
legend('S11','S21')
xlim([2 3])
title('S11,S21','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
ylabel ('Transmission/Reflection (dB)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
ko=2*pi*f/c;
d=18.0e-3;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%
%sr11=10.^(sr11/20).*exp(-j.*phase1(:,2)*pi/180);
%sr12=10.^(sr12/20).*exp(-j.*phase1(:,3)*pi/180);
s11=sr11;
s21=sr21;
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%%%%
z = sqrt((1+s11).^2 -(s21.^2) ./((1-s11).^2 -(s21.^2)));
einkod=s21./(1-s11.*((z-1)./(z+1)));
nn=length(z);
N=(imag(log(einkod))-j*real(log(einkod)))./(ko*d);
%%%%%%%%%% This is from other codes %%%%%%%%%%%%%%%%%%%
%%%einkod=s21./(1-s11.*((z-1)./(z+1)));
%%%%N=(imag(log(einkod))-j*real(log(einkod)))./(ko*d);
%%%z = sqrt((1+s11).^2 -(s21.^2) ./((1-s11).^2 -(s21.^2)));
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%%%%%%%%%%%%
mu=N.*z;
eps=N./z;
figure
plot(F,real(z),'b-','linewidth',1.5), %grid on
hold on
plot(F,imag(z),'r-.','linewidth',1.5)
ylim([-2 2])
xlim([2 3])
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
title('Relative Impedance, Z','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
legend('Real','Imag')
figure
plot(F,real(N),'b-','linewidth',1.5), %grid on
hold on
plot(F,imag(N),'r-.','linewidth',1.5)
ylim([-2 6])
xlim([2 3])
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
title('Effective Refractive Index, n','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
legend('Real','Imag')
figure
plot(F,real(eps),'b-','linewidth',1.5)
hold on
plot(F,imag(eps),'r-.','linewidth',1.5)
title('Effective extracted Permittivity','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
203

xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
%plot(f,abs(eps),'g');
ylim([-2 6])
xlim([2 3])
%grid on
legend('Real','Imag')
figure
plot(F,real(mu),'b-','linewidth',1.5)
hold on
plot(F,imag(mu),'r-.','linewidth',1.5)
title('Effective extracted Permeability','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
xlabel('Frequency (Ghz)','FontName',...)
'Times New Roman','FontSize',12,'FontWeight','bold')
%plot(f,abs(mu),'g');
%grid on
legend('Real','Imag')
ylim([-2 6])
xlim([2 3])
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compared to the wavelength of the operational frequency.
These kinds of antennas because of their smaller size as
compared to conventional antennas are suitable for WLAN,
WIMAX and several other wideband applications, and can also
be used to attain certain degree of miniaturization, for
bandwidth [9,10] and gain enhancement [8]. Several
metamaterial [6] and metamaterial-inspired antennas [7] [11]
are designed and presented in literature but mostly they are
either bulky or narrowband. In the literature a dual band MTM
Inspired antenna is presented but negative order resonance
(NOR) created because of the composite right-left handed
transmission line (CRLH-TL) is narrow band and the gain is as
low as -2.53dBi at 2.4GHz [7]. Metamaterial-inspired antenna
reported in [11] is also dual band and the NOR is created
because of the inter-digital capacitor (IDC) at 2.45 GHz.

Abstract-In this paper, low profile planar Metamaterial
Inspired coplanar fed waveguide antenna is presented for WLAN
and Ultra-Wideband applications. The antenna is based on a
simple strip loaded to a rectangular patch and zigzag E-shape
metamaterial-inspired unit cell. The idea behind the proposed
antenna

is

to

enable

miniaturization

effect.

The

proposed

antenna can provide dual band operation, the first one is a Wi-Fi
band at 2.45 GHz having impedance bandwidth of 150MHz, the
second one is an ultra wide band extended from 4.2 GHz to 6.5
GHz.

Two antennas

without
measured

are designed

metamaterial-inspired
results

regarding

and

loading.
Return

fabricated
The

loss

with

simulated

( Sl1) ,

Gain

and
and
and

Radiation pattern are discussed.

Keywords-Metamaterial-lnspired

Antenna;

Coplanar

waveguide; Ultra- Wideband; Miniaturization;

I.

INTRODUCTION

In 1968, Victor Veselago suggested a theory stating that if a
substance has a simultaneous negative electric permittivity and
magnetic permeability, group velocity and phase velocity of
electromagnetic waves will be in opposite direction and such
materials will be called left-handed materials [1]. This
phenomenon as a result will give rise to negative refraction,
comparatively to reverse Vavilov Cherenkov radiation and
reverse Doppler Effect. The two fundamental characteristic
quantities that determine the propagation of electromagnetic
(EM) waves in matter are pennittivity and penneability. This is
because in dispersion equation, only these two parameters of
the substance appear which define this anomalous behaviour of
Metamaterials or left-handed materials or media. Then in 1996
and 1999, J.B Pendry observed negative permittivity [2] and
negative permeability [3] respectively but not simultaneously
as a condition for left-handed media. Later, In 2000 Smith et al
demonstrated
simultaneous negative permittivity
and
permeability in [4]. The experiment showing negative
refraction was done by Shelby et al in 2001, by bringing split
ring resonator and copper wire together on the opposite side of
substrate [5].

Fig. 1.Geometry of proposed metamaterial-inspired antenna

In this paper, a novel coplanar waveguide MTM-Inspired
antenna is designed fabricated and tested. The lower WiFi
frequency at 2.45 GHz is the result of zigzag E-shape MTM

One of the biggest advantages of Metamaterial [6] and
Metamaterial-Inspired antennas [7] are their smaller size
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loading. The second resonance is obtained because of the
CPW-Fed antenna from 4.2 GHz to 6.S GHZ, Ultra-Wideband
with the help of a small rectangular patch of 4mmx3.2Smm
and a gap to help maintaining this band steady throughout at
Sll<-IOdB.

Measured and simulated Reflection coefficient
0
Measured Conventional Antenna
Measured Inspired-meta
Simulated Inspired-meta
Simulated Conventional Antenna
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Fig. 3.Reflection coefficient of conventional and Metamaterial-Inspired
Antenna simulated and measured results.
Fig. 2. Photograph of the Prototype Antenna

CPW Antenna inspired metamaterial
0
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ANTENNA DESIGN CONCEPT

The geometrical configuration of the Metamaterial-Inspired
antenna is shown in Fig. I, and the photographic prototype of
the antenna is shown in Figure 2. The antenna is simulated in
HFSS using FEM technique. The substrate is an FR4 with
relative permittivity of 4.4, tangential loss of 0.02 and
thickness 1.6mm. The strip antenna is loaded at the top edge on
the right side with zigzag E-shape metamaterial unit cell. This
small metamaterial-inspired structure give rise to the left
handed media characteristic, and resonate at frequency
2.4SGHz. The antenna is fed by CPW of a SO ohm
transmission line of width 3mm. The overall size of the antenna
is 28x24x1.6 mm3. The upper ground is 12xlO mm2 and a gap
of O.Smm between the transmission line and a ground on each
side. The dimension of the strip antenna is 10.7Sx7 mm2,
which looks as two patches connected by small loading on top
right side. There is a small metallic wire of size 4xO.IS mm2
placed in the vicinity of zigzag unit cell. The width of the
metamaterial unit cell is taken O.lSmm and the gap between the
metallic wire and unit cell is 0.3Smm. The gap between the
antenna and the ground is taken as 2mm. The gap on each side
of the antenna is 8.Smm. The antenna is a single layer via free
and is compact and easy to fabricate. Table I presents the
numerical parameters of the proposed antenna.
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Fig. 4. Reflection coefficient of Metamaterial-Inspired antenna for different
thickness of “n”.

III.

RESULTS AND DISCUSSION

Fig. 3 shows the comparison of simulated return loss (SII)
of conventional coplanar waveguide and metamaterial-inspired
coplanar antenna as well as the experimental results. The graph
clearly indicates a negative order resonance (NOR) at 2.4S
GHz for the inspired-metamaterial antenna, that is because of
the negative characteristic (permittivity and permeability)
produced by the zigzag E-shape metamaterial-inspired unit
cell. There is a clear shift in the first order resonance for the
lower frequency band from 4 GHz to 2.4S GHz and the second
order resonance for metamaterial-inspired antenna is an UWB
from 4.2 GHz to 6.S GHz without any discontinuity.
Fig. 4 shows the parametric study of the metamaterial
inspired antenna for different "n" sizes. Where "n" is the width
of the zigzag unit cell on the top right side of the coplanar
waveguide. The best result is obtained at n O.lSmm.
=

Below in Fig. S and Fig. 6 it is given the radiation pattern
and the gain of metamaterial-inspired antenna, which is
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0.85dBi, 2.6 dBi and 2.77 dBi at 2.45GHz, 5.2GHz and
5.8GHz respectively.

IV.

A novel metamaterial-inspired CPW-Fed antenna has been
presented. It was designed and simulated using HFSS software
for WLAN and Ultra-Wideband applications. The antenna was
loaded with a small zigzag E-shape metamaterial-inspired
structure along with a thin wire, which acts as a resonator at
operating frequency 2.45 GHz. This antenna has covered 150
MHz of impedance bandwidth at 2.45 GHz and 5.2 GHz
impedance bandwidth extended from 4.2 GHz to 6.5 GHz;
these are covering both lower WiFi (2.45 GHz) and upper WiFi
(5.2/5.8 GHz) bands respectively. The fabricated antenna is fed
by the CPW transmission line and has an overall size of
28x24x1.6 mm3. The simulated and measured results were
shown to be in good agreement.

Radiation Pattern yz-plane 2.45 GHz, 5.2 GHz and 5.8 GHz
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Abstract.A physically compact dual band antenna design is presented for use in
mobile WLAN and mid-band WiMAX applications. The antenna design is
based on a monopole, with a combination of metamaterial inspired features,
based on a defected ground structure (GDS) and a complementary split-ring
resonator (CSRR). A single CSRR unit cell is placed over a pentagonal
monopole antenna, producing a narrow stop-band frequency in the range from
2.40 GHz to 2.49 GHz. The second operating frequency ranges from 3.44 GHz
to 6.25 GHz, the broad-banding being due to the influence of the defected
ground structure. The antenna design was optimized using HFSS, paying close
attention to size constraints, and ease of integration with the radio front end.
Simulation results for return loss, gain and radiation pattern are analyzed and
presented.
Keywords: Defected ground structure (DGS); High Frequency Structure
Simulator (HFSS); complementary split ring resonator (CSRR); metamaterialinspired antenna; Double Negative (DNG) behavior.

1 Introduction
The antenna design proposed in this paper is intended to address the need for dualband antennas for use in overlapping WLAN (2.4 GHz, 5.2 GHz, 5.8 GHz) and midband WiMAX (3.5 GHz) applications, which do not intefere with one another [1].
Various techniques have been investigated to achieve a suitable miniaturization of the
radiating elements. Of interest are etched L-shaped. U-shaped and G-shaped
metalization patches [4][5][6]; loading planar surfaces with complementary split ring
resonator (CSRR) metamaterial[7]; and placing insertions such as shortening pins or
resonators in the neighbourhood of the radiating element [8]. The complementary
split ring resonator (CSRR) is the dual of the split ring resonator (SRR) [3].
In [9] CSRR along with EBG is used for miniaturization but the antenna is resonatiing
in 2.6 GHZ and 3.23 GHz with limited bandwidth and gain results.The antenna design
presented in this paper is said to be metamaterial inspired in the sense that only a unit
cell of the CSRR metamaterial is needed to realize the design. As compared to [9], the
antenna presented here has better and widen bandwidth and both the frequencies are
adjusted for WLAN and WiMax applications at the cost of small increase in size. The
CSRR unit cell structure was designed in HFSS, with the constutuitive parameter

extraction being performed through matlab. This design suggests a double negative
result at a resonance frequency of 2.45 GHz, which is then utilised to provide the
lower band (WLAN) requirement, and to achieve a miniaturised radiator structure. A
defected ground structure is then utlised to provide the mid-band WiMAX (3.5 GHz)
and upper WLAN (5.2 GHz and 5.8 GHz) service bands, and also constributes to a
stable radiation pattern.

(a)

(b)

Front View

(c) Back View

Fig. 1.Monopole antenna loaded with CSRR and DGS.

2

Metamaterial UnitCellDesign

The geometrical configuration of the CSRR unit cell is shown in Fig. 2. The unit cell
is designed and simulated using HFSS. Matlab is used here to retrieve constitutive
parameters i.e. effective permeability and permittivity of the unit cell, which
determine the response of the material to electromagnetic radiation. The single unit
cell, which has no periodicity, normally generates negative permeability only [2].
Unit cell or metamaterial-inclusion can be used for different applications. In [2]
though the application of the unit cell is to increase the isolation between MIMO, but
in this paper the unit cell is used to attain miniaturization and to make antenna
resonate at lower frequency of ISM 2.45GHz. The unit cell analysed here produces
negative permittivity and permeability values from the introduction of symmetrical
periodicity in the armatures, and lengths of the unit cell. This unit cell of size
9mm×5.5mm is then etched on top of the monopole to make antenna electrically
small and resonant in the ISM 2.45 GHz service band. The optimized parameters of
the unit cell are given in Table.1.

Fig. 2. Geometrical configuration of CSRR Unit Cell

Table 1. The optimized parameter of the proposed CSRR unit cell

The transmission coefficient of the metamaterial unit cell is given in Fig. 3, it can be
seen that the unit cell has a resonance at 2.45 GHz. Extracted values of the effective
constitutive parameters with negative real parts at the resonance frequency were
observed for this resonance, as shown in Figs. 4 and 5, respectively.

Fig. 3. Transmission/Reflection Coefficient of a unit cell

Fig. 4. Effective extracted permittivity of a unit cell

Fig. 5. Effective extracted permeability of a unit cell

3 Antenna Design and Results
The geometrical configuration of the metamaterial inspired antenna structure is shown
in Fig. 1. A finite element model of the antenna was analysed using HFSS. The
substrate was a 1.6 mm thick FR4 material with a relative permittivity of 4.4 and loss
tangent of 0.02. The pentagonal monopole is loaded with a CSRR unit cell. This
metamaterial unit cell displays double negative (DNG) behaviour at a resonant
frequency of 2.45 GHz. The feed line is a 50 Ω microstrip stub, with a width of 3 mm.
The overall antenna volume is 2625×1.6 mm3. The defected ground structure has
dimensions of 22 mm×12 mm, and a further 3mm-radius semi-circle was cut from
each side of the ground to enhance the wideband performance in the upper WLAN
frequency range. The optimised CSRR parameters are given in Table 2.

a)conventional antenna
b)Monopole With CSRR c)Monopole CSRR with DGS
Fig. 6. Metamaterial-Inspired Antenna design Evolution

Fig. 6 shows the ‘three step evolution’ of the metamaterial inspired design.

Fig. 7. Reflection coefficient of the conventional, CSRR and CSRR along DGS monopole
antenna

The results of all the three antennas were simulated in HFSS, these are summarised in
Fig. 7. This indicates that the antenna with CSRR loading and DGS has an overall
better performance in terms of the realized impedance bandwidth and return loss, as
compared to the conventional and CSRR loaded monopole antennas

Table 2. The optimized parameter of the proposed Metamaterial-inspired antenna

Simulated gain values of the Monopole CSRR with DGS antenna is given in the Fig.
8 throughout the whole operational band.

Fig. 8. Total gain of the Monopole CSRR with DGS antenna

The simulated E-plane and H-plane radiation patterns are shown in Fig. 9. This shows
a very stable radiation pattern in the frequency band of interest.

a)

b)

C)
Fig. 9 Simulated E-Plane and H-Plane at a) 2.45GHz, b) 3.5GHz, c) 5.2GHz.

4 Conclusion
A CSRR loaded dual-band monopole antenna with a defected ground structure has
been presented for combined WLAN/WiMAX applications. The antenna is fed by a
microstrip feed line. The forecasted antenna volume is 26 mm  25 mm  1.6
mm.The simulation model suggests an impedance bandwidth of 3.86% centred on
2.45 GHz for the first band, and a wide upper band from 3.44 GHz to 6.25 GHz. Both
bands display a good omni-directional monopole radiation pattern.
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Abstract— A novel printed diversity monopole antenna is
presented for WiFi/WiMAX applications. The antenna comprises
two crescent shaped radiators placed symmetrically with respect
to a defected ground plane and a wideband zigzag neutralization
line is connected between them to achieve good impedance
matching and low mutual coupling. Theoretical and
experimental characteristics are illustrated for this antenna,
which achieves an impedance bandwidth of 54.5% (over 2.4 - 4.2
GHz), at a reflection coefficient < -10 dB, mutual coupling < -16
dB. An acceptable agreement is obtained for the computed and
measured gain, radiation patterns, and envelope correlation
coefficient. These characteristics demonstrate that the proposed
antenna is an attractive candidate for the multiple input multiple
output (MIMO) portable mobile devices.
Index Terms – monopole antenna, MIMO, WiFi, WiMAX

I. INTRODUCTION
The rapid evolution of wireless communication
technology has enabled the electronic industries to regularly
upgrade their products to meet the unabated demand.
However, the existing multipath propagation problem has
reduced the communication data rate and weakened the signal
reception for many mobile devices which operate in urban and
suburban environments. Recently, MIMO (multiple input
multiple output) systems with antenna diversity have emerged
owing to their superior data rate enhancement, multipath
fading reduction and co-channel interference suppression
capabilities [1]. Nevertheless, it is a challenging task to design
a compact MIMO/diversity antenna with low mutual coupling
between antenna elements while preserving the performance
of a single element antenna, when multiple antennas are
closely spaced within a small commercial casing.
Significant efforts in finding solutions to reduce the
mutual coupling or achieve a good isolation between two
antennas have been addressed in published literature [2-7].
These methods include: the introduction of a Ȝ/4 resonator [2]
on the ground plane, embedding T-shaped and dual invertedL-shaped ground branches [3], connecting a neutralization line
between two radiators [4], adding an I-shaped structure on the
ground [5], inserting a tree-like structure [6] and
implementing a T-shaped structure on the feeding plate [7].
However, all these methods [2-4] are only able to offer narrow
band isolation between two antennas and very few techniques
[5-7] can handle wide band isolation. In order to fill this need,
this paper introduces a novel wideband isolation technique for
two closely spaced printed monopole antennas. This is done
by linking the two antenna elements with a zigzag
neutralisation line which can significantly improve the
isolation and impedance matching of the proposed diversity
antenna.

&RS\ULJKW,(,&(

Fig. 1. Geometry of the proposed antenna. (Left) Top
view,(Rigth) Bottom view. (Unit: mm)

Fig. 2. Simulated S parameters of the proposed antenna with
and without the neutralisation line.

II. ANTENNA GEOMETRY AND DESIGN CONCEPT
The proposed antenna geometry is illustrated in Figure 1.
A crescent shaped radiator which is similar to that in [8-10] is
adopted. The radiator is fed by an 18×1 mm microstrip line.
The radiators are separated by 18 mm, approximately 0.23λ0
computed at 2.4 GHz (i.e. the lowest resonant frequency) for
the optimal mutual coupling suppression. These radiators are
printed on one side of a Duroid 5870 substrate material with a
thickness of 0.79 mm, dielectric constant (εr) of 2.33 and a
loss tangent of 0.0012, while a 67.5 × 90 mm2 defected
ground plane is located on the other side of the substrate. The
total dimension of the proposed antenna is 40 × 90 × 0.79
mm3 which is ideal for application to a PCMCIA network card
or a mobile device.



The wide impedance bandwidth characteristic of a
single element of the proposed antenna can be realized by
manipulating the radii of the sections of two circles that
constitute the radiator [8-9]. By controlling these parameters,
two resonant modes can be established. When two suitable
modes are constructively merged, the desired wideband
impedance bandwidth can be obtained. In order to gain a
sufficient isolation between two identical antennas, while
keeping the good impedance matching over the desired
frequency band, a zigzag neutralization line with 0.5 mm
width is introduced between the two radiators. In principle,
the implementation of the neutralization line is to provide a
180° out of phase coupling current to eliminate the original
coupling current. Hence, the existing electromagnetic
coupling between two antenna elements can be weakened. It
should be noted that the SEMCAD and HFSS software were
used to cross-validate the simulated results in the design.

12 dB to lower than -17 dB across the operating frequency
band.
The measured and simulated reflection coefficient |S11|
results are shown in Figure 3: these exhibit reasonable
agreement although there is a frequency shift that can be
attributed to reflections from the SMA connector and the
variation of the electrical properties of the substrate material,
which is not taken into account in the simulated model. As can
be seen, the impedance bandwidth of the antenna
encompasses the operating frequency spectra from 2.4 to 4.2
GHz for a reflection coefficient |S11| < -10dB, which
corresponds to 1.8 GHz bandwidth or about 54.6 % relative
bandwidth with respect to the centre frequency of 3.3 GHz.
The bandwidth achieved fully covers the frequency spectrum
of WiFi (2.4 to 2.485 GHz) and WiMAX (2.5 to 2.69 GHz
and 3.3 to 3.7 GHz).
For diversity and MIMO application, the correlation
coefficient between the two antenna patterns is another
paramount parameter to prove the validity of this antenna,
since it is direct connected with the loss of spectral efficiency
and degradation of performance of a MIMO system [1]. In
general, the envelope correlation coefficient of an antenna
array can be computed by using either the far-field radiation
pattern [11] or scattering parameters from the antenna system
[12]. Due to the complication of the 3D far field measurement
and calculation, the S-parameters method of computing the
correlation coefficient of the two antennas is used. According
to [12], the envelope correlation coefficient ȡ of a 2 × 2
antenna system can be determined using the following
equation:

Fig. 3. Simulated and measured S-parameters of the proposed
antenna.

ρ=

Fig. 4. Measured and simulated envelope correlation coefficient
of the proposed antenna.

III. RESULT AND DISCUSSION
To evaluate the effectiveness of the zigzag
neutralisation line, the simulated reflection coefficient |S11|
and mutual coupling |S21| of the proposed antenna with and
without the line are elucidated in Figure 2. As can be noticed,
when implementing the zigzag line, |S11| can be improved
from -8 dB to below -10 dB, while |S21| can be reduced from -

*
S11* S12 + S 21
S 22

2

(1)

§¨1 − S 2 − S 2 ·¸§¨1 − S 2 − S 2 ·¸
11
21
22
12
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Figure 4 shows the variation of the envelope correlation
coefficient across the desired operating frequency band. Both
simulated and measured ȡ are less than 0.005, which is
comparable to the results obtained from [11]. However, the
small phase error in S-parameter measurement this leads to
slight discrepancies between the simulated and measured
result.
The prototype’s radiation patterns at 2.45 and 3.5 GHz
were measured, and the corresponding results cross validated
with the simulation data are depicted in Figure 5. In the
measurement, three pattern cuts (i.e. x-z and y-z planes) were
recorded at two selected operating frequencies: 2.45 and 3.5
GHz, covering the whole of the designated bandwidth in this
study. The results are presented in Figure 4, which show that
the radiation patterns are stable and consistent at all of the
designated frequencies. It should be noted that the measured
maximum gain of at 2.45 and 3.5 GHz are 1 and 2.5 dBi
respectively and the variation of the gains is about ±0.75dBi.
IV. CONCLUSION
A compact and low profile printed crescent-shaped
diversity monopole antenna has been studied in this paper. By



implementing the proposed zigzag neutralisation lines, the
MIMO antenna criterions (mutual coupling and envelope
correlation coefficient) can be enhanced significantly with a
sufficient impedance bandwidth over a wide frequency band
from 2.4 to 4.2 GHz. Further investigation of the radiation
characteristics of the proposed antenna has confirmed that the
antenna is capable of overcoming multipath fading
propagation problem through offering pattern diversity.

[2]

[3]

[4]

[5]

[6]
(a) 2.45 GHz
[7]

[8]

[9]
(b) 3.5 GHz
Fig.5. Simulated and measured normalised radiation patterns of
the proposed antenna for two planes (left: x-z plane, right: y-z plane)
at (a) 2.45 GHz, and (b) 3.5 GHz. Port (left) is terminated in 50 ohm
and port 2 (right) is excited.

Where ‘xxxx’ simulated cross-polarization, ‘oooo’ simulated
co-polarization ‘------’ measured cross-polarization, ‘——’
measured co-polarization

[10]
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Abstract— A Broadband antenna realized by CPW-Fed antenna
(coplanar waveguide), this is loaded with split ring resonator
(SRR) as metamaterial unit cell. The aim of this work is to
exhibit the improvement of the gain and the band width by
metamaterial inclusion. The obtained results from HFSS
simulation concerning the constitutive parameters of the (SRR),
show that there is a DNG (Double Negative) permeability and
permittivity in the frequency of interest. In this work the
operating bandwidth of the proposed antenna (notched band) is
in the range of 0.43GHz to 0.95 GHz as DVB-T band, and 1.5
GHz to 2.5 GHz as Wi-Fi application. Here in this paper the
inserted SRR has a remarkable effect in the second band.
Keywords- Metamaterial; Coplanar Waveguide; SRR; HFSS;
Broadband

I.

INTRODUCTION

Planar metamaterial have been widely used in radio
frequency application for instance small resonators are one of
these applications [1]. Metamaterial are known as artificial
materials having negative permittivity, negative permeability or
both negative (DNG), for such values of the constitutive
parameters the material offers excellent properties of the
antenna especially for coplanar waveguide [2]. Coplanar
waveguide are generally used for planar antennas, the
properties required are the wideband and high gain [3]. Here in
this paper CPW is loaded with (SRR) metamaterial operating
in the DVB-T frequency Band for application in terrestrial
digital television broad casting.
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This paper deals firstly with the design of unit cell made of
SRR as metamaterial which is operating in the range of 1.8
GHz to 2.8 G MHz, the unit cell is designed by HFSS and the
obtained S-parameters are used for the extraction of the
constitutive parameters of the unit cell. The SRR cells are
inserted at the bottom of the coplanar waveguide (CPW), the
obtained reflection coefficient by simulation show that the
resonant frequency of the (CPW) antenna is shifted towards the
unit cell as the metamaterial part, an enlargement of the
bandwidth is observed, also the gain of the antenna is improved
slightly.
II.

A. Theoretical aspect
The extraction of the constitutive parameters of the printed
circuit board considered as metamaterial usually needs
experimental tests or analytical models [7]. Drude–Lorentz
model [8], known as dispersion model is very accurate, in
which the magnetic permeability and electric permittivity are
extracted analytically using mathematical model [9]. Here in
this paper the constitutive parameters are obtained using the
well-developed characterization method of metamaterials
known as the standard retrieval procedure [10], where the
assigned effective refractive index (n) and relative impedance
(z) values of the metamaterial or (SRR) can be extracted from
the S-parameters assuming that the unit cell test is symmetric
with respect to the (x–y) plane, which means S11 = S22 and
S21 = S12. The relative impedance can be given with respect to
the S-parameters using the following formulas:

Coplanar waveguide loaded with metamaterial can find
application in beam steering with low cost [4], many other
research work on CPW with metamaterial are seeking the
enhancement of the bandwidth [5,6], also some research work
were dealing with the gain improvement [7].
The proposed antenna has a geometrical dimension of
150mmx70mm, the substrate is an FR4, and the metamaterial
unit cell has a dimension of 34mm x 34mm. Here in this paper
we consider the case of 4 SRR as to show more explicitly the
effect of metamaterial placement. The antenna is simulated
with and without metamaterial in order to exhibit the antennas
characteristics.
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Z =±

(1 + S11 )2 − S212
(1− S11 )2 − S212
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Where ko the free space propagation and (d) is the thickness
of the unit cell, here d is chosen to be 30 mm. The constitutive
parameters can be derived from the above equation as:

ε eff = n / Z

frequencies are observed, the first one is on 1.84 GHz and the
second one on 2.5 GHz. The simulated unit cell on HFSS has
shown very interesting results, figure 3.a and figure3.b present
the imaginary and real parts of respectively the permeability
and the permittivity, both the permittivity and the permeability
have negative real parts (DNG) from 1.84 GHz up to 3.5 GHz.

(3)

And,

Effective extracted Permeability

µeff = n.Z

(4)

2
Real (µ)
Imag (µ)
1

B. Unit Cell
The unit cell is realized by utilizing the well-developed printed
circuit board (SRR) technology. Figure 1, shows the
geometrical dimension of the SRR metamaterial.
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Fig. 1, SRR metamaterial cell,
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The SRR dimensions are as follow: the first square is 34mm
x34mm, the second one is 24mm x24mm the third one is
18mm x18mm the fourth one is 12mm x12mm, the gap of the
squares is 2 mm and the thickness of the all the rings is 2 mm,
the spacing between rings is 1mm. The substrate is an FR4
with relative permittivity ε r = 4.4 and dielectric loss tangent
δ = 0.02, the thickness of the substrate is 1.6 mm.
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Fig. 3, (a) Real and Imaginary parts of the unit cell permeability.
(b) Real and Imaginary parts of the unit cell permittivity.
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In the literature [9], this is a clear DNG media (Double
Negative, ε r 〈0 , µr 〈0 ), which involve application in the
electromagnetic phenomena of reflection, absorption, radiation,
cloaking, refraction, and sub-wavelength imaging.
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Fig. 2, Transmission and Reflexion coefficient

The transmission and reflection coefficient of the SRR
metamaterial is presented by figure 2, two resonant

III. COPLANAR WAVEGUIDE
The coplanar waveguide (CPW) used in this work is
constituted by a set of four monopole antennas integrated with
a circular dish radius 32mm as given in figure 4.a, the SRR
metamaterial cells are placed on the ground plane of the
antenna as shown by figure 4.b.

d
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g

(a)
Feed

h

Fig. 5, Total gain radiation pattern without SRR, F= 1.9 GHz

(b)
Fig. 4, a) Top view of the CPW-fed antenna
b) Bottom view of the CPW-fed antenna
m=60mm, g=100mm, f=5mm, d=39mm, h= 15mm

The total gain shown in figure 5, is recorded only for the
frequency 1.9 GHz as the second resonant frequency of the
CPW antenna, figure 5 presents the case of the antenna without
SRR, the radiation pattern for xz-plane and for yz-plane has a
maximum gain of 6.15 dBi. Figure 6 presents the radiation
pattern of the antenna loaded with 4 SRR for the frequency 1.9
GHz, the xz-plane and yz-plane radiation pattern is almost the
same as without SRR just the maximum gain has changed to
6.91 dBi.
From figure 5 and figure 6, it is clear that there is an
increase of the total gain from 6.15 dBi (without metamaterial)
to 6.91 dBi (with metamaterial), considered as 18.9% of
increase.
Fig. 6, Total gain radiation pattern with 4 SRR, F= 1.9 GHz

Figure 7 shows the reflection coefficieny with and without
SRR, we can see that the second bandwidth is shifted up from
1.87 GHz without SRR to 1.97 GHz with SRR this is
considered as 5%, it is obvious that the effect of the SRR is
above 1.2 GHz that’s why the first resonant frequency is not
shifted, this also justified by figure 8.

CPW-Fed antenna with and without SRR
-5

Reflection Coefficient(dB)

-10
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IV. CONCLUSION
In this paper, SRR Metamaterial for Broadband application
has been designed by HFSS and the constitutive parameters
are retrieved by the standard procedure. The obtained results
show that both the permeability and the permittivity have
negative real parts; this means that the SRR cells can produce
resonant frequency in any medium placed in. The results
obtained by simulation and experimentally, show that, when
loading the coplanar antennas with metamaterial, the resonant
frequency is shifted of 5% towards lower frequencies and the
bandwidth is almost the same, whereas the gain is increased
by 18.9 %.
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Abstract.This paper presents a novel, physically compact, miniaturized, ultra-wideband
(UWB) monopole antenna design, which utilizes a defected ground structure (DGS). The
defected ground design is realized as a spiral staircase-shaped pattern, and the optimized
antenna volume is 26×25×1.6 mm3. The resultant antenna operates over the full UWB
frequency range from 3.1 GHz to 10.6 GHz, with predicted gains in the range 0.1 dBi to 3.36
dBi across the band.
Keywords: defected ground structure (DGS); ultra-wideband (UWB); Metamaterial
(MTM) antenna; monopole antenna.

1 Introduction
UWB continues to receive widespread attention because of it’s immunity to multipath
interference, and the ever increasing demand for larger bandwidths and higher data
rates. Applications that can benefit from ultra-wideband technology include
broadband wireless communication systems, peer-to-peer ultra-fast communications
and short range communication systems and sensor networks.
There are several well established techniques for achieving ultra-wideband antenna
characteristics. These are now routinely supplemented by the use of techniques based
on artificial metamaterials, with specific electromagnetic (constituitive) parameters.
Examples include composite righthand/lefthand (CRLH antennas, metamaterial
loaded antenna structures,and metasurfaces or electromagnetic bandgap structures
(EBG) [1]. EBG approaches date back to the late 1980s through the work of
Yablonovitch and Pendry [2]. EBG structures can be classified into four distinct
categories; defected ground structure (DGS), photonic band-gap structure (PBG), high
impedance electromagnetic surfaces (HIS) and artificial magnetic conductors (AMC)
[3][4]. The stop-band characteristics of EBG and DGS structures are be used for wide
range of antenna applications such as miniaturization, gain enhancement, and promote
stable radiation patterns. A major feature of EBG/DGS antennas is in establishing
large bandwidths, and miniaturisation [5][6] through the modification and suppression
of surface waves. Various compact shapes of monopole antennas with defected
ground structure (DGS) have been reported in for UWB applications[7] [8]. However,
due to small antenna sizes, the gain in the lower band is always lower than the upper
band [8]. In [8] the bandwidth is wide because of the CPW feeding - this feeding
enhances bandwidth but not the gain. In this paper a monopole antenna, with a novel

defected ground structure, is designed for small size, with positive gain and stable
radiation pattern performance across the full UWB service band.

.
Fig. 1.Geometry of proposed DGS monopole antenna

2 Antenna Design and Optimization
The geometrical configuration of the defected ground structure (DGS) is shown in
Fig. 1, and the proposed antenna is shown in Figure 2. The antenna model was
simulated using HFSS. The substrate is FR4, with relative permittivity of 4.4, a loss
tangent of 0.02, and a thickness 1.6mm. The front side of the substrate is patterned
with monopole and the back side is patterned with the DGS. The cloud shape
monopole antenna is chosen for its novelty and a triangular patch is cut on top of the
antenna to reduce a footprint without affectingthe characteristic of the antenna, which
gives rise to wider bandwidth and stable radiation pattern. The construction of the
defected ground structure was inspired from the arrangement of spiral staircase inside
the ancient Mayan“ElCaracol” observatory, which will further enhance the bandwidth
and radiation pattern. Initially only a three quarter simple and plain ground is etched
at the back of the substrate (Fig. 2,a), and then the sides of the ground are carved in
stairs on both sides, which gives rise to resonances from 3.1 to 6 GHz and 9 GHz and
above (Fig.2,b). The middle of the DGS is then modified by cutting a square shape of
size (s×p) i.e. (4.1×4) mm which produces the UWB frequency response from 3.1 to
10.6 GHz (Fig.2,c). The antenna is fed by a 50 Ω microstrip line of width 3mm. The
antenna volume is 26×25×1.6 mm3.The optimized parameters of the DGS and UWB

antenna (shown in Fig.1) are given in Table 1. The simulated reflection coefficients
for the three antenna variants are shown in Fig. 3. Initially, there is no radiation with
the plane ground plane. For the defected structure, radiation from 3.1 GHz to 6 GHz
and then from 9 GHz can be observed. Finally in the modified DGS, a square patch is
carved in the middle of the upper part of the DGS, a continuous full band UWB
frequency response is obtained.
.

a)

b)

c)

Fig. 2. (a) Simple ground monopole (b) DGS monopole
(c) Front (pink) &Back(blue) of modified DGS monopole

Parameter

Value
mm

Parameter

Value
mm

L

25

h

1.5

W

26

hg

8.5

L1

25.6

g

0.6

Lg

16.5

s

4.1

a

2

p

4

b

2

w1

3

Table 1. The optimized parameter of the propose UWB antenna

3 Discussion of Parametric Performance Analysis
Fig. 4 shows the comparison of simulated return loss (S 11) of the monopole antenna
for different spacing sizes, “h”, of the defected ground structure (DGS).The structure

parameter “h” is the gap between the ground and the upper part of the monopole.
Both parts are on opposite sides of the substrate as shown in Fig. 1. The different “h”
values used are 1.2mm, 1.5mm, 2mm and 2.5mm. The graph indicates that the best
results are observed for “h” equal to 1.5mm in the frequency range from 3.1 to 10.6
GHz. For this graph the square shaped cut in the middle of the ground is maintained at
4.1mm×4mm,this removes any discontinuity in the frequency range from 6 to 7 GHz.

Fig. 3.Reflection coefficient of the monopole antenna with simple plain ground, DGS and
Modified DGS.

Fig. 4. Reflection coefficient of UWB antenna for different “h”

Fig. 5, shows the parameter study for the DGS monopole antenna for different “s×p”
sizes. Here, “s×p” is the square shaped cut in the middle of the defected ground.
Initially a DGS is simulated without any square cut in the middle. Afterwards, four
different square cuts of. 2mm×2mm, 3mm×3mm, 4.1mm×4mm and 5mm×5mm are

sequentially introduced in the middle of the ground. The graph clearly illustrates that
the best results are observed for “s×p” at 4.1mm×4mm in the frequency range
between 3.1 to 10.6 GHz. From this graph, the gap between the ground and monopole
antenna is kept at h= 1.5mm, which will remove any discontinuity in the frequency
range from 6GHz and above.

Fig. 5. Reflection coefficient of UWB antenna for different s×p

a)

b)

c)

Fig. 6. Current distribution at different frequencies (a) 3.2GHz (b) 7GHz (c) 10GHz
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Fig. 7. Total Gain of DGS monopole antenna across the UWB

Fig.6. shows current distribution at three different frequencies of 3.2 GHz, 7GHz and
10 GHz. Fig.7 shows the antenna gain across the full UWB frequency band from 3.1
to 10.6 GHz. The total gain throughout the whole bandwidth is positive and varies
from 0.1 dBi to 3.36 dBi. In most cases e.g. [8] the gain at the lower frequency band
has negative values as it is often difficult to control the gain for smaller antenna sizes.
In this design a positive gain is not only observable at lower band frequencies, but
throughout the band, whilst making the antenna smaller at the same time. The antenna
gain at the higher frequencies is smaller as compared to the lower frequencies, as this
phenomenon is observed in DGS [8] and MTM antennas [9]. As in DGS and MTM
antennas, the resonance is because of the defected ground structure and metamaterial
unit cell respectively rather than the antenna alone itself; these antennas can’t
withhold a stable gain throughout the bandwidth. The peak gain of 3.36 dBi is
observed at 5.2 GHz.

a)

Radiation pattern at 3.2 GHz

c) Radiation pattern at 7 GHz

b) Radiation pattern at 5.2 GHz

d) Radiation pattern at 10 GHz

Fig. 8. Simulated E-Plane (Red) and H-Plane (Blue) at a) 3.2GHz, b) 5.2GHz, c) 7GHz. (d)
10GHz

4 Conclusion
A miniature monopole antenna, with a novel defected ground structure, has been
presented for WLAN 5.2/5.8 GHz and full-band UWB operations. The simulation
model was analysed using HFSS, and predicts a working bandwidth operating over
the full UWB range from 3.1 GHz to 10.6 GHz. This broad banding is a function of
the defected ground structure, which also contributes to the gains observed from 0.1
dBi to 3.36 dBi across the range, and associated pattern stability.
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Abstract: In this work, miniaturised tunable two-antenna multiple-input–multiple-output (MIMO) systems composed of printed F-slot
shaped are developed to operate in the global positioning system (GPS), personal communication system (PCS), distributed control
system and Universal Mobile Telecommunications System bands. The two-element MIMO antenna occupies a volume of 50 ×
37.5 × 1.6 mm3, and is printed on an FR4 substrate. Initially, the frequency tunability of the MIMO antennas was veriﬁed by lumped
capacitors with values between 0.75 to 2.75 pF to achieve a tuning range from 1.55 to 2.07 GHz while the low mutual coupling
between the radiators was accomplished by adding an I-shaped branch to a cut-away ground plane. The two antennas are then loaded
with varactors to simultaneously achieve miniaturisation and tunability. Simulation and measurement results demonstrate the
successful implementation of a tunable MIMO with coupling reduction mechanism for a portable handheld wireless transceiver. The
channel capacity of the proposed antenna is investigated and found to be close to that of a un-correlated system with efﬁcient
diversity in which the mutual coupling across the full bandwidth was better than −13 dB. Owing to the compact size and ease of
manufacture, the proposed antennas can be a promising solution for adaptive MIMO systems in handheld devices.

1

Introduction

The next generation of high bit-rate wireless communications
will exploit the advantages of reduced multipath fading
and increased channel capacity inherent in multiple-input–
multiple-output (MIMO) RF architectures. MIMO techniques
are already present in 4G wireless systems. Their use increases
the communication throughput by using multiple antennas at
the transmit and receive terminals. The design of MIMO
antenna systems for handheld devices poses a serious
challenge for antenna designers due to the physical space
requirements. In the literature, several antenna structures are
used for MIMO applications [1–30]. In general, various planar
types have been used, including planar inverted F-type
antennas (PIFA); a dual-element PIFA operating at 2.5 GHz is
discussed in [1]. Attributes such as small size, low cost and
ease of manufacture of printed monopole antennas motivate its
application [2]. One advantage of the printed monopole
antenna is the inherently omnidirectional pattern for achieving
maximum channel capacity [3]. Rapid developments in the
use of MIMO systems in wireless communication demand
novel antenna designs that can be used in more than one
IET Sci. Meas. Technol., 2014, Vol. 8, Iss. 6, pp. 359–369
doi: 10.1049/iet-smt.2013.0276

frequency band. The design of two back-to-back monopole
antennas connected with a T-shaped stub for 2.4/5.2/5.8 GHz
WLAN and 2.5/3.5/5.5 GHz WiMAX applications are
presented in [4]. A tri-band E-shaped printed monopole
antenna loaded with two U-shaped resonance paths suitable
for MIMO systems for WLAN application, covering 2.4, 5.4
and 5.8 GHz is reported in [5].
It is more challenging for engineers to design a MIMO
antenna for handset applications than for the base station,
mainly because of the need for miniaturisation and the
mutual coupling that exists between the element antennas
[6, 7]. Indeed, in the latter, it is difﬁcult to pack multiple
antenna elements closely within the conﬁnes of a mobile
handset while maintaining good isolation since the antennas
are strongly coupled with each other and share a common
ground and near ﬁeld coupling [8]. Their pattern correlation
coefﬁcient is directly related to the coupling and a low
value increases the achievable transmission speeds [9].
Many studies have been carried out to reduce coupling
between multiple antenna elements. A corrugated ground
plane with l/4 slot was used to reduce the interference of a
current ﬂowing in the common ground plane [10]. In
359
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[11, 12], a protruding T-shaped stub and L-shaped stub at the
ground plane are used to reduce coupling between two
antennas. It is also interesting to note that, by adding a
lumped-element decoupling network after the two coupled
antennas, inter-port isolation better than 15 dB can be
obtained for two planar radiators separated by 0.069l [13].
However, this method will incur a slight increase in
manufacturing costs and any losses in the lumped elements
will impair the radiation efﬁciency of the antenna.
Many efforts have been made using an electromagnetic
bandgap (EBG) structures [14–18] to suppress the
unwanted surface propagating wave at a speciﬁc frequency,
and thus minimise the inter-element coupling. These EBG
structures provide substantial decoupling but suffer from
large surface area, high cost of manufacturing and
complicated design. To avoid increasing the volume and
weight of the antenna, authors in [19–23] propose a
neutralisation technique to cancel out the reactive coupling
between two closely placed radiators. This is done by
physically connecting the multiple antenna elements with a
transmission line. This method has been initially used on a
suspended PIFA antenna structure as in [19, 20], and was
further adopted in a printed microstrip antenna array for
mobile applications [21]. The results in [19–21] show that
this technique provides an isolation of about 18 dB between
two antenna elements. Other meta-material inspired
solutions offer further choices to mitigate mutual coupling
[24]. This technology has the advantage of reducing the
circuit size while providing equivalent or better
performance in both antenna and passive circuit applications.
However, all these methods [1–24] are only capable of
offering ﬁxed frequency bands and cannot be altered once
fabricated. The smart handsets for emerging markets operate
in multiple frequency bands and require a relatively large
antenna footprint. They employ more than one radiating
element to support multiple wireless functions or provide
the diversity needed in a MIMO technology. Adopting
tunable antenna designs is a viable solution to overcoming
bandwidth limitations set by antenna size (the
Chu-Harrington limit) [25], and to compensate for the loading
effect of the deployment environment. A practical design
objective in implementing tunable antennas is to achieve
adequate tuning range and tuning resolution across as many
channels as possible, although the tuning resolution is not a
problem for continuously variable tuning elements such as
varactors. Recently, a reconﬁgurable antenna array has been
used in an adaptive MIMO system to further exploit the
theoretical performance of MIMO systems [26–29]. Such a
system is capable of changing the radiation properties of the
antenna elements, depending on real channel responses, so
that its performance can be optimised. However, to realise a
reconﬁgurable antenna in a wireless device, especially in a
mobile device, presents difﬁcult challenges because of
limitations of product volume and manufacturing cost. For
MIMO systems, mutual coupling is a new and important
parameter that has to be considered with traditional
parameters, such as gain, radiation pattern, radiation
efﬁciency and reﬂection coefﬁcients, in achieving high
performance of the antenna system.
A natural approach to achieve low mutual coupling is to
physically separate the antennas [30–33], which of course is
barely possible for MIMO systems implemented in a
handset that needs to be ergonomically small and slim.
Thus, in this paper, a MIMO antenna with two tunable
closely spaced monopole antennas is proposed. The antenna
system discussed in this paper is based on the tuned
360
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structure proposed by the authors in [34, 35]. The design
presented here is essentially a feasibility study for a
compact printed MIMO antenna system suitable for mobile
tracking and wireless sensor applications, and with an
acceptable mutual coupling (below −13 dB).

2

Antenna design concept

Fig. 1a shows the geometry of the proposed two-monopole
MIMO antenna system formed on a single layer of low cost
FR-4 material with thickness 1.6 mm, dielectric constant 4.4,
and of loss tangent 0.02. The size of the system PCB
selected in this study is 37.5 mm × 50 mm, which can
represent the circuit board of a wireless terminal. The two
monopoles are printed on the two opposite corners of the
PCB (shown in the top portion of Fig. 1a). There are only a
few areas where the antennas can be positioned under
restrictions imposed by mobile phone manufacturers and this
is usually on the top edge of the PCB [35]. Considering this
constraint, we simulated and realized several two monopole
conﬁgurations located in close proximity to each other.
During analysis of the mutual coupling, the radiator’s
dimensions remained ﬁxed; only the distance between the
elements and the back protruded strip was adjusted to
maintain a low coupling. The distance between the two
monopole antennas was chosen to be 1.5 mm (equivalent
to 0.012l at the maximum achievable tuning frequency). The
monopole radiating element consists of a rectangular F-slot
patch. The dimension of the rectangular patch is 15 × 18
mm2. Each monopole is designed in a cleared area, that is,
where the ground plane is removed. The two monopoles are
mirror images and symmetrically placed with respect to the
PCB centre line as shown in Fig. 1a. A 50 Ω microstrip
(with dimensions 17.0 × 1.5 mm2) is used to feed each
monopole antenna, which is also printed on the top layer of
the substrate. Good impedance matching can be obtained
without any other matching circuit. Figs. 1b and c show the
bottom layers of the possible ground layers proposed in this
work. The layout of the antenna with varactors and passive
components is depicted in Fig. 1d and a simpliﬁed circuit
diagram over the antenna geometry for one of the varactors
diodes is presented in Fig. 1e which shows the ﬂow of the
DC bias applied in this design. This design has functional
similarities with the single antenna application detailed in a
prior investigation [34, 35], the MIMO operation being
achieved by the duplicated structure. The main ground plane
of the MIMO antenna is about 35 × 37.5 mm2 and there is an
I-shaped branch extending from it and between the two
monopole antennas. Both the I-shaped branch and the main
ground plane are printed on the bottom layer of the substrate.
The dimensions of the branch are 1.5 × 15 mm2, having been
properly selected to obtain a high isolation. The preferred
dimensions for antenna along with the I-shaped branch were
obtained with the aid of the commercial simulator HFSS
[36]. The cut-away ground structure is used to improve the
impedance matching of the antenna as previously proposed
by the authors in [34, 35]. The mutual coupling between the
proposed closely spaced antennas mainly comes from the
induced current because of the sharing of the common
ground and near ﬁeld coupling.
To achieve sufﬁcient isolation between the two identical
elements and to maintain a good impedance matching over
the desired frequency band, an I-shaped branch is introduced
in this study. In principle, its function is to introduce an
opposite coupling to reduce the mutual coupling. Hence, the
IET Sci. Meas. Technol., 2014, Vol. 8, Iss. 6, pp. 359–369
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Fig. 1 Geometry of proposed antenna
a Top view
b Ground with I-shaped branch
c Ground without I-shaped branch
d 3D schematic view of the proposed antenna with DC bias circuit
e Simpliﬁed equivalent DC bias circuit for one of the varactor diodes
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existing electromagnetic coupling between two antenna
elements can be weakened. To ﬁnd optimal locations of the
I-shaped branch, several simulations were performed to
check the isolation, return loss and radiation characteristics of
the antenna. It was interesting to ﬁnd these ﬁndings were in
agreement with published works [11, 37, 38].
To evaluate the effectiveness of the I-shaped branch, the
simulated reﬂection coefﬁcient (S11) and mutual coupling
(S21) of the proposed unloaded antenna with and without

the line are shown in Fig. 2a. Owing to the symmetrical
structure, only S11 and S21 are represented. As can be seen,
by introducing the I-shaped branch onto the ground plane,
the effect of reducing the mutual coupling to approximately
−13 dB, while leaving the resonant frequency unaltered.
To further explain how the I-shaped ground branch reduces
the mutual coupling, the surface current distribution of
unloaded structure at the resonant frequency of 2.2 GHz is
shown in Fig. 2b. The surface current distribution of the entire

Fig. 2 Simulated S parameters of unloaded MIMO antenna with and without I-shaped branch (a), surface current distributions of unloaded
antenna without I-shaped branch (left) and with (right) at 2.22 GHz; Port 1 (left) is excited and port 2 is terminated by 50 Ω (b)
362
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Fig. 3 Prototype of unloaded antenna
a Top view
b Ground with I-shaped branch
c Ground without I-shaped branch

element without the I-shaped branch when the input port of
antenna 1 is excited and the input port of antenna 2 is
terminated by 50 Ω loads, was demonstrated. In this case, the
induced surface current on antenna 2 is strong, so the mutual
coupling is high. When the I-shaped branch is added to the
ground plate, the induced surface current on antenna 2 is
much weaker when the same excitation was applied, so the
mutual coupling is much lower. The reason is that, antenna 1
induces coupling current on the I-shaped branch and antenna
2, respectively, and the I-shaped branch also induces coupling
current on antenna 2 where the two induced coupling currents
on antenna 2 are reversed, so the isolation is strengthened.

3

Results and discussion

To validate the simulated reﬂection coefﬁcient results of the
unloaded antenna system, a prototype of the proposed
unloaded antenna as shown in Fig. 3 was ﬁrst constructed and
measured based upon on the design and dimensions as
described in Fig. 1. Fig. 4 shows the measured reﬂection

coefﬁcients S11 along with their simulated counterparts, which
are given in Fig. 2 (it should be noted that S11 = S22 for
symmetrical structure), and the isolation S21 between the two
monopoles. As can be seen, the experimental data agree with
the simulation results. The measured impedance matching of
the two monopoles over the 2.2 GHz band is below −10 dB
return loss, that is, equivalent to VSWR ≤ 2. The isolation
between the antennas was found below 13 dB. It is observed
that without the I-shaped branch (the reference design, see
Fig. 3), the antenna port isolation rapidly deteriorates by about
8 dB as seen in Fig. 4. This behaviour suggests that, by
strengthening the isolation, an I-shaped ground branch with
proper dimensioning may be used to generate an additional
coupling path to lower the mutual coupling (below −13 dB).
The next phase of this work is the antenna tuning
mechanism, which relies on the introduction of a varactor
over the slotted radiator patch, which was derived from the
HFSS model. For proper realisation, this tuning requires
the addition of two varactor diodes ﬁxed at locations over the
F-slots of both radiators along with passive components (see
Fig. 1d). The target tuning range is obtained by setting the

Fig. 4 Measured S parameters of unloaded MIMO antenna with and without I-shaped branch
IET Sci. Meas. Technol., 2014, Vol. 8, Iss. 6, pp. 359–369
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Fig. 5 Simulated S parameters of loaded MIMO antenna without I-shaped branch

Fig. 6 Prototype of loaded antenna with DC bias circuit
a Top view
b Bottom view
c Simulated and measured S parameters of loaded MIMO antenna with I-shaped branch
364
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Fig. 7 MIMO characteristics of the antenna
a Correlation coefﬁcient
b Capacity loss

same capacitance values from 0.75 to 2.75 pF of over antenna
element 1 and antenna element 2. Fig. 5 shows the simulated
scattering parameters (S11, S21) for the loaded antennas
without the I-shaped branch on the ground plane. It should
be noted that without the I-shaped branch present on the
ground plane the effect of this capacitive loading cause the
radiators to resonate over a wide frequency range from 1.55
to 2.07 GHz covering the global positioning system, PCS,
distributed control system and Universal Mobile
Telecommunications System bands, and moreover satisfy the
impedance matching bandwidth requirement of S11 <−10
dB, with the mutual coupling being approximately −8 dB.
For-proof-of-concept, the antenna prototype including the
I-shaped branch present on the ground plane along with
tuning circuit are depicted in Figs. 6a and b. Two varactor
diode packages (MMBV3102) with tuning circuits were
used to achieve the tuning capability. The proposed antenna
design, along with these two varactor diodes and passive
IET Sci. Meas. Technol., 2014, Vol. 8, Iss. 6, pp. 359–369
doi: 10.1049/iet-smt.2013.0276

components, are shown in Fig. 6a. As can be seen, for each
antenna element, capacitor value of 100 pF was used to
allow the RF signal to pass and block DC, while the second
capacitor value of 1 nF was used to avoid the shorting as
shown in the patch. Two 100 nH RF chokes were used for

Table 1

ECC and channel loss with bandwidth at each
operating frequency band for the proposed design
Loading
cap, pF

0.75
1.25
1.75
2.25
2.75

Centre
freq., GHz

Bandwidth,
%

ECC

Channel
capacity loss,
bps/Hz

2.07
1.9
1.8
1.67
1.55

8
10
9.5
7
6.5

0.01
0.005
0.006
0.01
0.008

0.24
0.25
0.23
0.24
0.23
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Fig. 8 Characterising the proposed antenna
a Simulated against measured normalised antenna radiation patterns of the proposed loaded antenna for two planes (left: x-z plane, right: x-y plane) at 1.55, 1.67,
1.8, 1.9 GHz and 2.07 GHz, where port 1 (left) is excited and port 2 (right) is terminated in 50.
‘____’ measured co-polarisation
‘– – –’ simulated co-polarisation
‘........’ measured cross-polarisation
‘------’ simulated cross-polarisation
b Simulated and Measured peak gain for loaded MIMO antenna at 1.55, 1.67, 1.8, 1.9 GHz and 2.07 GHz.
c Radiation efﬁciency of proposed antenna.
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ECC can alternatively be [40]

re = 

∗
∗
|S11
S12 + S21
S22 |2



1 − |S11 |2 − |S21 |2 1 − |S22 |2 − |S12 |2

(1)

To evaluate the performance of the MIMO antenna, the
calculated ECC curve is shown in Fig. 7a. It should be
noted that the ECC of the two element antenna is always
below 0.01 over the whole frequency band, which is
comparable to the results obtained from [5, 19]. This is a
good indicator for promising diversity performance.
In theory, the channel capacity can be enhanced by
increasing the number of antennas of the MIMO system.
Nevertheless, the presence of Rayleigh-fading MIMO
channels will induce loss of channel capacity. This loss can
be calculated from the correlation matrices given in [41,
42]. In the case of a 2 × 2 MIMO system, assuming that
only the receiving antenna patterns are correlated and
assuming the worst scenario where high signal-to-noise
ratio is occurring, the capacity loss Closs can be evaluated
by using the following equation [40, 41]
Closs = log2 det (cR )

(2)

Fig. 8 Continued

where cR is the receiving antenna correlation matrix that is
given by




r11 r12
, rii = 1 − |Sii |2 + |Sij |2
cR =
r21 r22
(3)
and


rij = − Sii∗ Sij + S ∗ji S jj , for i, j = 1 or 2

DC passing. A 100 Ω resistor was used to control the current
ﬂowing to the varactor. The same frequency range from 1.55
to 2.07 GHz was accomplished, but an opposite coupling is
introduced because of the presence of the I-shaped branch
on the ground plane which in turn reduces or improves the
mutual coupling between the two element antennas. The
simulated and measured values of S11 and S21 are plotted in
Fig. 6c, these results exhibit reasonable agreement with the
simulated results computed by HFSS. It is noticeable that
some discrepancies in simulated and measured results
which can be attributed to: (i) fabrication tolerances in
antenna; (ii) some uncertainty in the electrical properties of
substrate material; (iii) accuracy of the simulation model for
the varactor; (iv) use of an ideal model for the resistor in
simulation; and (v) cable and SMA connector effects.
However, both results clearly show that the impedance
bandwidth of the antenna encompasses the operating
frequency spectra from 1.55 to 2.07 GHz for a reﬂection
coefﬁcient for S11 <−10 dB while keeping the mutual
coupling at the acceptable level (S21 <−13 dB) over the
usable bandwidth.
For diversity in the proposed MIMO system, the correlation
between signals received at the same side of a wireless link by
the distinct antennas is an important ﬁgure of merit for the
whole system. Commonly, the envelope correlation
coefﬁcient (ECC) is used to evaluate the diversity capability
of a multi-antenna system. This parameter should preferably
be computed from three-dimensional (3D) radiation patterns
[39], but this method is laborious. Assuming that a multiple
antenna operates in a uniform multipath environment, its

The capacity losses of the proposed MIMO antenna are
shown in Fig. 7b, where it can be seen that neither exceeds
0.25 bps/Hz over the targeted operating frequency band in
which approves that good impedance matching and
isolation between two antennas elements lead to low
capacity loss. The ECC and channel loss along with
bandwidth for each capacitor value is detailed in Table 1.
Far-ﬁeld radiation patterns of the prototype loaded MIMO
antenna were measured in a far-ﬁeld anechoic chamber. The
reference antenna was a broadband horn (EMCO type
3115) positioned at 4 m from the antenna under test where
the input port of antenna-1 is excited and input port of
antenna-2 is terminated by 50 Ω load. Two pattern cuts (i.e.
the xz and xy planes) were taken at 1.55, 1.67, 1.8, 1.9 and
2.07 GHz when the capacitance of the varactor diode was
varied, respectively, 0.75, 1.25, 1.75, 2.25 and 2.75 pF. The
simulated patterns were generated from HFSS for the same
cut planes. The patterns were normalised for ease of
comparison and presented by Fig. 8a. The results indicate a
notable agreement between the simulated and measured
radiation patterns at all the designated frequencies, as
shown in Fig. 8a. Signiﬁcantly, these radiation patterns are
consistent over the operating bands. The results show that
the radiation patterns are more or less omnidirectional.
Fig. 8b illustrates the measured load MIMO antenna gain
compared with the simulations in the broadside direction
for frequencies between 1550 and 2070 MHz as the
capacitance value varied from 0.75 to 2.75 pF of
accordingly. It was found that the maximum measured
antenna gain at the selected frequency bands were 1.58,
1.75, 1.8, 1.9 and 2.15 dBi, respectively, whereas the
simulated gains were found to be 1.78, 1.83, 1.91, 2.18 and
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2.55 dBi across the chosen frequency bands. There is a small
discrepancy between the measured and simulated results. This
may be accounted for by (1) misalignment of the capacitor in
the antenna assembly, and (2) the fact that the presence of the
SMA connector pin in the measurement was not taken into
consideration in the modelling process. Nonetheless, these
results can be said to be in reasonable agreement.
The radiation efﬁciency of the proposed antenna is shown
in Fig. 8c. These curves include the effect of the return power
loss and inter-port coupling; in which the total efﬁciencies
achieved on the lower side but reasonable around the
selected tuned bands. The antenna efﬁciency decreases from
82 to 62% when the capacitance value increases from 0.75
to 2.75 pF, respectively. The efﬁciencies over the operating
bands are reasonable for practical mobile and portable
wireless applications.

4

Conclusion

A small-size tunable printed multiple-input and
multiple-output antenna has been presented. A ground plane
with an I-shaped branch was used to reduce the mutual
coupling between the antennas elements. This tunable
MIMO antenna provides better than −13 dB mutual
coupling covering the entire frequency band for a separation
distance of 0.012 wavelength. The prototypes of the
proposed unloaded and loaded MIMO antennas have been
successfully implemented and reasonable antenna
performances were observed. By varying the capacitance
value from 0.75 to 2.75 pF, the resonant frequency was
shifted downwards from 2.07 to 1.55 GHz while
maintaining the return loss (S11) below −10 dB and the
isolation characteristic (S21) less than −13 dB. Both the
simulated and the measured patterns are given in good
agreement. Moreover, the envelope correlation coefﬁcient
of this MIMO antenna is well below 0.025 which leads to a
good diversity characteristic to mitigate the multipath
fading. The proposed design is simple and low cost
providing a promising solution for mobile terminals such as
PDA and tablet computers.
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Abstract— A Broadband antenna realized by CPW-Fed antenna
(coplanar waveguide), this is loaded with split ring resonator
(SSR) as metamaterial unit cell. The aim of this work is to exhibit
the improvement of the gain and the band width by metamaterial
inclusion.
The obtained results from HFSS simulation
concerning the constitutive parameters of the (SRR), show that
there is a DNG (Double Negative) permeability and permittivity
in the frequency of interest. In this work the operating
bandwidth of the proposed antenna (notched band) is in the
range of 0.43GHz to 0.95 GHz as DVB-T band, and 1.5 GHz to
2.5 GHz as Wi-Fi application.
Keywords-Metamaterial; Coplanar Waveguide; SSR; HFSS;
Broadband

I.

INTRODUCTION

Planar metamaterial have been widely used in radio
frequency application for instance small resonators are one of
these applications [1]. Metamaterial are known as artificial
materials having negative permittivity, negative permeability or
both negative (DNG), for such values of the constitutive
parameters the material offers excellent properties of the
antenna especially for coplanar waveguide [2]. Coplanar
waveguide are generally used for planar antennas, the
properties required are the wideband and high gain [3]. Here in
this paper CPW is loaded with (SRR) metamaterial operating
in the DVB-T frequency Band for application in terrestrial
digital television broad casting. Coplanar waveguide loaded
with metamaterial can find application in beam steering with
low cost [4], many other research work on CPW with
metamaterial are seeking the enhancement of the bandwidth
[5,6], also some research work were dealing with the gain
improvement [7]. The proposed antenna has a geometrical
dimension of 150mmx70mm, the substrate is an FR4, and the
metamaterial unit cell has a dimension of 70mmx50mm. The
antenna is simulated with and without metamaterial in order to
exhibit the antennas characteristics.
This paper deals firstly with the design of unit cell of PCB,
as metamaterial operating in the range of 360 MHz to 760
MHz, the unit cell is designed by HFSS and the obtained Sparameters are used for the extraction of the constitutive
parameters of the unit cell. The PCB is inserted at the top of the
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coplanar waveguide (CPW), the obtained return loss by
simulation show that the resonant frequency of the (CPW)
antenna is shifted towards the unit cell as the metamaterial part,
an enlargement of the bandwidth, also the gain of the antenna
is improved slightly.
II.

PALANAR METAMATERIALS

A. Theoretical aspect
The extraction of the constitutive parameters of the printed
circuit board considered as metamaterial usually needs
experimental tests or analytical models [7]. Drude–Lorentz
model [8], known as dispersion model is very accurate, in
which the magnetic permeability and electric permittivity are
extracted analytically using mathematical model [9]. Here in
this paper the constitutive parameters are obtained using the
well-developed characterization method of metamaterials
known as the standard retrieval procedure [10], where the
assigned effective refractive index (n) and relative impedance
(z) values of the metamaterial or (PCB) can be extracted from
the S-parameters assuming that the unit cell test is symmetric
with respect to the (x–y) plane, which means S11 = S22 and
S21 = S12. The relative impedance can be given with respect to
the S-parameters using the following formulas:

Z 

1 S11 2  S212
1 S11 2  S212

(1)

And,

S21
1
n   j.ln[
]
 Z 1  k0d
(2)
1 S11

 Z 1 
Where ko the free space propagation and (d) is the thickness
of the unit cell, here d is chosen to be 5 mm. The constitutive
parameters can be derived from the above equation as:
eff  n / Z

(3)

 eff  n.Z

(4)

And,

B. Unit Cell
The unit cell is realized by utilizing the well-developed printed
circuit board (PCB) technology. Figure 1, shows the schematic
view of the manufactured metamaterial layers. On figure 1a
we have the SRR with geometrical parameters detailed as
given bellow, and figure 1b present the CPW-fed antenna, the
SRR is placed on the ground plane.

Figure 2 and figure 3 show the radiation pattern gain, it is
clear from the figures that there is an increase of the gain from
-10dB (without metamaterial) to -8dB (with metamaterial),
considered a 20% of increase.
CPW-Fed antenna with and without metamaterial
-5
-10

Return loss(dB)

-15
-20
-25
-30
-35
with metamaterial
without metamaterial

-40
-45

(a)
(b)
Figure 1, (a)The unit cell of metamaterial, The CPW-fed antenna

0.5

1

1.5

2

2.5

Frequency (Ghz)

Figure 4, Return loss with and without metamaterial
Figure 4 shows the return loss with and without
metamaterial, we can see that the bandwidth is increased of
about 10% in the two bands just in case where the metamaterial
is placed.
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ABSTRACT
A Split Ring Resonator (SRR) as Metamaterial has been loaded on pyramidal horn antennas for
broadband wireless application. The aim of this work is to exhibit the advantage of metamaterial (SRR)
use inside horn antenna; this is mainly enhancement of the bandwidth towards lower frequency and
improvement of the radiation pattern gain. The horn antenna is feed by a monopole antenna of optimised
length. The obtained results from HFSS simulation concerning the constitutive parameters of the (SRR),
show that there is a DNG (Double Negative) permeability and permittivity in the frequency of interest. In
this work the operating bandwidth of the proposed antenna is in the range of 0.64 GHz to 0.73 GHz, as
broadband application.

KEYWORDS
Metamaterial, Horn antennas, Return loss, constitutive parameters, total Gain, DNG.

1. INTRODUCTION
Many research works in terrestrial digital video broadcast need high performances such as low
cross polarization and Omni-directional beam, and low side lobes of the radiation pattern, horn
antennas are among this application. These are widely used in electromagnetic scattering for
their interesting applications, especially when loaded with different type of dielectric materials
[1], to enhance the bandwidth and the radiation pattern; metamaterial is one of these most used
materials known for absorption of undesirable wave effect on antennas design also used for
antennas miniaturization purpose [2].
Metamaterial is well known as artificial material, also known as left hand side, suitable for
designing antennas of high absorption. Recently it has been of great interest, both for
theoretical development [3], and for experimentally works [4]. Since ten years ago many
research work have been investigated on the effect of dielectric or ferrite object inside the taper
of a horn antennas [5, 7]. Here in this paper we are looking at the effect of metamterial (SRR)
inside the throat of the horn antennas, just to see the advantage of this application in the
broadband and terrestrial application.
Many combination of dielectric or ferrite layer have been tested but seems that the
metamaterial is more interesting [8]. Pyramidal Horn antennas loaded with metamaterial [9],
have desirable properties such as increased directivity, reduced side lobe level, wide bandwidth,
and ease of fabrication [10,12]. These properties are particularly attractive for applications such
as ultra-wideband (UWB) ground penetrating radars (GPR) [13][14]. However, the
characterization of such antennas with increasingly complex designs using analytical techniques
is often not possible. On the other hand, a numerical model can provide a virtual test bench to
explore different design possibilities before any costly prototyping. Although many numerical
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techniques can be used to model and study the characteristics of such antennas, the moment
method is well known to provide good accuracy [15][16].
This paper deals firstly with the design of unit cell of PCB, as metamaterial operating in
the range of 640 MHz to 730MHz, the unit cell is designed by HFSS and the obtained Sparameters are used for the extraction of the constitutive parameters of the unit cell. The PCB is
inserted at the top of the horn antennas throat, the obtained return loss by simulation show that
resonant frequency of the horn antenna is shifted towards the unit cell.

2. METAMATERIAL DESIGN
2.1. Theoretical Aspect
Since the metamaterial is an artificial material, the extraction of the constitutive parameters
needs experimental tests or analytical models. Drude–Lorentz model [17, 18], known as
dispersion model is very accurate, in which the magnetic permeability and electric permittivity
are described as follow:


µr = µ0 1 +


Fu f 2
f − f ou2 + jγ . f
2





(1)

And,


ε r = ε 0 1 +


Fe f 2
f − f oe2 + jγ . f
2





(2)

Where µ0 and ε 0 are respectively the background permeability and the background permittivity,
also Fu and Fe are respectively the magnetic resonant intensity the electric resonant intensity,
f ou is the magnetic resonant frequency and foe the electric resonant frequency, and γ is the
damping factor of the resonance, all these parameters have to be found analytical for several
frequencies, appropriate codes or programs have to be used.
Another well-developed characterization method of metamaterials is the standard retrieval
procedure [19,20]. The assigned effective refractive index (n) and relative impedance (z) values
of the metamaterial PCB can be extracted from the S-parameters assuming that the unit cell test
is symmetric with respect to the (x–y) plane, which means S11 = S22 and S21 = S12. The
relative impedance can be given with respect to the S-parameters using the following formulas:
Z =±

(1+ S11 )2 − S212
(1− S11 )2 − S212

(3)

And,




S

 1
21
n = − j.ln

 Z −1   k0d

 1 − S11
 Z +1  


(4)

Where ko the free space propagation and (d) is the thickness of the unit cell, here d is chosen to
be 40 mm. The constitutive parameters can be derived from the above equation as:
µ eff = n.Z

(5)

And,

ε eff = n / Z

(6)
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2.2. Unit Cell Design
The unit cell is realized by utilizing the well-developed printed circuit board (PCB) technology.
Figure 1, shows the schematic view of the manufactured metamaterial layers. On the front face,
we have the SRRs with geometrical parameters detailed as given bellow.

Figure 1, Unit cell of metamaterial
g = 152mm, s= 72mm, h = 61mm, r = 22mm,l = 4 mm,
k = 38mm, m =22mm, j = 18mm, n =8mm, p =4mm
The substrate is an FR4 with relative permittivity ε r = 4.4 and dielectric loss tangent δ = 0.02,
the thickness of the substrate is 1.6 mm.
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Figure 2, (a) Real and Imaginary parts of the unit cell permeability.
(b) Real and Imaginary parts of the unit cell permittivity
The simulated unit cell on HFSS has shown very interesting results, figure 2.a and figure 2.b
present the imaginary and real parts of respectively the permeability and the permittivity, two
resonant frequencies are observed, the first one is on 525 MHz and the second one on 710 MHz,
both the permittivity and the permeability have negative real parts from 525 MHz up to 900
MHz except for the frequency 710 MHz, this is also valid for the refractive index in figure 3.a.
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Figure 3, (a) Real and Imaginary parts of the unit cell Refractive index
(b) Real and Imaginary parts of the unit cell relative impedance
In the literature [21,22], this is a clear DNG media (Double Negative, ε r 〈0 , µr 〈0 ), which
involve application in the electromagnetic phenomena of reflection, absorption, radiation,
cloaking, refraction, and subwavelength imaging. The relative impedance (z) has a positive real
part in figure 3.b, but still the resonant frequencies observed in the same given frequencies of
the PCB.

3. A PPLICATION TO HORN ANTENNA
The horn antennas used in this study (without metamaterial) is operating in the range of 0.95
GHz to 1.06 GHz, feed by a monopole antenna of 60 mm long as shown by figure 4.a. The PCB
considered as metamaterial is placed at the top of the throat as shown by figure 4.b.

(a)

(b)

Figure 4, (a) Pyramidal horn in 3D
(b) Horn Antenna Loaded with PCB unit cell designed by HFSS
The excitation is considered to be TE01, only the fundamental mode (oy axis) is allowed, the
position of the feed is also optimized as shown by figure 4.a, (60 mm to the (z) axis and 36 mm
to the (x) axis). The total gain shown in figure 5, is recorded only for the frequency 0.67 GHz as
the resonant frequency of the horn antenna after metamaterial placement. The maximum total
gain without metamaterial is 8 dB and 11 dB with metamaterial, an improvement of the gain
more than 30%.
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(a)

(b)

Figure 5, Total Gain Radiation Pattern At frequency F = 0.67 GHz
(a) without Metamaterial, (b) with Metamaterial
The return losses shown in figure 6, present two cases, without metamaterial and with
metamaterial, it is clear that, the resonant frequency is shifted from 1 GHz to 0.67 GHz, a
displacement of 33%, the bandwidth is slightly reduced from (1.06-0.96 = 0.1 GHz) to (0.730.64 = 0.09 GHz), say there is reduction of 10%.
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Figure 6, Return loss of the horn with and Without Metamaterial
Regarding the resonant frequency of the unit cell, it was expect to see the resonant frequency of
the horn equal to the unit cell; however there is a difference of (0.72-0.67 = 0.05 GHz), say 7%
of difference, this difference could be due to the fact that the unit cell is studied in PML
condition, when placed inside the horn antennas the conditions are not the same.

4. C ONCLUSIONS
In this paper, SRR Metamaterial for broadband has been designed by HFSS and the constitutive
parameters are retrieved by the standard procedure. The obtained results show that both the
permeability and the permittivity have negative real parts; this means that the PCB can produce
resonant frequency in any medium placed in. The results obtained when loading the horn
antennas with metamaterial show that the resonant frequency is shifted of 33% towards lower
frequencies and the bandwidth is reduced to 10%, whereas the gain is increased to 30%.
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