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A B S T R A C T

This thesis is concerned with the design of compact multiband/re-
configurable antennas and antenna arrays for wireless applications.

The size reduction of an antenna has an impact on its radiation
performance. Hence, methodologies for the design of compact size
antennas with promising radiation characteristics are addressed in
this work by employing novel techniques for antenna miniaturization
based on fractal geometries and by introducing lumped elements to
the printed monopole antenna design. Using fractal geometries three
multiband fractal monopole antennas, one fractal-based Inverted-L
antenna and one single feed fractal monopole antenna array are pre-
sented. The experiment and simulation results of the proposed frac-
tal antennas prove the advantages of fractal antennas, namely, com-
pact size, multi-frequency operation and wide operation bandwidth.
A second approach addressed in this work is the application of a tech-
nique which includes a chip inductor into the antenna structure for
the purpose of reducing antenna size. By investigating the equivalent
circuit structure of the chip inductor, a design approach that involves
the chip inductor to design a multiband antenna is proposed. Us-
ing this methodology two electrically small antennas for dual band
WLAN as well as one compact antenna for multiband mobile com-
munication that can cover almost the entire commercial available fre-
quency bands were developed and their performances are discussed.

Moreover, the design of compact antenna arrays is also investigated.
The approach discussed in this work to design compact multiband an-
tenna arrays that contain closely space antennas, is to apply both the
neutralizing and reconfigurable techniques on the printed monopole
antenna array. One compact size antenna array was developed for the
WLAN 5.8 GHz USB dongle MIMO application. The other antenna
presented is a reconfigurable compact dual band monopole antenna
array that can operate at each of the two WLAN frequency bands
whilst exhibiting high isolation. Additionally, innovative methods for
the design of reconfigurable antennas are also investigated. The ap-
proach adopted to design the reconfigurable antenna is based on the
concept of active Artificial Magnetic Conductor ground plane. Here
a new design is proposed using RF switches mounted on the surface
of the AMC that consists of periodic square elements. After optimiza-
tion, the resonant frequency of the coplanar antenna can be tuned by
using such an active AMC ground plane, whose reflection phase is
controlled by the states of the RF switches.

These antennas have been implemented and characterized. The nu-
merical simulations conducted in the Finite Element Method based
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electromagnetic simulation software package, Ansoft HFSS, are shown
to match well with experimental results which proves the adequacy
of the techniques devised.

R E S U M O

Esta Tese aborda o projecto de antenas compactas, multibanda e re-
configuráveis para aplicações em comunicações sem fios.

A redução do tamanho duma antena tem um impacto negativo
no desempenho das suas características de radiação. Por consequên-
cia, são abordadas nesta tese metodologias para projectar antenas
com características de radiação promissoras empregando novas téc-
nicas de miniaturização baseadas em geometrias fractais e na intro-
dução de elementos discretos no projecto de antenas impressas do
tipo monopolo. Usando geometrias fractais, apresentam-se aqui três
antenas multibanda do tipo monopolo, uma Inverted-L Antenna e
um agregado de duas antenas monopolo. Os resultados experimen-
tais e os obtidos por simulação das antenas fractais propostas provam
as vantagens destas antenas, nomeadamente no que diz respeito ao
tamanho compacto, à operação multifrequência e à grande largura de
banda. Uma segunda abordagem usada neste trabalho é a utilização
de uma técnica que usa um elemento indutivo compacto inserido na
estrutura da antena com o fim de reduzir o seu tamanho. Analisando
a estrutura do circuito equivalente do elemento indutivo, propõe-se
uma abordagem adequada para o projecto de antenas multibanda
que envolve a utilização destes elementos indutivos na implemen-
tação de antenas de reduzida dimensão. Usando esta metodologia
foram desenvolvidas e analisadas duas antenas eletricamente peque-
nas de banda dupla para WLAN, assim como uma antena compacta,
para comunicações móveis multibanda, que pode cobrir quase todas
as bandas de frequência comerciais disponíveis.

Além disso, foi também investigado o projecto de agregados de
antenas compactos. A abordagem usada neste trabalho para projec-
tar agregados de antenas multibanda compactos que contêm antenas
muito próximas, consistiu na aplicação das técnicas de neutralização
e de reconfiguração a antenas impressas do tipo monopolo. Um agre-
gado de antenas compacto, inserido num dispositivo dongle USB foi
desenvolvido para uma aplicação MIMO WLAN a 5.8GHz. A outra
antena aqui apresentada é um monopolo compacto reconfigurável
e de banda dupla que pode operar em cada uma das duas bandas
de frequências WLAN exibindo, mesmo assim, um isolamento ele-
vado. Foram também investigados métodos inovadores para o pro-
jeto de antenas reconfiguráveis. A abordagem adoptada para projetar
estas antenas baseia-se no conceito de condutor magnético artificial,
Artificial Magnetic Conductor (AMC). Por optimização a frequência
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de ressonância da antena coplanar pode ser sintonizada usando este
AMC activo, cuja fase da reflexão é controlada pelo estado dos inter-
ruptores de RF.

Todas as antenas foram construídas e caracterizadas. As simulações
numéricas foram realizadas usando o software de simulação eletro-
magnética HFSS da Ansoft baseado no Método dos Elementos Finitos
(FEM). Obteve-se um bom acordo entre os resultados de simulação e
experimentais o que comprova a adequação das técnicas desenvolvi-
das e utilizadas.
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1
I N T R O D U C T I O N

1.1 motivation

An antenna is an electrical device that converts electric currents into
radio waves, and vice versa. It is a key component for all wireless com-
munication equipments and it is critical in deciding the quality of the
radio communication. To reach the resonant condition, the dimension
of the antenna must be a fraction of the wavelength at its resonant fre-
quency. This means that the lower resonant frequency is, the larger
the size of the antenna will be. The currently available and future com-
mercial wireless systems require antennas to have wide bandwidth to
support higher data rate and be able to operate at multiple frequency
bands defined by various protocols. Take mobile phone communica-
tion system as an example. Mobile communications have experienced
rapid development in recent years, as presented in Figure 1. Cur-
rently the 3rd generation of mobile network, UMTS (1920-2170 MHz)
system, has been widely deployed. In the near future, it is expected
that Worldwide Interoperability for Microwave Access (WiMAX) and
Long Term Evolution systems (LTE) will be implemented on the mo-
bile network to support a higher data rate. According to the LTE
protocol, the LTE-Advanced update is expected to offer peak rates up
to 1 Gbit/s fixed speeds and 100 Mb/s to mobile users [1].

Figure 1: The evolution of the mobile communication standards

The hardware design specifically the antennas also had a large evo-
lution. The first mobile phone antennas were simple monopole or
spiral antennas, which can only operate at a single frequency band,
located outside the shell of mobile devices. Nowadays, given vari-
ous wireless protocols, in the physical layer the needs for multiband
antennas are increasing. To support different mobile networks, it is re-
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quired to have the handset be equipped with an multiband antenna,
a quad-band or even penta-band antenna for example, or multiple
antennas. LTE requires Multiple Input Multiple Output (MIMO) tech-
niques to be employed on the mobile devices [2]. In order to enable
one mobile device to support all of these mobile wireless protocols,
at the physical layer, it is essential to have one multiband antenna or
even an multiband antenna array integrated on this mobile device.

Similarly, in the evolution of the Wireless LAN (WLAN) communi-
cations (Figure 2), different frequency bands have been allocated with
the release of newly developed standards. Nowadays, the require-
ment of WLAN antennas has been changed from single frequency
band operation at 2.4 GHz to multiband operation that can support
both 2.4 and 5.2/5.8 GHz (2.41-2.48 GHz, 5.250 - 5.350 GHz and 5.725-
8.825 GHz). Under the newly released 802.11n standard, it is also re-
quired to include the MIMO techniques, which means that more than
one antenna has to be equipped in one device [3].

Figure 2: The evolution of the Wireless LAN standards

It is clear that the trend for the antenna engineering is to design
compact antennas or antenna arrays that can operate at multiple com-
mercial frequency bands with adequate bandwidth and gain. Figure
3 is an example of a PDA device, which needs not only to operate
at different mobile networks but also support WLAN as well as the
WiWAX and DVB. This requires more than one multiband antenna to
be equipped on the mobile device.

Either designing a multiband antenna or including an extra an-
tenna element to make an antenna array will lead to the increase
of the overall size of the antenna system. However, the fact is that
the available volume for antenna design keeps decreasing as it is
desirable to have one wireless device, especially a portable device,
as compact as possible. It is known that theoretically the antenna’s
performance degrades when the size of the antenna is reduced. Cur-
rent internal antenna designs are already pushing the limit of funda-
mental performance of electrically small antennas. Moreover, another
challenge issue that needs to be solved is how to include an antenna
array on a portable device to support MIMO communications as nor-
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Figure 3: Example of different standards that need to be supported by a
future mobile phone

mally the distance between two antennas has to be approximately
half a wavelength at the frequency of interested in order to reach a
better isolation and low spatial correlation [4]. Therefore, new tech-
niques for designing compact and multiband antenna and antenna
array need to be investigated, which is the key motivation of this
thesis work.

1.2 approach

1.2.1 Compact Multiband Antenna Design using Fractals

The first approach that has been employed is the use of fractal geome-
tries to design compact multiband printed monopole antennas. Frac-
tal geometry is a family of geometries that have the characteristics
of inherent self-similar or self-affinity, which were used to describe
and model complex shapes found in nature such as mountain ranges,
waves and trees [5]. Recently, fractal techniques have been brought
to the field of electromagnetic theory research, which is called frac-
tal electrodynamics; it has also been implemented in antenna design,
named “fractal antenna engineering”, and is attracting many research
interests [6, 7, 8, 9].

There are several advantages of using fractal geometries in antenna
design. First of all, it can reduce the size of antenna, which makes it
a good candidate for miniature antenna design. Basically, fractal ge-
ometries are self-filling structures that can be scaled without increas-
ing the overall size. This characteristic provides a chance for antenna
designers to explore more new geometries suitable for small antenna
design. Although that fractal antennas show many attractive advan-
tages in antenna design, there are few studies on multiband fractal
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antenna design especially on its applications to printed monopole an-
tennas. Therefore, this is a field that needs to be further explored.

In the aspect of antenna modeling, due to the complexity of the
fractal geometry, it is necessary to find an efficient way to aid the de-
sign of fractal-based antennas. Since fractals can be represented by ei-
ther mathematical formulas or recursive functions [10], MATLAB1 be-
comes a natural choice to calculate the fractals. Then, a macro script,
which can be executed by most of the antenna simulation software,
is written to create the fractal geometry for the purpose of antenna
modeling. A simple presentation of this process is shown in Figure 4.

Figure 4: The general working flow of creating fractals for antenna modeling

1.2.2 Antenna with Lumped Element

Another technique that has been employed in the design of compact
antenna is to introduce lumped elements such as chip inductors di-
rectly on the radiation element, which can effectively reduce the size
of the antenna. This is a research topic that appeared recently and
currently there is limited research work in this related field.

In [11], a compact multiband PIFA was achieved by connecting two
parts of the antenna using a capacitor. By suitably selecting the value
of the capacitor, the resonant frequency of the lower band was de-
creased by more than 30%. Similarly, in [12], one varactor was added
between the rectangular patch and the ground plane in a coplanar
antenna. Using this technique, the resonant frequencies of the copla-
nar antenna can be decreased and by changing the value of the ca-
pacitance through varying the applied voltage of the varactor, the
coplanar antenna can be tuned to operate at different frequencies.
In [13, 14], a chip inductor was embedded in the printed monopole
antenna, which resulted in a decreased resonant length of the funda-
mental mode and a decrease of a higher resonant mode. Introducing
either a capacitor or inductor into the antenna design, the size of the
antenna structure can be reduced. However, the RF characteristics of
the chip inductor, such as the equivalent inductance, vary with the fre-
quency. As a result, to accurately predict the resonant frequencies of
the antenna, it is important to have an appropriate simulation model
for the chip inductor during the antenna modeling. The approach pro-
posed in this thesis work is to simplify the equivalent circuit of the

1 MATLAB (Matrix Laboratory) is a numerical computing environment and fourth-
generation programming language developed by MathWorks Inc.
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chip inductor into the one shown in Figure 5, where the values of the
series resistance R( f ) and inductance L( f ) vary with the frequencies.

Figure 5: The simplified circuit model of the chip inductor

If the antenna is designed to simultaneously resonate at multiple
frequencies, to have a good simulation accuracy, it is important to
make the antenna structure exhibit independent current paths for
each resonant mode because in the simulation model, the values for
the equivalent circuit structure of the chip inductor, or in other words,
the values of the series resistance R( f ) and inductance L( f ), can only
be calculated at one single frequency where the chip inductor is more
determinant.

1.2.3 Neutralizing Techniques in Compact Antenna Array Design

To design a compact antenna array, it is important to seek an effective
solution to reduce the distance between each antenna because a dis-
tance of half wavelength between each antenna is normally required
in order to have a good level of isolation.

Several techniques have been proposed to increase the isolation be-
tween closely space antenna elements. For example, the use of electro-
magnetic band gap (EBG) structures on the substrate of the antennas
has been studied [15]. Despite that the distance between two patch
antennas can be reduced due to the surface wave suppressing from
the EBGs, the overall size of the antenna array is still large as the EBG
contains periodic structures, the number of which is critical in decid-
ing the isolation level. Introducing defect ground system (DGS) on
the ground plane can also suppress the surface wave propagation like
EBGs whilst achieving a more compact size [16]. However, this tech-
nique requires making several slotted structures on the ground plane,
which is not desirable for industry antenna design as the ground
plane needs to be used to mount other components.

Recently, a new method named ‘neutralization technique’ has been
proposed for two single-band planar inverted-F antennas (PIFAs) for
mobile applications [17, 18]. The principle of this method is to intro-
duce a shorting line to neutralize the current of the two antennas,
which in turn increases their isolation. This technique can also be ex-
plained as adding a suspending line to reduce the coupling between
two antennas [19, 20]. By doing so, there is no need of adding extra
space for antenna design. This technique provides a practical solu-
tion to design a compact antenna array; however, so far, this method
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has two limitations. Firstly, this technique has been employed only in
the PIFA antenna design. Secondly and more importantly, this tech-
nique can only be applied to single band antenna arrays, yet there is
increasing need to have a multi-frequency antenna array.

This technique is further studied in this thesis work and has been
successfully applied to the design of a printed monopole antenna ar-
ray. One major breakthrough that has been achieved is to introduce
the reconfigurable concept into the neutralizing technique, which re-
sults in a dual band compact printed monopole antenna array with
high isolation.

1.2.4 Reconfigurable Techniques

Reconfigurable antennas are predicted to be one of the best candi-
dates for future high data rate wireless communication systems [21].
With the development of Microelectromechanical systems (MEMS)
technologies, the fabrication of RF switches with good working per-
formance become possible. Generally there are three methods to de-
sign an reconfigurable antenna [22]:

1. Total geometry morphing, which employs a large amount of
switchable sub-elements to form the desired antenna structure

2. Matching network morphing, which modifies the structure of
feed and impedance matching network

3. Smart geometry morphing, which only modifies some impor-
tant parameters of the antenna

The smart geometry morphing, which uses the minimum number
of switches, attracts most of the research interests. Work has been
conducted in this area, including the use of PIN diodes or MEMS
in designing reconfigurable dipoles, slot antennas and stacked patch
antennas [23, 24, 25].

Another approach that can be used to design reconfigurable an-
tennas is to introduce varactor, whose capacitance varies with ap-
plied voltage, into the antenna structure. One frequency reconfig-
urable coplanar antenna [12] and patch antenna [26] were designed
by adding one varactor between the antenna and its ground plane. By
changing the value of the capacitance, the resonant frequency of both
antennas can be adjusted.

Materials that exhibit novel electromagnetic properties not found in
nature are attracting much attention of the research community. Such
structures, known as metamaterials, are designed to have properties
and operate in ways that bulk materials cannot. One example of such
microwave metamaterials are electromagnetic band-gap (EBG) struc-
tures. These structures are playing a vital role to improve the perfor-
mance of microwave components and antennas. Many researchers are
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using Metallic Electromagnetic Band Gap (MEBG) on antenna design.
MEBG is composed by 2-D arrays of conducting elements immersed
in the substrate. Generally, MEBG exhibits two unique characteristics:
surface wave suppressing when used as EBG surface and in-phase
reflection (90 degree to -90 degree) which can be used as an Artificial
Magnetic Conductor (AMC) [27]. In some literature, the second char-
acteristic is also mentioned as High Impedance Surface (HIS) [28].

Recently, researchers found that when using the AMC as a ground
plane for one antenna, it can to some degree influence the original
resonant frequency of the antenna. Therefore, the concept of using a
reconfigurable AMC structure to design reconfigurable antennas has
been studied [29, 30, 31]. Since EBG is a recent technology, improve-
ments on present techniques for the design of microwave circuits and
antennas are continuously being made. Great emphasis is presently
being given to the design of multiband AMCs and the use of recon-
figurable or active AMC as the ground plane of a multiband antenna,
which is also addressed in this thesis.

1.3 author’s contributions

The main contributions of this dissertation include:

• A method to use MATLAB to aid the modeling of the fractal
antennas is proposed. This technique can be applied to most
of the EM simulation software packages. A small software tool
has been built in MATLAB by using the proposed method, with
which several multiband printed fractal-based monopole anten-
nas have been designed. These antennas have compact size and
multi-frequency operation characteristics. With the combination
of other antenna size reduction techniques such as meander line,
the frequency ratio of the antenna can be better controlled.

• An equivalent simplified circuit model of the chip inductor,
which is suitable to be introduced to the EM simulation soft-
ware for antenna modeling, has been proposed. A methodology
of designing multiband antenna with chip inductor is also de-
veloped. With the proposed method, the radiation performance
of the antenna can be accurately predicted. Two electrically small
monopole antennas for dual band WLAN application and one
multiband printed monopole antenna that can support several
commercial frequency bands, including GSM, UMTS, WLAN
and WiMAX, were proposed.

• A novel method that introduces the reconfigurable concept to
the neutralization technique is studied. It is demonstrated that
compact printed monopole antenna arrays can be achieved by
using the neutralization technique. By introducing two RF switches
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to the neutralization line, the design of compact dual band an-
tenna arrays with high isolation can be achieved.

• A reconfigurable coplanar antenna is designed by using an ac-
tive AMC ground plane. The frequency reconfiguration of the
antenna is achieved by adding RF switches to the AMC ground
plane, which itself behaves also as one additional radiation el-
ements similar to a stacked antenna structure. This provides
a new approach to design reconfigurable multi-frequency an-
tenna.

This research work has resulted several publications on international
journals and conferences. The main publications are:

Journal Publications:

1. Qi Luo; J. R. Pereira and H.M. Salgado. Compact printed monopole
antenna with chip inductor for WLAN. IEEE Antennas and Wire-
less Propagation Letters, 10:880-883, September 2011.

2. Q. Luo; J.R. Pereira and H.M. Salgado. Reconfigurable dual
band C-shaped monopole antenna array with high isolation.
Electronics Letters, 46(13):888-889, June 2010.

International Conferences:

1. Q. Luo; C. Quigley; J. Pereira and H. M Salgado. Inverted-L An-
tennas Array in a Wireless USB Dongle for MIMO Application.
In Proceedings of 6th European Conference on Antennas and Propa-
gation (EuCAP), Prague, Czech Republic, March 2012.

2. Qi Luo; Jose Pereira and Henrique Salgado. Compact Printed
C-shaped Monopole Antenna With Chip Inductor. In Proceed-
ings of IEEE International Symposium on Antennas and Propagation,
Washington,USA, July 2011.

3. Qi Luo; H. M. Salgado and J. R. Pereira. Compact Printed Monopole
Antenna Array for Dual Band WLAN Application. In Proceed-
ings of International Conference on Computer as a Tool (EUROCON),
Lisbon, Portugal, November 2011.

4. Q. Luo; J.R. Pereira and H.M. Salgado. Tunable Multiband An-
tenna With An Active Artificial Magnetic Conductor Ground
Plane. In Proceedings of European Microwave Conference (EuMC),
Paris, France, October 2010.

5. Q. Luo; H.M. Salgado and J.R. Pereira. Printed C-shaped Monopole
Antenna Array With High Isolation For MIMO Applications. In
Proceedings of IEEE Antennas and Propagation Society International
Symposium, Toronto, Canada, July 2010.
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6. Q. Luo; H.M. Salgado and J.R. Pereira. Printed Fractal Monopole
Antenna Array For WLAN. In Proceedings of International Work-
shop on Antenna Technology (iWAT), Lisbon, Portugal, March 2010.

7. Q. Luo; J.R. Pereira and H. Salgado. Fractal Monopole Antenna
For WLAN USB Dongle. In Proceedings of Loughborough Antennas
and Propagation Conference, vol. 1, pp. 245-247, Loughborough,
UK, November 2009.

8. Q. Luo; H. M. Salgado and J. R. Pereira. Fractal Monopole An-
tenna Design Using Minkowski Island Geometry. In Proceed-
ings of IEEE International Symposium on Antennas and Propagation,
Charleston, United States, June 2009.

National Conferences:

1. Qi Luo; Jose Pereira and Henrique Salgado. Inverted-L Antenna
(ILA) Design using Fractal for WLAN USB Dongle. In Proceed-
ings of Conference on Electronics, Telecommunications and Comput-
ers, Lisbon, Portugal, November 2011.

1.4 thesis overview

This thesis introduces several antenna and antenna array miniatur-
ization techniques. The antennas proposed in this work are mainly
designed for the application in WLAN and personal mobile commu-
nications. This work is divided into three parts and the details of each
part are outlined in the following sub-sections.

1.4.1 Part 1: Numerical Methods in Electromagnetic

An overview of the computational numerical methods is presented
in Chapter 2. The basics of three important numerical techniques,
Method of Moment (MoM), Finite-Difference Time-Domain (FDTD)
and Finite Element Method (FEM), are introduced. These three tech-
niques have been widely employed by many electromagnetic simula-
tion software packages for the design of different types of antennas.
Considering the advantages and disadvantages of the above three nu-
merical techniques, the method-of-choice of this thesis work is FEM
method, which is more suitable to the design of compact and electri-
cally small antennas that normally have a complicated structure and
narrow bandwidth. The main software that was used to simulate the
antennas is Ansoft HFSS, which is a 3D EM simulator based on the
FEM.

Although commercial software is available for antenna simulation,
it is important to understand the theories of the numerical technique.
In Chapter 2, the fundamental theory and mathematical derivation
of FEM analysis including the domain discretization, interpolating
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function and system matrix formulation are also presented. Two ex-
amples that use the FEM to solve the differential equations for two-
dimensional problem in MATLAB are also demonstrated.

1.4.2 Part 2: Compact Antenna and Antenna Array Design

Two different techniques to design antennas of compact size are pre-
sented in Chapter 3, 4 and 5. In Chapter 3, several printed monopole
antennas including one single feed fractal monopole antenna array
using fractal geometries are introduced. These antennas are designed
for dual band or triple band WLAN applications and two of them
are made under the scenario of a USB dongle application. The de-
tailed methodology considerations on how to use MATLAB to aid
the design of fractals in Ansoft HFSS are also discussed in detail
in this chapter. Three electrically small antennas with an embedded
chip inductor are presented in Chapter 4 and 5. Each of these an-
tennas has an electrically small size and promising radiation perfor-
mance. The two antennas presented in Chapter 5 were designed for
dual band WLAN communications whilst the one proposed in Chap-
ter 6 is designed for multiband mobile communications including
GSM (900/1800MHz), PCS (1900MHz), UMTS (2100MHz), WLAN
(2.4/5.2GHz) and WiMAX (3.5GHz). A design guideline regarding
the appropriate method to employ the chip inductor for multiband
antenna design is presented in Chapter 4.

One single band compact printed monopole antenna array is pre-
sented in Chapter 6. The proposed antenna array has compact size
and the distance between the two antenna elements is less than 1/10th
of the wavelength whilst there is a good isolation between each an-
tenna port. The proposed antenna array is designed for the WLAN
5.8 GHz USB dongle application. The technique used in the antenna
array design is named “Neutralizing Techniques”, which is a new
methodology recently proposed for PIFA antenna array design [17].

1.4.3 Part 3: Reconfigurable Antenna Design

In Chapter 7, one coplanar antenna that can operate at four different
frequency bands is achieved by using an active artificial magnetic con-
ductor (AMC) as the ground plane. In this design, instead of adding
them on the antenna element, the RF switches are mounted on the
AMC ground plane. By changing the states of these switches, the re-
flection phase of the AMC can be altered, which in turn tunes the
resonant frequency of the coplanar antenna. The novelty of this work
lies on two aspects. Firstly, the frequency reconfigurability of the an-
tenna is determined by the ground plane, which is located within a
short distance below the antenna. Secondly, in this design, two use-
ful frequency bands are contributed by the radiation from the AMC
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unit cells, which is an innovative method to make a multi-frequency
antenna.

One reconfigurable dual band compact monopole array is presented
in Chapter 8. This antenna array contains two C-shaped monopoles
with a shorting line, on which two RF switches were integrated, con-
necting the two antenna elements that are separated by a distance of
0.09λ2.4GHz. High isolation at 2.4 or 5.2 GHz bands can be achieved by
changing the states of the RF switches. By introducing the concept of
reconfigurability, it is demonstrated that one antenna array with two
closely spaced antennas operating at WLAN dual frequency band
with high isolation can be attained.

1.4.4 Conclusions and Future Work

Chapter 9 presents the conclusions of this thesis work as well as the
future work that should be continually investigated in the scope of
compact and electrically small multiband antenna and antenna array
design.





Part I

N U M E R I C A L M E T H O D S I N
E L E C T R O M A G N E T I C S





2
N U M E R I C A L M E T H O D S F O R E L E C T R O M A G N E T I C
C O M P U TAT I O N

2.1 introduction

Nowadays, antenna design needs to employ numerical analysis to
solve the complex electromagnetic wave propagation, radiation and
scattering problems, which are not always analytically calculable. These
numerical methods can be used to derive the closed form solution
of Maxwell’s equations by solving a large amount of integrations or
differential equations. Thanks to the advances of the modern com-
puter technologies, several commercial Electromagnetic (EM) simu-
lators are available for antenna design. Generally speaking, there are
three main numerical methods that have been widely implemented in
the field of antenna simulation, namely Methods of Moments (MoM),
Finite-Difference Time-Domain (FDTD) and Finite Element Method
(FEM). The fundamental principles of these three popular computa-
tional electromagnetic methods, MoM, FDTD and FEM, are briefly
introduced in the Section2.2, where some discussions about the ad-
vantages and disadvantages of each numerical method in the field
of electrically small antenna simulation are also presented. More de-
tailed discussion of the computational electromagnetic can be found
at [32, 33, 34].

Since the antennas presented in this thesis work were analyzed by
using Finite Element Method, it is important to understand the princi-
ples of this numerical method for the purpose of better antenna mod-
eling, which is the main objective of Section2.3. This section gives a
detailed introduction of the FEM analysis in the order of the four ba-
sic steps involved in a FEM analysis, namely domain discretization,
interpolating function selection, system equations formulation and
solution of the system equations. Implementation of FEM to solve
one-and two-dimensional problems are presented with some exam-
ples that were solved with the aid of MATLAB. The discussion of the
FEM analysis in the three-dimensional domain is not covered in this
chapter due to the large computation complexity.

2.2 a brief review of numerical methods

2.2.1 Methods of Moments

Methods of Moments was first proposed by Harrington in 1968 [35].
This method makes use of Maxwell’s equation in integration form

15
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to formulate the electromagnetic problems in terms of unknown cur-
rents and calculates the coupling between the current elements based
on the Helmholtz-Equations:

4Φ + k2
0Φ = − ρ

ε0
(1)

4−→A + k2
0
−→
A = −µ

−→
J (2)

k0 = ω
√

ε0µ0 (3)

where Φ represents the electrical potential, k0 is the free space wave
number, ρ is the density of the electrical charge,

−→
J is the current

vector,
−→
A is the magnetic vector potential, ε0 and µ0 is permittivity

and permeability of the free space, respectively. Using the definition
of potential functions, the

−→
E and

−→
H field can be calculated:

−→
H =

1
µ
∇×−→A (4)

−→
E = −jωµ

−→
A −∇Φ (5)

With the help of the general solutions of the Helmholtz-Equations,
and after mathematical derivation the coupling between each current
element can be represented in the following form:

Uk =
N

∑
i=1

Zki Ii (6)

or 

Z11 · · · Z1i · · · Z1N
...

. . .
...

Zk1 Zki ZkN
...

. . .
...

ZN1 · · · ZNi · · · ZNN





I1
...

Ik
...

IN


=



U1
...

Uk
...

UN


(7)

where Uk is the given source voltage, Zk is the coupling impedance
matrix that describes the coupling relationship between each elements
and I is the unknown currents needed to be solved. After solving
these linear equations, the current distribution on the conductive ma-
terials can be calculated and then the other unknowns, for instance
the radiation pattern or return loss of one antenna, can be calculated
by post-processing.

The use of MoM technique usually leads to a dense matrix and the
memory usage is proportional to the N2, where N is number of nodes
within the subject domain after discretization. The MoM method is
suitable to solve Perfect Electrical Conductor (PEC) objects, where the
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currents are only distributed on the surface. However, MoM will not
be an efficient method to solve problems that involves dielectrics and
layered structures in finite area. For example, in the software package
Advanced Design System (ADS), during the antenna simulation it
always considers an infinite substrate and ground plane and try to
extract the current distribution on the substrate. This could lead to an
inaccurate prediction when the antenna is designed on a substrate of
relatively small size.

2.2.2 Finite-Difference Time-Domain Method

The FDTD method is based on the theory that the E-field and H-field
are inter-related according the Maxwell’s differential equations: the
time derivative of the E-field is dependent on the curl of the H-field
whilst the time derivative of the H-field is dependent on the curl of
the E-field:

∇×−→E = −µ
∂
−→
H

∂t
− σM

−→
H (8)

∇×−→H = ε
∂
−→
E

∂t
+ σM

−→
E (9)

In the Cartesian coordinate system, the above two equations can be
rewritten as the following six coupled partial differential equations:

∂Hx

∂t
=

1
µx

(
∂Ey

∂z
− ∂Ez

∂y
− σMx Hx) (10)

∂Hy

∂t
=

1
µy

(
∂Ez

∂x
− ∂Ex

∂z
− σMyHy) (11)

∂Hz

∂t
=

1
µz

(
∂Ex

∂y
−

∂Ey

∂x
− σMzHz) (12)

∂Ex

∂t
=

1
εx
(

∂Hz

∂y
−

∂Hy

∂z
− σxEx) (13)

∂Ey

∂t
=

1
εy
(

∂Hx

∂z
− ∂Hz

∂x
− σyEy) (14)

∂Ez

∂t
=

1
εz
(

∂Hy

∂x
− ∂Hx

∂y
− σzEz) (15)

In 1966, Yee [36] introduces the concept of “Yee cell” (Figure 6),
which discretizes the computational domain into a rectangular grid.
Based on this concept, using the FDTD method the E- and H-field
can be calculated step by step in a cyclic manner: the electric field is
solved at a given instant in time, then the magnetic field is solved at
the next instant in time, and the process is repeated over and over
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again. This is the reason why this technique is classified as a time-
domain method.

Figure 6: Yee’s cell

Using FDTD method, although it takes many time steps to com-
plete the calculation, it can cover a wide frequency range with a sin-
gle simulation run. The advantages of FDTD methods are that it does
not need to compute all the equations simultaneously, it is robust in
numerical calculations and it can efficiently solve complex 3D tran-
sient problems. However, this technique is not adequate for narrow
band antenna structures as in this case, each time step will be in-
creased and it may require long simulation time to accomplish the
calculation; moreover, the calculation may not be converged in the
final solution, which can cause inaccurate results.

2.2.3 Finite Element Method

The FEM method is a powerful tool to find the approximate solu-
tion of partial differential equations. This technique was firstly intro-
duced into the field of civil and aeronautical engineering to solve the
complex structural analysis. Later, this method gained wide applica-
tion in other fields including the electromagnetic engineering. This
method starts with discretizing the whole domain into a number of
sub-domains as shown in Figure 7 and then using an interpolating
function, usually a polynomial of 1st or higher orders, to represent
the unknowns inside these sub-domains. One example of express-
ing the unknown in the sub-domain using the interpolating function
N is presented in Equation 16, where n is the number of nodes in
the element, φe

j is the value of unknown at node j of element e. The
Galerkin’s Method and Ritz–Galerkin method are two popular meth-
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Figure 7: Discretizing a block with triangular meshing

ods that are always employed in the FEM analysis to define the inter-
polation functions.

y
′
=

n

∑
j=1

Ne
j φe

j (16)

With the global boundary conditions and the local continuous rela-
tionship between each node, linear equations can be formulated in the
frequency domain after including all of these interpolating functions
together to form a global system matrix having a form as presented
in Equation 17, where K and u is related to the interpolating function
in each sub-domain and b is related to the global boundary condition.
After solving this global matrix system, the interpolating functions
can be obtained and any unknowns can be calculated by applying
the interpolating function in the sub-domain where it is contained.
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b(2)2 + b(3)1
...

b(M−1)
2 + b(M)

1

b(M)
2


(17)

FEM analysis is adequate for solving partial differential equations
over complex domains, arbitrary shapes and closed space problems.
However, the amount of computation is decided by the size of the
overall computational domain, which is always discretized into many
small size elements such as tetrahedral. Moreover, as this method is
based on the frequency domain, the solution needs to be calculated
for each frequency. Therefore, this method is not suitable to solve
electrically large problems such as parabolic antennas.
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More discussions about FEM analysis can be found at Chapter 3,
which is a chapter dedicated to the introduction of FEM method.

2.2.4 Numerical Methods for Electrically Small Antenna Design

Electrically small antenna refers to an antenna whose maximum di-
mension is much smaller than its corresponding free space wave-
length at its resonant frequency. To design an electrically small an-
tenna, techniques that employ antenna of irregular shapes, substrate
with non-homogeneous properties or multiple layers have been pro-
posed. In this case, it is not suitable to simulate such structures us-
ing the MoM as the antenna is confined in limited space and has
a non-planar structure or inhomogeneous substrate. An electrically
small antenna usually has a narrow bandwidth since there is always
a trade-off between the antenna size and operation bandwidth/ef-
ficiency/gain. The use of FDTD method to analyze such antennas
would take a long sequence of time steps to complete because this
method is based on the time domain, which is inversely proportional
to the frequency domain. However, it is necessary to point out that
several commercial EM simulation software packages have integrated
other techniques to overcome such limits and improve the calculation
efficiency as well as accuracy of the original methods. For instance,
the fast multiple method (FMM) has been applied to accelerate the
iterative solver of MoM and the Finite integration technique (FIT) has
been developed to incorporate with the FDTD analysis.

Compared to the MoM and FDTD methods, FEM is naturally suit-
able to model antennas of compact size and complicated structure.
The computation of FEM is carried out in frequency domain and the
amount of equations only depends on the total amount of the mesh
generated, which is proportional to the size of the domain needed to
be solved. Moreover, FEM is capable of solving antenna of arbitrary
shape or within an inhomogeneous media. The objective of this re-
search is to investigate the techniques for multiband antenna minia-
turization and the antennas designed in this thesis work will be of
compact size or electrically small. Moreover, the shapes of the anten-
nas will have complex geometry (e.g. fractal) and substrates of high
permittivity might be used. Therefore, comparing the pros and cons
of the above three numerical techniques, the method-of-choice of this
thesis work layed on the FEM method. The main software chosen to
simulate the antennas is Ansoft HFSS, which is a 3D EM simulator
based on the FEM.
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2.3 finite element method

2.3.1 FEM Analysis

The Finite Element Method (FEM) is a numerical technique to obtain
approximate solution of partial differential equations and integral
equations. It can be used to derive the accurate solutions for com-
plex engineering problems such as aircraft and car structural prob-
lems. This method was proposed in 1940s and began to be employed
in the field of airframe and structure analysis the 1950s. Nowadays,
the FEM has been well established and widely used in various fields
including mechanical, civil and aeronautical engineering as well as
electromagnetic.

The finite element method is considered to be one of the best meth-
ods that can efficiently solve a wide variety of practical problems. The
principle behind this method is to discretize the subject domain into
smaller sub-domains, referred as the finite elements, and then use
interpolating functions to approximate the unknowns inside them.
These sub-domains contain certain amount of nodes depending on
the employed discretization method. The triangular element is a typi-
cal choice for solving 2-D problems and the use of tetrahedral element
is common for solving 3-D problems. The primary unknown will be
solved inside these finite elements and the accuracy of the final solu-
tion depends on the order of the interpolation functions used, which
may be polynomials with first or higher orders. In the last step, these
functions will form a global matrix system with the internal relation-
ships between the nodes and the values at the edges. After applying
the global boundary conditions, the solutions can be obtained by solv-
ing this global matrix system of equations.

One of the main advantages of this method is that once the gen-
eral mathematical model has been built, which is normally written
in computer code due to the large computation effort required, it can
be utilized to solve other similar problems by simply changing the
input data (such as the coefficients of the differential equation) and
applying suitable boundary conditions.

In the field of microwave and electromagnetics, the finite element
method was introduced by Silvester in 1969 [37]. After that, there
were a tremendous amount of researches that had been carried out
and since 1970s, the finite element method started to be applied in
the analysis and design of various antennas [38]. Generally speaking,
there are four basic steps included in a finite element analysis [39]:

• Discretization or subdivision of the domain

• Selection of the interpolation function

• Formulation of the system equations
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Figure 8: Linear discretization in one-dimensional domain

Figure 9: Triangular and Quadrilateral discretization in two-dimensional do-
main (Meshing were generated in MATLAB)

• Solution of the system equations

Each step will be briefly described in following subsections. Most of
the theoretic analysis can be found in [39, 40]. Due to the complexity
of the FEM analysis in 3D domain, this chapter focuses mainly on the
application of the FEM analysis in 1D and 2D domains.

2.3.1.1 Domain Discretization

Discretizing the subject domain is the first step to perform the finite
element analysis. This process is also referred as ‘meshing’ in some
literature. Meshing is one of the most important steps in finite ele-
ment analysis as it can determine the accuracy of the overall solution.
Generally speaking, the finer the mesh is, the higher accuracy of the
analysis can be reached; however, increasing the mesh always leads to
a larger size of the final system matrix, which in turn requires higher
computation memory and longer solution time.

In one-dimensional domain, the short line segments are usually
employed to mesh the whole domain as shown in Figure 8 [40]. In
the case of two-dimensional problem, typically triangular or quadri-
lateral elements are employed, which is shown in Figure 9. In the
three-dimensional scenario, the domain is used to be divided by us-
ing tetrahedral elements (Figure 10 [40]).

One important criterion that can be used to measure the quality
of the meshing is the discretization error. For irregular shapes, the
quadrilateral or cubic elements always have larger discretization er-
ror compare to triangular or tetrahedral elements. This is the reason
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Figure 10: Tetrahedral discretization for object in three-dimensional domain

why in most of the commercial electromagnetic simulation software
triangular and tetrahedral are employed. Figure 11 [40] shows the
comparison of the discretization error incurred by the use of rectan-
gular element and triangular element. It is obviously that when the
domain has an irregular shape, it is difficult to describe it accurately
using the rectangular element, which in turn could result in larger
computational errors.

2.3.1.2 Approximation Techniques

After discretization, the unknowns in the sub-domain need to be
solved by doing weak formulations to seek for the approximate solu-
tions. Weak formulation is an important mathematical tool to solve
problems such as partial differential equations by making use of lin-
ear algebra. The unknowns inside each finite element are represented
by a set of interpolating functions, which need to be continuous
within the element, at least once differentiable and should contain
all the lower order terms. The interpolating function is usually se-
lected to be a polynomial of first order for simple computation. This
formulation is called the weak formulation. It is also possible to use
polynomial of higher orders to make a strong formulation, which is
more complicated and needs more computation time but it can pro-
vide more accurate solutions. Once the order of the polynomial is
decided, the approximate solution, y′ , for the unknown inside the
element e can be expressed in the following form:

y
′
=

n

∑
j=1

Ne
j φe

j (18)

where n is the number of nodes in the element, φe
j is the value of φ,

which is the unknown, at node j of this element. Ne
j is the interpolat-

ing function for node j inside element e, which is also known as the
expansion or basis function. Function Ne

j , as shown in Equation 19, is
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Figure 11: Discretization error caused by using rectangular or triangular el-
ements

required to satisfy that it is only non-zero on the jth node and at other
nodes, its value equals to zero:

Nj =

1 at node j

0 at other nodes
(19)

The technique that is usually adopted to simplify the calculation is
to transform the original coordinates to the natural coordinate, which
has a fixed integration limit from -1 to +1. The advantage of using
the natural coordinate is that when doing the integration during the
weak formulation, at different elements the integration limits do not
need to be changed. This can be advantageous when the integration
is calculated by computer programing. In one dimensional domain,
there are two nodes, xe

1 and xe
2, for each element. Using the Formula

20, the original coordinate can be mapped to natural coordinates as
shown in Figure 12 [40].

ξ =
2(x− xe

1)

xe
2 − xe

1
− 1 (20)

Figure 12: Transformation of the original coordinate to natural coordinate in
1D domain
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Similarly, in the 2-D domain, the coordinates of triangular and
quadrilateral elements can be mapped into a natural coordinate. For
the purpose of easy calculation, normally the nodes of the 2D element
are locally numbered in a counter-clockwise direction as depicted in
Figure 13 and and 14 [40]. Then, for a triangular element, the coordi-
nates transformation will be:

(ξ, η) =

ξ =
x−xe

1
xe

2−xe
1
, η = 0 f or Node 1 and Node 2

η =
y−ye

1
ye

2−ye
1
, ξ = 0 f or Node 1 and Node 3

(21)

Similarly, for quadrilateral element, the coordinates transformation
will be:

(ξ, η) =

ξ =
2(x−xe

1)
xe

2−xe
1
− 1, η = −1 f or Node 1 and Node 2

η =
2(y−ye

1)
ye

2−ye
1
− 1, ξ = 1 f or Node 3 and Node 4

(22)

where xe and ye represent the coordinates of each node on the finite
element.

Figure 13: Transformation of the triangular element to natural coordinate

Figure 14: Transformation of the quadrilateral element to natural coordinate

Therefore, after the coordinate transformation, the interpolating
function Ne

j in Equation 18 will be transformed to Ne
j (ξ) for one-

dimensional problems and Ne
j (ξ, η) for two dimensional problems.

Then it is important to choose a suitable interpolation function to de-
rive the approximate solution for the unknowns with good accuracy.
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In FEM analysis, the Galerkin’s Method is always employed to define
the interpolation functions. Following the Galerkin’s Method and us-
ing the polynomials of the 1st order, for one-dimensional problems
the general form of the interpolating function N(ξ) can be expressed
as:

N(ξ) = C(1− ξ)(1 + ξ) (23)

While for two-dimensional problems, in the case of the triangular
element, the interpolating function N(ξ, η) can be expressed as:

N(ξ, η) = C1 + C2ξ + C3η (24)

In the case of quadrilateral element, N(ξ, η) is:

N(ξ, η) = C1 + C2ξ + C3η + C4ξη (25)

where the Cn are constants. Moreover, similar to Equation 19, the
interpolation function should also satisfy:

Ne
j (ξ, η) =

1 at node j

0 at all other nodes
(26)

and

n

∑
j=1

Ne
j = 1 (27)

Given the general form of and the conditions that it needs to sat-
isfy, the interpolating function can be calculated. Assume that it is
required to find the solution for Equation 28 within the finite element
Ωe:

y = f (x) (28)

Following Equation 18 , the approximately solution by using the
interpolating Ne is:

y
′
=

n

∑
j=1

Ne
j (ξ)φ

e
j (29)

Then, the weighted residual for this element is:

re
i =

∫
Ωe

[y
′ − f (x)]dΩe (30)
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Ideally the residual re
i should equal to zero, which represents an

accurate approximation of the real solution. After finding the expres-
sion for the weighted residual, the system equation is formulated,
which will be discussed in the next section.

2.3.1.3 System Equation Formulation

The system equation is formed based on the expression of the weighted
residual given in Equation 30. The integration by parts is applied to
make the equation of the weighted residual has a general form of
Equation 32: ∫ b

a
UdV = UV |ba −

∫ b

a
VdU (31)


re

1

re
2
...

re
n


=


Ke

11 Ke
12 ... Ke

1n

Ke
21 Ke

22 ... Ke
2n

...
...

. . .
...

Ke
n1 Ke

n2 · · · Ke
nn




ue

1

ue
2
...

ue
n


−


be

1

be
2
...

be
n


(32)

where n is the number of nodes in the finite element, u and K are de-
rived from the interpolating function N; b is constituted by unknowns
from integration by parts and constants from applying the boundary
conditions. Equation 32 can be rewritten in a more compact form as:

[re] = [Ke] [Ue]− [be] (33)

Then, the objective is to minimize the residual re
i ; therefore, the

interpolating functions will be solved by equaling the residual to zero.
Then, the Equation 33 becomes:

[Ke] [Ue] = [be] (34)

Assume that the subject domain has been meshed into M elements,
Equation 33 can then be expanded into a global matrix by summation
over each element:

M

∑
e=1

[re] =
M

∑
e=1

([Ke] [Ue]− [be]) (35)

Similarly, by setting ∑M
e=1 [r

e] to a zero vector results:

M

∑
e=1

([Ke] [Ue]− [be]) = 0 (36)
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Figure 15: The local relationship of the nodes in 1-D domain

In the one dimensional domain, the expanded global matrix has
the form of:

K(1)
11 K(1)

12

K(1)
21

(
K(1)

22 + K(2)
11

)
K(2)

12

K(2)
21

(
K(2)

22 + K(3)
12

)
· · · · · ·

. . . · · · · · ·
K(M−1)

21

(
K(M−1)

22 + K(M)
11

)
K(M)

12

K(M)
21 K(M)
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1
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2
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ue
n


=



b(1)1

b(1)2 + b(2)1

b(2)2 + b(3)1
...

b(M−1)
2 + b(M)

1

b(M)
2


(37)

In the 2D domain, the expanded global matrix has a similar form
as the one shown in Equation 37 except that there are more nodes in
each finite element. Normally, it is preferred to rewrite Equation 37

to have a general simplified form as:

[K] {U} = {b} (38)

To solve the system equation shown in Equation 38, the local re-
lationships between the nodes need to be applied. For example, in a
one-dimensional domain that uses linear elements as shown in Figure
15, it has to satisfy the local continuity equation:

Ne(j)
2 = Ne(j+1)

1 (39)

In a two-dimensional domain that uses triangular elements as pre-
sented in Figure 16 [40], in order to reach consistent solution, the
following local conditions have to be satisfied:

ne1
x = −ne2

x (40)

ne1
y = −ne2

y (41)

Ne1
1 = Ne2

1 (42)
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Figure 16: The continuous condition of the domain using triangular finite
element

Ne1
2 = Ne2

3 (43)

After applying these local conditions as well as the global bound-
ary conditions, the system of equation can be solved. Normally the
system equations are required to be solved with aid of the computer
programs as it usually consists of a large amount of linear equations
for a single frequency. The size of the global system equation is de-
termined by the number of nodes and elements inside the subject do-
main. This is the reason why large computation time and computer
memory are required when solving an electrically large antenna us-
ing the FEM technique.

2.3.2 Using FEM in 1D and 2D domain

In this section, the general solutions of several common differential
equations solved by using FEM technique will be presented. In one di-
mensional domain, with the general solution the calculation is much
more straightforward than in the two dimensional domain. Hence, in
this section, for the 2D domain problem, after introducing the general
solution of the differential equations, two examples of using MAT-
LAB to solve EM problems based on the FEM technique are given.

2.3.2.1 One-dimensional Problem using FEM

Assume the differential Equation 44 needs to be solved in one di-
mensional domain and its domain has been discretized into M linear
elements as shown in Figure 17.

− d
dx

(
α

dΦ
dx

)
+ βΦ = f (44)
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where Φ is the unknown function, α and β are known parameters.
The unknown function Φ inside each finite element can be repre-
sented by using Equation 18 and can be written as:

Φe(x) =
2

∑
j=1

Ne
j (x)Φe

j (45)

Figure 17: A mesh with M linear elements in one-dimensional domain

By letting the interpolating function Ne have the general form given
by Equation 23 and apply the condition presented in Equation 26, the
Ne can be found to be:

Ne
1(x) =

xe
2 − x
le (46)

Ne
2(x) =

x− xe
1

le (47)

where le is the length of each segment:

le = xe
2 − xe

1 (48)

After applying the Galerkin’s Method, the weighted residual can
be derived to have the following form [39]:

{Re} = [Ke] {Φe} − {be} − {ge} (49)

where:

Ke
ij =

∫ xe
2

xe
1

(
α

dNe
i

dx

dNe
j

dx
+ βNe

i Ne
j

)
dx (50)

be
i =

∫ xe
2

xe
1

Ne
i f dx (51)

ge
i = αNe

i
dΦ
dx
|x=xe

2
−αNe

i
dΦ
dx
|x=xe

1
(52)

Let {Re} = 0 can lead to the general solution of a one-dimensional
problem that needs to solve the 1st order differential equation shown
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in Equation 44. Following the general rules of the FEM technique, [41]
gives the general solution for the following second order differential
equation in the one-dimensional domain:

a
d2u
dx2 + b

du
dx

+ cu = f (x) (53)

where a, b, c are given constants. Using the linear shape function, [41]
derived that:

Ke =
∫ xi+1

xi

(
−a

{
H′1
H′2

} [
H′1 H′2

]
+ b

{
H′1
H′2

} [
H′1 H′2

]
+ c

{
H′1
H′2

} [
H′1 H′2

])
dx

(54)

Fe = {be}+ {ge} = le

2

{
H1

H2

}
dx (55)

where:

H1(x) =
xi+1 − x

le (56)

H2(x) =
x− xi

le (57)

The expression of Ke can be calculated by evaluating the integra-
tion with the linear interpolating function given in Equation 23. Since
in one-dimensional domain, the domain is discretized into linear seg-
ment with only two nodes, so Ke can be further derived to have a
more simple form as:

Ke = − a
le

[
1 −1

−1 1

]
+

b
2

[
−1 1

−1 1

]
+

c le

6

[
2 1

1 2

]
(58)

Then, the global system matrix can be formed according to the
Equation 37 and the solution can be found by taking into considera-
tion of the global boundary conditions of the domain and the local
relationship of the nodes as presented in Equation 39.

2.3.2.2 Two-Dimensional Problem using FEM

In the two-dimensional domain, assume that the following differen-
tial equation needs to be solved:

− ∂

∂x

(
αx

∂Φ
∂x

)
− ∂

∂y

(
αy

∂Φ
∂y

)
+ βΦ = f (59)

where Φ is the unknown function, αx, αy and β are constant, f is a
function of x and y. In two dimensional domain, the derivation of the
general solution is much more complicated than in one-dimensional
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domain as the increasing of nodes and unknown variables. The gen-
eral solution for the equation shown in Equation 59 is given in [39].
Firstly, the unknown function is approximated by using the interpo-
lating functions:

Φe(x, y) =
3

∑
j=1

Ne
j (x, y)Φe

j (60)

In [39], the domain is discretized using triangular elements. Using
the weak formulation and the general form (Equation 24) as well as
the characteristics of a interpolation function given in Equation 26

and 27, the interpolating function Ne can be found to be:

Ne
j (x, y) =

1
2∆e (ae

j + be
j
x + ce

j
y) (61)

where:
ae

1 = xe
2ye

3 − ye
2xe

3 (62)

be
1 = ye

2 − ye
3 (63)

ce
1 = xe

3 − xe
2 (64)

ae
2 = xe

3ye
1 − ye

3xe
1 (65)

be
2 = ye

3 − ye
1 (66)

ce
2 = xe

1 − xe
3 (67)
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The weighted residual can be written in the following form:

{Re} = [Ke] {Φe} − {be} − {ge} (72)

where:
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Figure 18: The cross section of the joined coaxial waveguide at ρz plane
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(76)

Equations 61 to 76 form the general solutions of the differential
equations using FEM analysis in two-dimensional domain. In the
next section, this general solution will be applied to solve two EM
problems with the aid of programming in MATLAB.

2.3.2.3 Examples of Using FEM to solve 2D Problems

Based on the analysis presented in the previous sections, the differ-
ential equations have the form as Equation 44, 53 or 59 can be solved
by using the FEM technique. Since that the solution for 1D problem
is straightforward, this section only focuses on using FEM to solve
problems in 2D domain.

One example of using FEM to solve the differential equations in
two dimensional domain is to solve the Poisson equation in a waveg-
uide. Assume two coaxial waveguides, which have different inner
radius, are joined together as shown in Figure 18. This problem was
addressed in [39] and is solved here by implementation of FEM in
MATLAB. Since the geometry is symmetric with the z axis, so the po-
tential satisfies the Poisson Equation (Equation 77) with the boundary
condition shown in Figure 19. Since the Poisson equation has a simi-
lar form as the one given in Equation 59, the general solution derived
in [39] can be applied.

− 1
ρ

∂

∂ρ

(
εrρ

∂Φ
∂ρ

)
− ∂

∂z

(
εr

∂Φ
∂z

)
=

ρc

ε0
(77)
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Figure 19: The subject domain with boundary conditions
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Figure 20: The mesh of the domain and the calculated electric potential dis-
tribution. The unknowns inside the subject domain is meshed
and solved in MATLAB

Firstly the subject domain shown in Figure 19 is divided using the
triangular mesh (see Figure 20). Then, by adopting the general solu-
tions given by Equation 60 and 73, after forming the global system
matrix the values of the unknowns on each node can be calculated
and the field inside the coaxial cable is evaluated by using the inter-
polating function in its corresponding element. Figure 20 shows dia-
grams of the meshing of the waveguide with the triangular element
and the calculated electric potential distribution. A simple Pseudo-
code that briefly describes the FEM programming is given in Figure
21.

It is also important to emphasize that once the computer code has
been developed, the same code can be utilized to solve other differ-
ential equations just by simply changing the input parameters and
adding relevant boundary conditions. For example, the electric po-
tential inside a box with metallic walls as the one shown in Figure 22

can be calculated by solving the Laplace’s equation:

∂2V
∂x2 +

∂2V
∂y2 = 0 (78)

This differential equation can also be associated to the Equation 59,
which has been used to derive the general solutions in 2D domain,
by comparing the coefficient of each unknown variables (x and y).
This problem is solved by following the same procedure described
previously and using the same code developed in MATLAB. Figure
23 presents the calculated electric potential distribution inside the
metallic box and its corresponding meshing, which has 306 nodes
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CREATE the shape of the domain in PDETool
GENERATE Mesh (default: triangular element)
EXPORT mesh with nodes number, nodes coordinate and element
number
FUNCTION (mesh)
READ mesh
DEFINE global boundary
FOR 1 to number of nodes
Create nodes connectivity information
FOR 1 to number of elements
Create interpolating function
Create System Matrix
SOLVE global matrix
END OF FUNCTION
FOR 1 to number of interpolating points
Calculate the unknowns within the solved interpolating functions
PLOT contour figure

Figure 21: Pseudo-code of the FEM programming in MATLAB

Figure 22: The rectangular box with metallic walls
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and 548 triangles. In this problem, it it assumed that the rectangular
box has a dimension of 5cm × 10cm and the V0 = 1.

0 1 2 3 4 5
0

1

2

3

4

5

6

7

8

9

10
Mesh

x
y

Contour Ploting of the Electric Potential(V) Distribution

 

 

0 1 2 3 4 5
0

1

2

3

4

5

6

7

8

9

10

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Figure 23: The plot of the mesh of the metallic box and the calculated electric
potential distribution by using FEM

2.3.3 Summary of the Chapter

In this chapter, three main numerical methods include MoM, FDTD
and FEM have been briefly reviewed. These three methods are based
on different principles and each of them has their own advantages in
solving different numerical problems in the field of antenna design.
For instance, MoM is suitable for simulating metallic structures such
as wired antenna; FDTD is adequate for calculating wide band an-
tenna and FEM is good candidate to solve compact antenna structure
with complex shape or multiple layers. These techniques have been
implemented in different commercial electromagnetic simulation soft-
ware packages and widely used in the field of antenna design. There
are continuous studies on improving these methods by integrating
other computational methods with the original ones. Considering the
pros and cons of each method in the aspect of compact and electrically
small antenna design, the FEM is chosen to be used in this study.

The mathematical foundations of the FEM analysis in one- and two-
dimensional domains are presented. The general solutions for some
typical partial differential equations have been derived. Using these
general formulas, MATLAB codes have been developed to use the
FEM techniques to solve the field distribution for a joined coaxial
waveguide and a metallic box. From these two examples, it is shown
that FEM is a very efficient method to solve electromagnetic prob-
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lems that involves differential or partial differential equations. The
computation method, which is usually written in computer code, can
always be re-used to solve other similar problems as presented in the
two examples.

Regarding to the use of FEM in antenna design, as the large com-
plexity of the mathematical analysis due to the fact that the antennas
are required to be modeled in 3D domain and it is also critical to
employ suitable model of the antenna excitation, this subject is not
addressed in this thesis work. Generally, commercial numerical sim-
ulation software is required to aid the antenna design. In the rest of
this thesis, all of the antennas are designed and simulated in Ansoft
HFSS.
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F R A C TA L A N T E N N A D E S I G N

3.1 introduction

This chapter presents the design of compact printed monopole anten-
nas using fractal techniques. The objective of this study is to utilize
the space filling characteristic of the fractals to reduce the size of a
monopole antenna whilst maintain its good radiation performance.
Moreover, it also aims to make such compact antennas operate at
multiple frequency bands of interests.

This chapter is organized as follows. Firstly the basics of fractals
and the use of mathematical methods to generate fractal geometries
are introduced in Section 3.2. Then, a methodology that utilizes MAT-
LAB to aid the modeling of fractals in EM simulation tool, is demon-
strated in Section 3.3. With the help of these developed MATLAB
functions, several fractal-based multiband printed monopole anten-
nas have been proposed. Section 3.4 introduces two multiband frac-
tal monopoles using Minkowski Island geometry. Section 3.5 and 3.6
present two fractal inspired antennas for WLAN USB dongle applica-
tion. One single feed fractal monopole antenna array, which exhibits
higher directivity as a result of employing two identical fractal ele-
ments, is demonstrated in Section 3.7. Section 3.8 is a brief summary
of this chapter.

3.2 basics of fractal geometry

In 1975, Mandelbrot coined the word "fractal" from the Latin word
’fractus’ to label objects or shapes that have similar properties at all
levels of magnification or across all times. Mandelbrot defined fractal
as:

"A fractal is by definition a set for which the Hausdorff-
Besicovitch dimension strictly exceeds the topological di-
mension" [42].

The Hausdorff-Besicovitch dimension, which is also referred as Haus-
dorff dimension in some literature, is one of the most important meth-
ods to define the dimension of a fractal geometry. The dimension of a
fractal geometry is greater than one but smaller than two and cannot
be expressed as an integer. In this case, it is required to use the Haus-
dorff dimension to describe it. For a fractal F, its Hausdorff dimension
is defined as [43]:

41
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dimH F = in f { s > 0 : Hs(F) = 0 } = sup { s : Hs(F) = ∞ } (79)

where infinum in f A is the greatest number m such that m ≤ x for
all x in A or is −∞, suprenum supA is the least number m such that
x ≤ m for every x in A or is ∞. dimH F is the Hausdorff dimension of
F, s is a non negative number and Hs(F) is defined as:

Hs(F) = lim
δ→0

Hs
δ(F) (80)

where

Hs
δ(F) = in f

{
∞

∑
i=1
|Ui|s : {Ui} is a δ− cover of F

}
(81)

In Equation 81, {Ui} is a countable collection of sets of diameter at
most δ that cover F. The dimension of F, dimH F , should satisfy:

Hs(F) =

∞ if 0 ≤ s < dimH F

0 if s > dimH F
(82)

Hausdorff dimension is abstract and difficult to calculate in an in-
tuitive way; as a result, there are other methods including Packing
Measure, Box-counting and Self-similarity method that can be used
to measure the dimension of fractals. One of the most used methods
is Self-similarity method, which is an intuitive way to calculate the
dimension of fractals that can be generated by self-repeating. It gives
a good approximation to the Hausdorff dimension and the definition
of self-similarity dimension is [10]:

M([α]) = (diam[α])s (83)

where M is the number of self-similar elements and s is the dimen-
sion. diam is the maximum diameter of this fractal, which equals the
magnification factor of the fractal. Therefore, the dimension s can be
calculated by doing a Log algorithm at both sides:

s =
log M([α])

log diam[α]
(84)

Take the Koch Curve in Figure 24 as an example. For the Koch Curve
of the second iteration, there are 4 identical line segments, which
corresponds to M([α]) = 4. Each of them is 1/3 of the size of the initial
line segment, so the magnification is 3, which means that diam[α] = 3.
Then, the dimension of the 2nd iteration Koch Curve is:

s =
log M([α])

log diam[α]
=

log 4
log 3

= 1.26
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Figure 24: The first two iterations of the Koch Curve

Since a fractal is a self-affinity geometry that has repeating patterns,
iteration methods can be used to mathematically create such geome-
tries. Generally, there are three types of iterations that can be adopted
to create fractal geometries:

• Generator Iteration

• Iterated Function System (IFS) Iteration

• Formula Iteration

Generator Iteration creates fractals by repeatedly substituting cer-
tain geometric shapes with other shapes. A pre-defined generator re-
places certain part of the initial structure at each iteration. For exam-
ple, some simple fractal geometries such as middle third Cantor set, can
be realized by repeatedly cutting the middle line segment as shown
in Figure 25.

Figure 25: The structure of Cantor set

Iterated Function System (IFS) is a finite family of contractions
S = {S1,S2, . . . , Sm}, where Sm is a contraction that transforms sets
into geometrically similar sets with probability P = {P1,P2, . . . , Pm}.
Pi is the relative weight for each contraction Si and Pi needs to satisfy
[44]:

n

∑
i=1

Pi = 1 (85)

A unique fractal can be determined by one IFS. The transforma-
tion includes several functions such as rotation, move and reflection.
Therefore, it can be seen that Generator Iteration is actually the sim-
plest scenario of an IFS transformation with S1 = S2 = · · · = Sm and
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uniform probability distribution. With an nonuniform distribution of
the probability set P, some ‘irregular’ shapes can be defined such as
the one shows in Figure 26 [43]. In some literature, these structures
are referred as ‘randomized fractal’ with statistical self-similarity.

Formula iteration uses infinite summation of one mathematical
expression to create a fractal structure. It usually leads to an non-
smooth curve due to the infinity summation. Figure 27 [43] shows
one fractal example generated using the following formula:

f (t) =
∞

∑
k=0

(
3
2
)−k/2sin((

3
2
)−k/2t) (86)

Figure 26: A random version of the Koch Curve

Figure 27: Graph produced by formula iteration using Equation 86

3.3 model fractals in em simulation tool with the aid

of matlab

As stated in Chapter 2, all the antennas presented in this thesis were
designed and simulated in Ansoft HFSS, which is a 3D electromag-
netic (EM) simulation software based on Finite Element Method (FEM).
To use this EM simulator, as in other software packages, the antenna
structure with all the geometrical details has to be modeled in the
simulation environment. Considering antenna design based on frac-
tal geometries, it is very inefficient to manually draw such compli-
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cated geometries. Therefore, in order to solve this problem, a set of
MATLAB m-functions have been developed to aid the modeling of
fractal antennas.

The proposed method contains several steps. The first step is to use
MATLAB to calculate and describe the fractal geometry in the form
of a matrix. The fractal geometry is calculated using the recursive
method to realize the Iterated Function System. The geometric infor-
mation of this geometry is saved in a matrix that contains the value
of X- and Y-coordinates of each node. The coordinates of these points
are ordered in sequence from its start point to its end point. For ex-
ample, Figure 28 shows the first iteration of the Koch curve. Assume
that the coordinate of the start point (P1) is (0, 0) and it ends at P5 (0,
1), then in MATLAB the Koch curve is described by a 2-dimensional
array as shown in Table 1.

Figure 28: The 1st iteration of Koch Curve

Table 1: The list of coordinates for the Koch Curve

Point number X-coordinate Y-coordinate

1 0 0

2 0 0.333

3 0.289 0.5

4 0 0.666

5 0 1
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To model one antenna, it is necessary to assign certain dimensions
to each line to avoid having a structure of zero width. Therefore, in
the simulation environment each line needs to be represented by a
rectangular with a certain width. Based on the geometric matrix, a
Visual Basic Script (VBScript)1 file, which is a scripting language that
can be read by most of the commercial EM software packages includ-
ing HFSS, is written in MATLAB to translate the geometrical infor-
mation with given physical dimensions into commands that can be
executed by the EM simulator. For example, the Koch curve shown
in Figure 28 will be transformed to the structure presented in Figure
29. To simplify the design process, some important parameters such
as the total size (the maximum diameter) of the fractal geometry and
the width of the microstrip line are added as design parameters for
the antenna model, which enable user to reconfigure and update the
antenna structure by adjusting these geometric parameters in the sim-
ulation software. The overall process of how to build the fractal in the
EM simulation tool is illustrated in Figure 30 and a small sample of
MATLAB code is given in Figure 31.

Figure 29: The model of Koch Curve in the simulation tool

Following the procedures described above, several MATLAB func-
tions were written to create a variety of fractal geometries including
Koch Loop and Minkowski Island. Some of these geometries have been
applied to the design of printed monopole antennas, as presented
in the following sections. These codes were compiled into a single
MATLAB GUI, which provides a user friendly interface as depicted
in Figure 32.

Using this tool several well-known fractal geometries such as Koch
Snow, Hilbert Curve and Minkowski Island with pre-defined dimen-
sions can be easily created. Figure 33 shows the application of this
tool to create a Hilbert Curve of the 3rd iteration in HFSS. This tool
works in following steps:

1. Firstly, the desired fractal curve is selected from the option list
and then the user can specify the dimensions according to the

1 VBScript (Visual Basic Scripting Edition) is an Active Scripting language developed
by Microsoft. In HFSS, it is used to create macros that can be executed to design
models or export/import HFSS data. More information can be found in [45].
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Figure 30: Process of design fractal geometries in simulation tool

requirement. Except for the iteration number, the ’size’ and ’linewidth’
parameters are not critical because these values can be changed
in the final simulation model in HFSS.

2. The ‘preview’ button can be selected to preview the structure of
the selected fractal geometry.

3. After specifying the directory to save the files, the correspond-
ing vbs file is created by clicking the ‘Run’ button.

4. Run the vbs file under the user defined directory automatically
creates the required fractal geometry in HFSS with the prede-
fined parameters. The size and the line width can be directly
modified in the parameter list in HFSS.

Figure 33 (c) shows the fractal geometry, Hilbert Curve, in the simu-
lation software after executing the corresponding vbs file. One param-
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function test_MinLoop

close all;

hfssScriptFile = ’E:\fractal design\fractal.vbs’; % set up

file path

fid = fopen(hfssScriptFile, ’wt’); % create vb file for a

new project

createNewProject(fid);

% add Local variables

addLocalVariable(fid,’size’,25); % use "size" to control

the overall length of the fractal

addLocalVariable(fid,’w’,0.25); % use "w" to control the

width of the microstrip line

iteration = 2; % define the iteration of the fractal

geometry

d = 4; % d is the depth of each iteration

fractal_curve_new(fid,iteration,d); % translate into the

final vbs file

fclose(fid); % close the vbs file

Figure 31: Example of MATLAB coding to create vbs file for designing frac-
tal in HFSS

eter list, which enable one to adjust the fractal by updating the value
of each parameter, is also created as depicted in Figure 33(b).

One additional tool was also created in MATLAB, which aims to
create a microstrip impedance transformer line. This tool adopts two
techniques, triangular taper and exponential taper, to design a mi-
crostrip line with the desired impedance characteristics. With this
tool, the design of an impedance matching line for printed microstrip
antenna is greatly simplified. Figure 34 (a) shows the interface of this
tool and Figure 34 (b) presents one example of its application to cre-
ate one impedance transformer line using triangular taper in HFSS.
In this example, it is assumed that the substrate has permittivity of
3.38 and thickness of 0.813 mm. The theoretical explanation of the
tapered microstrip transmission line can be found in [46].

In following sections, several proposed fractal-based printed monopole
antennas are going to be presented. All of these antennas were de-
signed by utilizing the tools described above.
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Figure 32: Interface of the MATLAB GUI tool for making fractal geometries
in HFSS

Figure 33: (a) Using GUI tool to make a vbs file for Hilbert Curve of 3rd
Iteration (b) The parameters list shown in HFSS after executing
the vbs file (c) Top view of the Hilbert Curve in HFSS
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Figure 34: (a) Using GUI tool to make a vbs file for designing a microstrip
impedance match line using the triangular taper technique; the
impedance of this microstrip line is transformed from 50 to 100

ohm (b) Top view of the designed microstrip impedance line in
HFSS
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3.4 multiband fractal monopole antenna using minkowski

island geometry

3.4.1 Motivation

Recently, fractal techniques have been brought to the field of antenna
design, named “fractal antenna engineering”, and is attracting many
research interests because of its advantages in antenna miniaturiza-
tion as well as in providing multiband resonant frequencies with sim-
ilar radiation characteristics. Indeed, the fact that fractal is a geometry
that is self-repeated at different scale, which means that the fractal
technique can be explored for designing antenna with multiple band
operation. In [6], an overview of the progress of the fractal-based
antenna design covering more than 120 published articles was pre-
sented. In the letter, it is found that most of the designs employed
fractal techniques to design patch antennas and vertical monopoles
with a large horizontal ground plane, in which case the size reduc-
tion brought by using fractals were not clear. Some designs adopted
fractal of higher iterations [9, 47], which makes the antenna difficult
to fabricate and increases the internal losses of the antenna. Recently,
the modified Sierpinski gasket geometry was used in the design of
a printed monopole antenna [48]. Compared to the use of the tra-
ditional Sierpinski geometry, the modified structure can achieve a
higher size reduction. Although this antenna can operate at multiple
frequencies, the bandwidth at the higher band is relatively narrow.
Moreover, the resonant frequency at the higher band is sensitive to
the width of the triangular ring.

Although fractal geometries are self-filling structures that can be
scaled without increasing the overall size, not all the geometries can
contribute to the compact antenna design. Previous research found
that some fractal geometries such as Hilbert and Peano curves, which
exhibit a high degree of space filling, cannot effectively reduce the
resonant frequency of the antenna due to the canceling of the cur-
rent between closely spaced lines [49]. It also has been proved that
the multiband operation is not a unique feature of fractal geometries
and in some cases non-fractal geometries show better performance in
terms of operation bandwidth and radiation efficiency [50]. However,
from the experimental results provided in [50], it is can be seen that
wired antennas with fractal geometries do show better impedance
matching characteristics.

The objective of this work is to apply the fractal geometry to the
design of printed monopole antennas, which have attracted much
research interest due to its simplicity, broad bandwidth and ease of
integration in communication systems. Moreover, the chosen fractal
can effectively reduce the size of the antenna whilst maintain the
radiation performance of the antenna at a promising level.
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3.4.2 Antenna Design

With the aim of demonstrating the applicability of the fractal tech-
nique to the design of multiband compact antennas, two printed
monopole antennas were implemented based on the Minkowski Is-
land geometry. The proposed antennas are designed for WLAN and
WiMAX applications. The reason why Minkowski Island was chosen
is that through our studies, it is found that applying this fractal ge-
ometry to the design of the printed monopole antenna can provide
the desired frequency ratio for the design target. The frequency ratio
of a multiband antenna is defined as the highest resonant frequency
divided by the lowest one, which can be express as:

FR =
fMax

fmin
(87)

In this study, the objective is to design a dual band WLAN antenna
that can operate at 2.4 and 5.2 GHz bands. This means that the desired
frequency ratio needs to be:

FR =
fMax

fmin
=

5.2
2.4

= 2.17 (88)

The study of the frequency ratio of the monopole antenna using the
Minkowski Island geometry will be discussed in next section. Figure
35 shows the first two iterations of Minkowski Island. Compared to
other fractal geometries such as Hilbert curves, Minkowski Island
geometry is much simpler and can work more efficiently with respect
to the frequency reduction. As demonstrated in Figure 36, when a
Hilbert curve is employed to design a printed monopole antenna, the
closely spaced lines can cause a large amount of current cancellation,
which means that the effectively electrically length of the antenna
with Hilbert Curve cannot benefit much from using such space filling
geometry.

Figure 35: The 1st iteration and 2nd iteration of Minkowski Island geometry
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Figure 36: Demonstration of the current cancellation of monopole design
using the Hilbert Curve

Theoretically, the higher iteration of one fractal is, the more size
reduction of one antenna can be reached. However, in this study the
reason why we did not choose to adopt other higher iterations is
that when increasing the number of iterations, this specific fractal ge-
ometry becomes quite complex and a microstrip line of very narrow
width is needed to describe it; then the conductor losses will increase
significantly, which reduces the radiation efficiency of the antenna.

Figure 37 (a) presents the proposed fractal monopole with the ge-
ometry of the 1st iteration Minkowski Island. Its size is 28 mm ×
18 mm with a partial ground plane having a width of 35 mm and
length of 10 mm on the back side of the substrate. The width of the
microstrip line (w) is 0.5 mm. Figure 37 (b) shows another proposed
fractal monopole using the 2nd iteration Minkowski Island. Its size
is 21.5 mm × 18 mm and the size of the ground plane is 30 mm ×
10 mm. As the result of using a higher iteration fractal, the width of
the microstrip line (w) is reduced to 0.25 mm. The depth t, shown in
Figure 35, is 1/4 of the side length ( 1

4 s) at each iteration for both an-
tennas. The line width of both antennas were decided by two factors.
Firstly, the width of the microstrip line needs to be narrow enough
to avoid the intersection between adjacent lines. This issue is more
significant for fractal of higher iterations. The second consideration
is for antenna input impedance matching. Both of the proposed an-
tennas are printed on the top side of the substrate, 0.813 mm thick
Roger 4003 with relative permittivity εr=3.38, while the ground plane
is printed at the bottom side. Behind the antenna elements, there is
no ground plane.
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Figure 37: The proposed fractal monopole antenna with geometry of: (a) 1st
iteration Minkowski Island; (b) 2nd iteration of Minkowski Island

3.4.3 Simulated and Experimental Results

The frequency ratio of the monopole antenna with the Minkowski
Island can be controlled by changing the value of t, which is indicated
in Figure 38. Let the value of t equals to s/d, parametrical studies
were carried out by varying the value of d and the resulted frequency
ratio of the antenna is plotted in Figure 38. As can be seen from
Figure 38, although using fractals can contribute to the size reduction
and multiple frequency operation of an antenna, the frequency ratio
of the antenna is only limited from 2.05 to 2.17, which is a quite
narrow range. Therefore, this fractal geometry cannot be applied to
design multiband antennas with different frequency ratio. A solution
to overcome this limitation will be presented Section 3.5 and 3.6.

4 4.25 4.5 4.75 5 5.25 5.5 5.75 66
2

2.05

2.1

2.15

2.2

d

F
re

qu
en

cy
 R

at
io

Figure 38: The frequency ratio of the antenna with different value of d

Both of the proposed monopole antennas have a compact size com-
pared to conventional printed monopole antennas, which need to
have a length of approximately a quarter of wavelength. Moreover, it
is found that without using any additional impedance matching, both
of the proposed antennas exhibit good impedance match at multi-
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ple frequency bands, which is confirmed by the measurement results
shown in Figure 39. The results show that the printed monopole of 1st
iteration of Minkowski Island exhibits 10 dB return loss bands of 2.30

- 2.48 GHz, 3.3 - 3.7 GHz and 4.9 - 6.0 GHz, which covers the entire
required frequency bands for 802.11a/b/g and WiMAX communica-
tions. For the 2nd iteration of Minkowski Island fractal monopole, the
bands are 2.31 - 2.47 GHz and 5.0 - 5.5 GHz, which covers the two
desired frequency bands for WLAN 802.11b/g standards.
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Figure 39: Measured S11 of the proposed antenna with the: (a) 1st iteration
and (b) 2nd iteration of Minkowski Island geometry

Figure 40 presents the simulated surface current distribution of the
proposed monopole antenna with the 1st iteration of Minkowski Is-
land geometry at 2.4, 3.5 and 5.2 GHz. It is found that at 2.4 GHz, the
resonance is influenced by the overall length of the fractal curve, the
3.5 GHz resonant frequency is mainly determined by the central part
of the fractal geometry and the two corners of the fractal geometry
are responsible for the higher band at 5.2 GHz.
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Figure 40: Simulated surface current distribution of the monopole antenna
with the 1st iteration of Minkowski Island

Figure 41 presents the simulated surface current distribution of the
proposed monopole antenna with the 2nd iteration of Minkowski Is-
land geometry at 2.4 and 5.2 GHz. Similar to the 1st design, it is ob-
served that for this antenna the lower frequency band is contributed
by the overall length of the fractal, while the higher band is deter-
mined by the two corners of the fractal geometry.

Figure 41: Simulated surface current distribution of the monopole antenna
with the 2nd iteration of Minkowski Island

Figure 42 and 43 show the measured radiation patterns of the two
proposed antennas. In both figures, the dotted line line depicts H
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plane and solid line represents E plane. It is found that both antennas
have radiation patterns as typical printed monopole antennas. The
radiation patterns at H-plane are almost isotropic and in the E-plane
they exhibit broadside radiation patterns, as expected. The measured
maximum gain is around 1.5 dB at 2.45 GHz and 2.3 dB at 5.2 GHz
for both antennas. According to the simulation results, the radiation
efficiency is 94% and 88% at 2.45 GHz, 97% and 93% at 5.26 GHz for
the printed monopole of 1st and 2nd iteration of Minkowski Island,
respectively. From these results, it is found that although higher size
reduction can be achieved using higher iteration of the fractal geom-
etry, the bandwidth as well as the radiation efficiency also decreases.
This should be considered as a trade-off between size reduction and
antenna performance.
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Figure 42: Measured radiation pattern of the proposed antenna with 1st it-
eration Minkowski Island at: (a) 2.4 GHz and (b) 5.2 GHz. Solid
line represents measured results on X-Z Plane while dashed line
represents measured results on X-Y plane
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Figure 43: Measured radiation pattern of the proposed antenna with 2nd
iteration Minkowski Island at: (a) 2.4 GHz and (b) 5.2 GHz. Solid
line represents measured results on X-Z Plane while dashed line
represents measured results on X-Y plane

3.4.4 Antenna with Different Size of Ground Plane

It is known that the ground plane size can influence the impedance
matching and resonant frequency of a printed monopole antenna.
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Hence, instead of viewing the antenna as one separate component of
the wireless device, it should be taken as an integrated part of the en-
tire layout of the transceiver. The performance of these two proposed
fractal monopole antennas with different sizes of ground planes have
been studied through numerical simulations in HFSS. Figure 44 (a)
and (b) show the return loss of the two antennas presented in Figure
37 with different sizes of the ground plane. It was found that when
increasing the size of the ground plane to 45 × 80 mm, which can be
considered as the size of a PC card, both of the proposed Minkowski
Island fractal monopoles can still exhibit good impedance matching
over the required frequency bands except for some frequency shift,
which can be easily solved by resizing the antenna. This means that
the proposed two antennas can be implemented on PCB boards of
different sizes with small modifications.
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Figure 44: Simulated S11 of the proposed antenna: (a) with 1st iteration
Minkowski Island and (b) with 2nd iteration Minkowski Island
on ground planes of different size

3.4.5 Conclusion

Two printed fractal monopole antennas of compact size using the 1st
and 2nd iteration of Minkowski Island geometries are proposed. The
two proposed antennas exhibit good impedance match at both 2.4
and 5.2 GHz band, which is confirmed by the measurement results.
It is also observed that the proposed monopole antenna with the ge-
ometry of the 1st iteration Minkowski Island can also operate at 3.5
and 5.8 GHz, which means that it almost covers the entire required
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frequency bands for 802.11a/b/g and WiMAX communications. Both
the simulation and measurement results suggest that these two fractal
antennas are good candidates of multi-frequency antennas with high
radiation efficiency and can be easily matched to the 50 Ω terminal
with different sizes of ground plane. It is also important to point out
that comparing the measurement results of the two proposed anten-
nas, it is observed that although the size reduction can be achieved by
using fractal geometries of higher iteration, the bandwidth as well as
the radiation efficiency also decreases. This should be considered as a
trade-off between size reduction and antenna radiation performance.

3.5 fractal monopole antenna for wlan usb dongle

3.5.1 Motivation

The results presented in the previous section show that the fractal ge-
ometries can be applied to the design of multiband printed monopole
antennas with reduced size. However, it is also found that as a multi-
band antenna, the frequency ratio of the fractal antenna using the
Minkowski geometry is nearly fixed, which indicates that in order
to extend the fractal technique to other multiband antennas design,
there is a need to explore an effective solution to overcome this limit.

The methodology proposed in this work to extend the frequency
ratio of the fractal-based antenna design is to combine the fractal
geometry with the meander line. Then, this methodology is applied
to the design of a compact antenna suitable for a commercial wireless
device: WLAN USB dongle. Specifically the objective of this study is
to design a printed fractal monopole antenna for WLAN USB dongle
applications and based on the industrial requirement, the overall size
of this antenna including the ground plane is chosen to be 20 mm
× 60 mm and the available space for antenna design is limited to no
more than 20 mm × 10 mm.

In [51], two internal multiband PIFA antennas were proposed for
UMTS and WLAN applications for a USB dongle. Although both of
them have compact size and can cover several useful commercial fre-
quency bands, they are rather complicated to fabricate and the use of
a short pin means that the size of the ground plane will play a signif-
icant role in influencing the resonant frequencies. In [52], one printed
monopole antenna was also designed for WLAN USB dongle. This
antenna employed the meander-line to reduce the occupied volume
of the radiation element. However, this antenna can only operate at
2.4 GHz band, which is not enough for the targeted dual band WLAN
application. In [53], one two armed printed monopole for WLAN has
been proposed. The use of multiple arms provides an alternative so-
lution to design a multiband printed monopole antenna. Yet, its size
seems inappropriate for a USB dongle. In this work, the antenna pro-
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posed has a completely planar structure, multiple frequency opera-
tion and compact size, which overcomes these limitations and further
justifies the advantages of implementing fractals in printed monopole
antennas design.

3.5.2 Antenna Design

A variation of the Koch fractal, which also can be referred as Cohen
dipole fractal geometry, was used to design the proposed multiband
printed monopole antenna. The Cohen dipole geometry, which is a
variation of Koch fractal, was first proposed by Nathan Cohen [54]
to design a dipole antenna with the feeding at the center position.
Figure 45 shows the first three iterations of the Cohen dipole fractal
geometry.

Figure 45: The first three iterations of Cohen dipole

Similar to the previous studies presented in Section 3.4, in this
work the second iteration of the fractal was employed as higher it-
erations require a narrow microstrip line, as depicted in Figure 45,
which increases the loss of the antenna. Figure 46 shows the top and
bottom view of the proposed printed fractal monopole antenna. This
antenna is designed on the Roger 4003 substrate with dielectric con-
stant of 3.38 and thickness of 0.813 mm. The space occupied by the
monopole antenna on the substrate is 10 mm × 20 mm and the size
of the ground plane is 50 mm × 20 mm, which is a typical size for a
USB dongle. This structure was further optimized by doing numeri-
cal simulations in Ansoft HFSS to achieve a better impedance match
at the required frequency bands. It is found that the size of the fractal
geometry is critical in defining both the resonant frequencies while
the existence of the horizontal microstrip line (the one with length of
8.1 mm shown in Figure 46) plays the role of adjusting the resonant
frequencies to the desired region. Without the horizontal microstrip
line, it is found that the proposed antenna can only exhibit resonances
at around 2 and 6 GHz, which fails to cover the desired frequencies
for WLAN dual-band applications. However, adding the horizontal
microstrip line with the appropriate length, the frequency ratio of the
fractal antenna can be more controlled. To avoid repetition, the para-
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metric studies of the antenna structure are presented in Section 3.6,
which utilizes the same antenna geometry to design an Inverted-L
antenna (ILA).

After optimization, the width of the feeding microstrip line was
chosen to be 1 mm and the width of the horizontal microstrip line
was 0.5 mm. For the fractal, the width of the microstrip line was set
to 0.35 mm. The depth d (shown in Figure 45) of the Cohen dipole
is set to be 1/5 of the line length at each iteration. Figure 47 shows
the top and bottom view of the fabricated antenna prototype on the
substrate Roger 4003.

Figure 46: Top and bottom view of the proposed fractal monopole antenna

Figure 47: (a) Top and (b) bottom view of the fabricated fractal monopole
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3.5.3 Simulated and Experimental Results

Figure 48 presents the measured return loss (S11) of the fabricated
antenna. The experimental result shows that this antenna has a 10

dB return loss bandwidth of 2.22 to 2.52 GHz and 5.03 to 5.84 GHz,
which covers the entire required band for WLAN 802.11a/b/g stan-
dards.
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Figure 48: Measured S11 of the proposed USB fractal antenna

Figure 49 presents the simulated surface current distribution at 2.4,
5.2 and 5.8 GHz. It can be seen that at lower resonant frequency, 2.4
GHz, the surface current is concentrated on the meander line and all
the fractal. At the higher frequency band, there is a strong current on
the central section of the fractal.

Figure 49: Simulated surface current distribution at 2.4, 5.2 and 5.8 GHz of
the proposed antenna
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Figure 50 shows the measured radiation patterns of both E-and
H-plane at 2.4 and 5.2 GHz. From these experimental results, it can
be seen that at both bands the radiation patterns in the H plane is
almost isotropic while in the E plane the proposed antenna exhibits
broadside radiation pattern and has two nulls at 90 and 180 degree,
which acts similarly to a typical monopole antenna. Based on the sim-
ulation results, it is found that the proposed antenna has a constant
peak gain of 1.8 dBi and 2.4 dBi at 2 and 5 GHz bands, respectively.
Furthermore, the simulation results also indicate that this antenna
has high radiation efficiency at both bands: 95% at 2.4 GHz band and
94% at 5.2/5.8 GHz band.
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Figure 50: Measured radiation patterns at: (a) 2.4 GHz and (b) 5.2 GHz.
Solid line represents measured results on X-Z Plane (E-Plane)
while dashed line represents measured results on X-Y plane (H-
plane)

3.5.4 Conclusion

In this work one printed fractal monopole antenna for WLAN USB
dongle application has been proposed. In this design, the meander
line is combined with a variation of the Koch fractal to achieve the
desired multiband operation characteristic. Besides being compact,
the proposed antenna has a completely planar structure, which is
simple and easy to fabricate. Measurement results confirm that the
proposed antenna covers the required frequency bands for WLAN
802.11a/b/g and the simulation results show that at both bands, the
antenna exhibits high radiation efficiency.

One disadvantage of this design is that the feeding line of the an-
tenna needs to cross a large section of the ground plane, which may
be not convenient for an industry product design. In next section, an
improved design which changes the antenna type to an Inverted-L
antenna will be presented.
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3.6 inverted-l antenna (ila) design using fractal for

wlan usb dongle

3.6.1 Motivation

This work is a continuation of the previous investigation presented in
Section 3.5, which utilizes the fractal technique to design a compact
printed monopole antenna for dual-band WLAN USB dongle appli-
cations. As stated in Section 3.5, one disadvantage of the previous
design is that it requires additional space for the feeding line. This
study aims to use the same fractal-based structure of the previous
work to design an Inverted-L Antenna (ILA), which has been widely
used in portable devices and can be easily integrated into an indus-
try product. Moreover, the radiation performance of the proposed
antenna when connected to a laptop computer was also investigated
in this work.

3.6.2 Antenna Design

As a typical printed monopole antenna, the antenna element with the
feeding line and the ground plane are printed at the top and bottom
side of the substrate, respectively. The feeding port is located at the
end of the substrate as shown in Figure 51. This might be a problem in
a practical industry design as other components, such as RF module,
also need to be mounted on the same ground plane.

Figure 51: The structure of the previously designed antenna for WLAN USB
Dongle

Figure 52 shows the proposed ILA antenna using the fractal-meander
line based geometry. This antenna has the same dimension as the pre-
vious monopole antenna and is also designed on the same substrate:
Roger 4003 with thickness of 0.813 mm. It can be seen that in this
design, the antenna element and the ground plane are printed on
the same side of the substrate and in the back side of the substrate,
there is no copper. This could further simplify the fabrication process.
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Most importantly, the feeding point has moved to the top edge of the
partial ground plane and this leaves enough space to mount other
hardware components.

Figure 52: The proposed fractal ILA for WLAN USB Dongle

3.6.3 Simulated and Experimental Results

The proposed fractal ILA was fabricated (Figure 53) and Figure 54

compares the return loss between simulation and measurement re-
sults. It can be seen that there is a good agreement between the sim-
ulated and measured return loss. The experimental result indicates
that the proposed antenna has a S11< -10 dB bandwidth from 2.25 to
2.60 GHz and 5.06 to 5.62 GHz. Comparing the proposed ILA with
the previously developed monopole antenna, the return loss of both
antennas are very similar, as seen in Figure 55. It is believed that both
antennas should exhibit similar radiation patterns; hence, the radia-
tion patterns of this fractal ILA are not going to be presented again
in this section.

Figure 53: Photo of the fabricated prototype during return loss measure-
ment
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Figure 54: Comparison of the simulated and measured S11 of the fractal ILA

2 2.5 3 3.5 4 4.5 5 5.5 6
−35

−30

−25

−20

−15

−10

−5

0

Frequency (GHz)

S
11

 (
dB

)

 

 

Fractal ILA
Fractal Monopole

Figure 55: Comparison of the measured S11 of the fractal ILA and previ-
ously proposed fractal monopole

In order to show the effectiveness of antenna size reduction by us-
ing the fractal geometry, one more Inverted-F Antenna (IFA) was de-
signed. This antenna uses the same substrate and the radiation ele-
ment was also confined within the required area of size 20 mm × 10

mm, as shown in Figure 56.

Figure 56: The structure of a typical Inverted-F antenna
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Figure 57: Comparison of the simulated return loss between the proposed
fractal ILA and a typical Inverted-F antenna

Figure 57 compares the simulated return loss of this IFA with the
proposed fractal ILA. As can be observed from this figure, the sim-
ple IFA can only operate at 3.85 GHz. Compared to the IFA, besides
exhibiting a dual band operation, the proposed ILA antenna can res-
onate at 2.3 GHz, which represents a frequency decrease of 40%.

As stated before, the antenna needs to be taken as an integrated
part of the entire layout of the transceiver. It is predictable that after
assembling and connecting the USB dongle to the device, for instance
a laptop computer, the radiation performance of the antenna might
be affected. Therefore, it is necessary to do some parametrical stud-
ies for the proposed antenna in order to find out how the resonant
frequencies of the antenna can be tuned to desired ones in the final
stage of product design. Two key parameters, L0 which is related to
the overall length of the fractal and L1, which is length of the horizon-
tal meander line, were chosen as the variables. These two parameters
are labeled in Figure 58. Figure 59 (a) and (b) present the simulated
return loss of the proposed fractal ILA with different values of L0

and L1, respectively. It is found that the overall length of the fractal
determines the resonant frequencies at both bands while the length
of L1 has a major influence on the higher band. The distance between
the fractal and the horizontal line, which is indicated as L2, has little
influence on the resonant frequencies and impedance matching of the
antenna, as shown in Figure 60. Therefore, this length is kept short
in order to make the antenna be compact. By utilizing these findings,
the frequency ratio of such fractal antenna can be controlled from 2.2
to 2.6 (see Figure 61) and the resonant frequencies of the antenna can
be tuned to the frequencies of interests according to the requirements.
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Figure 58: The layout of the proposed antenna
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Figure 59: Parametrical studies for the proposed antenna: (a) simulated S11

of the antenna with different value of L0; (b) simulated S11 of the
antenna with different value of L1
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Figure 60: Simulated S11of the antenna with different value of L2
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Figure 61: The frequency ratio of the antenna with different value of L1 (the
length of L0 is fixed to 14 mm)

3.6.4 Antenna Performance Connected to a Laptop

The influence of the laptop on the radiation performance of the an-
tenna was studied by simulating the USB dongle attached to a Lap-
top computer that is modeled as finite conductive material for simple
consideration. When the USB dongle is connected to the laptop, it
is equivalent to extend the size of the ground plane of the antenna
to a much larger one. As the simulation software package used in
this study, Ansoft HFSS, is a based on the Finite Element Method, in
which the calculation is proportional to the size of the overall domain,
therefore, to save simulation time and computation memory, the size
of the laptop is truncated to half of the size of the real laptop com-
puter. The simulation model is presented in Figure 62. The laptop is
modeled as two copper plates vertically joined together to mimic the
case when the laptop is opened. Each of the copper plate is 20 cm
long and 10 cm wide, which is approximately half of the size of a
notebook PC.
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Figure 62: The simulation model of the fractal ILA connecting to the laptop
in HFSS

Figure 63 shows the comparison of the simulated return loss of the
proposed antenna with and without connection to the laptop com-
puter. As expected, with the antenna connects to the laptop, some
frequency shifts at both bands were observed. At the lower band, the
amplitude of the return loss has degraded by more than 10 dB. Af-
ter resizing the fractal, both resonant frequencies were tuned to the
desired frequency bands, as shown in Figure 63 by the black solid
line. After tuning, the simulation results show that the proposed an-
tenna (connected with the laptop) exhibits a VSWR 3:1 bandwidth,
which is the standard accepted by most portable devices manufac-
tures, over 2.36 to 2.54 GHz and 4.96 to 5.84 GHz. This covers the
entire frequency bands for IEEE 802.11 a/b/g applications.
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Figure 63: Simulated S11 of the proposed antenna with and without the lap-
top
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Figure 64 presents the comparison of the simulated return loss of
the proposed antenna with the laptop computer of different sizes. As
can be seen from this figure, the size of the laptop computer affects
in some degree the resonant frequencies of the antenna. However,
above 15 cm the resonant frequencies of the antenna are no longer
influenced by the length particularly at the lower band. This proves
the validity of the simple simulation model of the laptop computer.
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Figure 64: Simulated S11 of the proposed antenna with laptop computer of
different length

Figure 65 presents the simulated 3D radiation patterns of the pro-
posed fractal ILA in free space and when connects to the laptop at 2.4
and 5.2 GHz. It can be observed that there is a large influence of the
laptop on the radiation pattern of the antenna. Moreover, according
to the simulation results, the radiation efficiency of the antenna de-
creased by more than 40% compared to the case when in free space.

3.6.5 Conclusions

In summary, in this study a fractal ILA using the 2nd iteration of the
Cohen Dipole fractal geometry combined with the meander line has
been proposed. This antenna exhibits wide operation bandwidth and
the radiation performance of the proposed antenna connected to a
laptop computer is also studied. It is found that connecting the USB
dongle to the laptop computer can affect the resonant frequencies of
the antenna and greatly change its radiation patterns. The frequency
shifting of the proposed antenna caused by the laptop can be tuned
by resizing the fractal, which has been confirmed by the simulation
results.
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(a)

(b)

Figure 65: Simulated radiation patterns of the proposed fractal ILA in free
space and connected with a laptop computer
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3.7 single feed fractal monopole antenna array

3.7.1 Motivation

To increase the directivity of a antenna system, the use of antenna
arrays is an effective solution if an additional antenna element can
be added in the wireless device. A single feed antenna array has the
advantages of easy fabrication and does not need any extra RF com-
ponents such has phase shifter. The objective of this work is to design
one compact single feed multiband printed monopole antenna array
for WLAN dual band application. It is desirable to design such an-
tenna in planar structure as it can simplify the fabrication process
and reduce the fabrication cost. Based on the results of the previous
studies in Section 3.4, which confirms the size reduction and multi-
ple frequency operation of the antenna using the fractal technique,
the 2nd iteration of the Minkowski fractal geometry was chosen for
this design.

In [55, 56], two single feed circular polarized microstrip antenna
arrays were presented. The concept behind these two designs is to
use the antenna array to achieve circular polarization and improve
the directivity of the antenna. However, these two antennas have rel-
atively large size and can only operate at a single frequency band.
One printed single feed monopole antenna array has been reported
in [57]. In that design the antenna array contains three equally spaced
equilateral triangular monopoles of different sizes, which contribute
to the multiple resonant frequencies at 2 and 5 GHz bands. How-
ever, the antenna in [57] is actually a multi-armed structure rather
than a real array. The radiation performance of the antenna does not
benefit much from using such antenna array. In [58], two multiband
printed monopole antennas using the 1st and 2nd generation of the
Minkowski fractal geometry were presented. The antennas have com-
pact size and show multiband operation with wide bandwidth. How-
ever, so far, there is not much work reported on the use of fractals to
design compact single feed printed monopole antenna arrays.

One common problem that is always encountered during the de-
sign of multiband antenna is how to improve the impedance match-
ing at multiple resonant frequencies. In [59], band broadening was
achieved through the use of a rectangular monopole backed by a
trapezoid conductor. However, this method can greatly change the
resonant frequency of original antenna and the size of the trapezoid
is very critical, which is not easy to optimize. Reference [60] shows an
example of designing a multiband printed monopole antenna using
Genetic Algorithm. Although the antenna has a wide operation band,
it has a complicated pattern and the impedance matching improve-
ment was achieved through repetitive numerical simulations. In this
work, these limitations are overcomed by adding a rectangular stub
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on the edge of the partial ground plane to improve the impedance
matching of the antenna with little influence on the original resonant
frequencies.

3.7.2 Antenna Design

The 2nd iteration of the Minkowski fractal geometry (Figure 35) was
chosen for this design due to its compact size. Figure 66 shows the ge-
ometry of the first prototype of the proposed fractal monopole array.
This antenna was fabricated on a Roger 4003 substrate of thickness
0.813 mm and relative permittivity 3.38. To facilitate the simulation
and fabrication, at this stage the size of the substrate was chosen to be
60 mm × 65 mm and the size of the ground plane is 30 mm × 65 mm.
The antenna is constituted by two equal 2nd iteration Minkowski frac-
tal monopoles fed by a single microstrip line of 1.89 mm wide. The
line width of the fractal geometries is 0.25 mm and they are connected
to the feed line by another horizontal microstrip line of width 1.2 mm.
The partial ground plane is printed on the back side of the substrate
and the antenna is printed on the top side.

Figure 66: Structure of the 1st prototype fractal monopole antenna array

After optimizing the width of the feed lines by performing numeri-
cal simulation in HFSS, it is found that the bandwidth of this antenna
is not as good as expected. More specifically, the bandwidth at the
higher band (5 GHz) is quite narrow. Figure 67 presents the measured
return loss of this antenna prototype.
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Figure 67: The measured S11 of the 1st prototype of the designed single feed
fractal antenna array

Therefore, it is necessary to find a method to improve the band-
width of the antenna at the higher band without affecting too much
the resonant frequency at the lower band. Some common impedance
matching methods such as quarter-wavelength transformer line or
microstrip taper line, besides their large size they are not suitable for
this situation as they can only be applied to single band antenna. Af-
ter several attempts, it was found that by adding a stub on the top
edge of the ground plane, the impedance match of the antenna can
be improved with little influence on the original resonant frequencies.
Figure 68 presents the proposed method with different shapes of the
stubs including rectangular, circular and triangular on the ground
plane. These different structures were simulated and Figure 69 com-
pares the simulated return loss of these designs with the original de-
sign. It is observed that adding a stub on the top edge of the ground
plane can effectively improve the bandwidth of the proposed antenna,
which is a method much simpler and more robust than the one pro-
posed in [59]. Comparing the different shapes, stub of rectangular
shape is more effective in improving the return loss. This finding has
been confirmed by both simulation and measurement results, which
will be presented later.

Figure 70 shows the geometry of the 2nd proposed fractal monopole
array with improved impedance matching. Compared to the one pre-
sented in Figure 66, the only difference is that in the second design,
one stub of size 3 mm × 8 mm is added on the top edge of the ground
plane.



76 fractal antenna design

Figure 68: Proposed fractal antenna with different shapes of stubs on the
ground plane: (a) Original design; (b) Ground plane with rectan-
gular shape stub; (c) Ground plane with circular shape stub; (d)
Ground plane with triangular shape stub

Figure 69: Simulated S11 of the proposed antenna with different stubs on
the ground plane
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Figure 70: Structure of the 2nd prototype fractal monopole array antenna
with improved impedance match

Figure 71: Antenna with a L-Matching Network

The improvement of the impedance matching of the proposed frac-
tal antenna with the addition of a stub on the partial ground plane,
can be explained by modeling the stub as an equivalent L-Matching
Network, as shown in Figure 71. The value of the inductance (L1)
and capacitance (C1) at each resonant frequency is determined by the
size/shape of the stub and the thickness/permittivity of the substrate.
For the proposed antenna, due to the use of the fractal geometry,
which has the advantage of self-affinity and exhibiting similar radi-
ation characteristics at multiple resonant frequencies, the impedance
matching was improved simultaneously at both resonant frequencies
with the addition of an equivalent L-Network. This can be concluded
as one additional merit of employing fractals in monopole antenna
design. Figure 72 (a) and (b) show the simulated input impedance for
the antenna presented in Figure 66 and 70, respectively. The red line
with crosses corresponds to the frequency band of 5 - 6 GHz while
the blue line represents the 2.3 - 2.8 GHz band. Comparing both fig-
ures, it can be found that after adding the stub the impedance match
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of both bands are improved especially for the upper band, which
broads the bandwidth at 5 GHz band significantly.

Figure 72: The simulated input impedance of the fractal monopole array: (a)
without using the proposed impedance match method; (b) with
the rectangular stub on the ground plane
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3.7.3 Simulated and Measured Results

Figure 73 presents the measured return loss of the two printed fractal
monopole antenna arrays shown in Figure 66 and 70. The measure-
ment results confirm that after introducing a rectangular stub on the
top edge of the ground plane, the return loss of the proposed printed
monopole array can be improved with little effect on the original res-
onant frequencies. After applying the proposed impedance matching
method, the bandwidth at the lower band is increased by around
50% and the bandwidth at the higher band is almost doubled. The
measured return loss shows that this 2nd prototype can operate from
2.31 to 2.52 GHz and from 5 to 5.33 GHz, which covers the desired
frequency bands for 802.11 b/g wireless standards.

Figure 74 (a) shows the simulated 3D radiation pattern of this an-
tenna array. Compared to the radiation patterns of the fractal antenna
that only uses one radiation element, which is presented in Figure 74

(b), the radiation patterns of this single feed fractal array are more
directive and as a result, the directivity of this antenna at both bands
is improved by at least 2 dBi.
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Figure 73: The measured S11 of the fractal monopole antenna array with-
/out the proposed impedance matching method
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(a)

(b)

Figure 74: Simulated 3D radiation pattern of the: (a) single feed fractal an-
tenna array; (b) single fractal antenna

3.7.4 Proposed Antenna on a PDA Size Substrate

The proposed fractal monopole array was also designed on a PDA
size substrate of 112 mm long and 65 mm wide. In order to achieve
better antenna performances, numerical simulations were done in An-
soft HFSS to optimize the size of the stub on the ground plane. Figure
75 shows top and side view of the final antenna structure. Figure 76

shows the measured and simulated return loss of this design. It can
be observed that after optimization, it is possible to further increase
the operating bandwidth of the antenna: it has a 10 dB bandwidth
from 2.32 to 2.49 GHz and from 5.1 to 5.88 GHz, which covers the re-
quired 2.4, 5.2 and 5.8 GHz bands for 802.11a/b/g applications. Com-
paring the measured and simulated results, some frequency shifts
were observed, which might be caused by the fabrication accuracy
or numerical simulation error. By adjusting the size of the fractal ge-
ometry, the resonant frequencies can be easily tuned to the desired
ones.

Figure 77 (a), (b), (c) show the measured radiation patterns (both
E-and H-plane) of the proposed antenna on the PDA size substrate
at 2.4, 5.2 and 5.8 GHz, respectively. It can be seen that in the lower
band, the radiation pattern of this antenna array is similar to a normal
printed monopole antenna, which has a isotropic radiation pattern at
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Figure 75: Top and side view of the proposed fractal monopole array on a
PDA size substrate

the H plane and two broadside radiation pattern at the E plane. In the
upper band, the radiation patterns at both 5.2 and 5.8 GHz are more
or less omnidirectional but there are some nulls in the E plane, which
are due to the cancellation from the two radiation elements. The mea-
surement results also indicate that the maximum gain of this printed
monopole array can reach 2.3 dBi in the lower band and 5.6 dBi in
the upper band. Compared to the case of a single radiation element,
a minimum of 2 dB gain improvement has been achieved. Based on
the simulation results, the radiation efficiency of this antenna array is
86% at 2.4 GHz, 82% at 5.2 GHz and 89% at 5.8 GHz.
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Figure 76: The measured and simulated S11 of the antenna array on a PDA
size substrate



82 fractal antenna design

 

 

0°

15°

30°

45°
60°

75°90°105°
120°

135°

150°

165°

±180°

−165°

−150°

−135°
−120°

−105°−90° −75°
−60°

−45°

−30°

−15°

−30−20−100

H Plane
E Plane

(a) 2.4 GHz
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(b) 5.2 GHz
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(c) 5.8 GHz

Figure 77: Measured radiation patterns of the proposed fractal array on the
PDA size substrate. The solid line represents measured results
on X-Z Plane (E-Plane) while dashed line represents measured
results on X-Y plane (H-plane)

3.7.5 Conclusion

A single feed multiband printed fractal monopole antenna array that
uses the 2nd iteration of the Minkowski geometry was designed for
WLAN applications. It is found that by adding a rectangular stub
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on the edge of the partial ground plane, the impedance match at
both bands (2 and 5 GHz) can be improved with little influence on
the original resonant frequencies, which has been confirmed by both
simulation and experiment results. Moreover, the proposed antenna
geometry was designed on a PDA size substrate. The experimental
results show that this antenna has wide operation bandwidth in both
bands and has a 2 dB gain improvement compared to the antenna
with only one radiation element.

3.8 summary of the chapter

In this chapter, the fractal techniques have been employed to the
design of compact multiband printed monopole antennas. A set of
MATLAB functions were developed to aid the modeling of fractal
structures in Ansoft HFSS. This methodology utilizes recursive func-
tions to calculate the coordinates of each node of the fractals and then
write a vbs file that can be executed by the EM simulation software to
create fractals in simulation environment with required physical di-
mensions. Then, based on this tool, three multiband fractal monopole
antennas, one fractal-based Inverted-L antenna and one single feed
fractal monopole antenna array are proposed, all of which were de-
signed for the dual or triple bands WLAN application. The experi-
mental results confirm the advantages of fractal antennas: compact
size, multi-frequency operation and wide operation bandwidth. The
publications resulted from the work presented in this chapter are:

1. Qi Luo; Jose Pereira and Henrique Salgado. Inverted-L Antenna
(ILA) Design using Fractal for WLAN USB Dongle. In Proceed-
ings of Conference on Electronics, Telecommunications and Comput-
ers, Lisbon, Portugal, November 2011.

2. Q. Luo; H.M. Salgado and J.R. Pereira. Printed Fractal Monopole
Antenna Array For WLAN. In Proceedings of International Work-
shop on Antenna Technology (iWAT), Lisbon, Portugal, March 2010.

3. Q. Luo; J.R. Pereira and H. Salgado. Fractal Monopole Antenna
For WLAN USB Dongle. In Proceedings of Loughborough Antennas
and Propagation Conference, vol. 1, pp. 245-247, Loughborough,
UK, November 2009.

4. Q. Luo; H. M. Salgado and J. R. Pereira. Fractal Monopole An-
tenna Design Using Minkowski Island Geometry. In Proceed-
ings of IEEE International Symposium on Antennas and Propagation,
Charleston, United States, June 2009.





4
E L E C T R I C A L LY S M A L L A N T E N N A D E S I G N U S I N G
C H I P I N D U C T O R

4.1 introduction

Besides using fractal techniques to design antenna of reduced size, an-
other technique that has been implemented in this thesis work is to in-
troduce a lumped element, more specifically a chip inductor, into the
antenna radiation element. In this way, the effective electrical length
of the printed monopole is increased by an actual chip inductor in-
stead of employing the fractal geometries that can bend a microstrip
line of large length in an area of small size.

The objective of this chapter is to use this new technique to de-
sign electrically small size antennas. Therefore, before presenting the
proposed antennas, the concept of electrically small antenna and the
trade-off between the antenna size reduction and antenna radiation
performance is introduced in Section 4.2. Then, based on studying the
equivalent model for the chip inductor, a design procedure regard-
ing to how to build an appropriate chip inductor simulation model
in HFSS is presented in Section 4.3. After that, Section 4.4 and 4.5
presents two proposed electrically small monopole antennas for dual
band WLAN applications. A brief summary of this chapter is given
in Section 4.6.

4.2 physical limitations of electrically small antenna

The definition of the electrically small antenna was first given by
Wheeler in 1947. In his work [61], the electrically small antenna is
considered as one antenna whose maximum dimension is less than
the radian-length, which is 1/2π of the wavelength. Similar definition
were also given by [62]. In several of his works [49, 63], Steven Best
make a more clear explanation of this definition as:

ka < 0.5 (89)

where a is the radius of sphere that can enclose the maximum dimen-
sion of the antenna as shown in Figure 78 and k is the wavenumber,
which equals:

k = 2π/λ (90)

85
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Figure 78: A dipole antenna enclosed in a sphere with radius of a

According to [61], the antenna within this size limit can be made to
behave as a lumped capacitor or inductor and the fundamental limita-
tion on the bandwidth and the efficiency of a small antenna is related
to the radiation power factor, pe or pm, which can be represented by

pe =
Ge

wC
(91)

when the antenna is made to behave as a lumped capacitor or by

pm =
Rm

wL
(92)

when it behaves as a inductor, where Ge is the radiation conductance
in parallel with antenna, Rm is the radiation resistance in series with
antenna, w is the radian frequency, C is the capacitance of antenna
and L is the inductance of the antenna.

The limitations of the electrically small antennas was also inves-
tigated by Chu [64]. By investigating the equivalent circuit models
for an electric dipole and employing the TM and TE spherical wave
modes, the limits of quality factor (Q) of an antenna was calculated
and shown to be inversely proportional to the size of the antenna.
Assuming there is one equivalent circuit that gives a good approxi-
mation to the antenna and it has fixed values at antenna’s operation
frequency, according to the study presented in [65], the bandwidth of
the antenna can be related to the Q as:

Bandwidth =
1
Q

(93)

The equation is relatively accurate when Q � 1. When Q < 2, this
equation fails to provide a precise results. However, the relationship
between bandwidth and Q still stands, which means that the band-
width of one antenna is always inversely proportional to its Q. The
minimum value of Q that one antenna can exhibit was further stud-
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ied in [66] and in this study a formula to calculate the lower bound
of the quality factor was derived:

Qlb =

[
1

(ka)3 +
1
ka

]
(94)

Equation 94 gives the lower bound of the Q factor for a linearly po-
larized antenna and it agrees with the calculation results using Chu’s
equivalent circuit model. The exact value of the Q of one antenna can
be calculated using the expression given in [67]:

Q(ω0) = |
ω0

2R0(ω0)
X
′
0(ω0)−

2ω0

|I0|2R0(ω0)
[WL(ω0) + WR(ω0)]| (95)

where w0 is the radian frequency, I0 represents the current propa-
gated on the antenna, WL(ω) is the energy lost on the antenna and
WR(ω) is the energy radiated by the antenna. R(ω) and X(ω) are
the real part and imaginary part of the complex input impedance of
the antenna, respectively. Through some mathematical manipulation,
[67] simplified Equation 95 into the following equations:

Q(ω0) =
2
√

β

FBWv(ω0)
(96)

where

FBWv(ω0) =
ω+ −ω−

ω0
(97)

√
β =

s− 1
2
√

s
(98)

The parameter s is the criterion for the maximum VSWR and ω+,
ω−, ω0 represent the higher frequency bound, lower frequency bound
and central frequency of the antenna, respectively. This gives a good
approximation of the actual value of the Q at both resonant and anti-
resonant frequencies compared to the one given in [64] and has been
widely accepted by most researchers. Moreover, the authors in [67]
redefined a more accurate formula to calculate the lower bound of the
quality factor of the antenna by introducing the radiation efficiency
ηr:

Qlb =

[
1

(ka)3 +
1
ka

]
ηr (99)

As can be seen from the above equations, the antenna of smaller
size always exhibits a higher quality factor. However, the bandwidth
of an antenna is inversely proportional to the value of quality fac-
tor, which means that the size reduction of one antenna will lead to
a narrow band antenna design. Although introducing losses to the
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resonant structure can improve the bandwidth of the antenna, this
will decrease the antenna radiation efficiency. Therefore, it can be
concluded that there is a trade-off between the size reduction of the
antenna and its radiation performance. In the following sections, the
quality factors of the proposed electrically small antennas are calcu-
lated using Equation 96 and compared to their responding quality
factor lower bounds (Equation 99), to examine the effectiveness of
embedding the chip inductor in the antenna structure to the design
of electrically small antennas.

4.3 simulation model of chip inductor

This section presents the methodology considerations of introducing
the chip inductor into the antenna design. As the objective of this
part of investigation is to introduce the chip inductor into the an-
tenna design, it is important to build an adequate model for the chip
inductor during the antenna simulation in order to obtain an accurate
prediction of the antenna radiation performances. The chip inductor,
Coilcraft 0402HP, was chosen to be studied as an example and Figure
79 shows the equivalent lumped element model for this chip inductor
from its data sheet [68].

Figure 79: The equivalent circuit structure of the chip inductor

As can be seen from this figure, a packaged chip inductor contains
series and parallel resistors as well as parallel capacitors. According
to the data sheet, the Resistance RVAR varies with frequency according
to:

RVAR = k×
√

f (100)

where k is a constant and the f is the frequency in Hertz (Hz). Values
for k and for the rest of the lumped elements can be found on the data
sheet of the Chip inductor. By mathematically solving the circuit, the
expression of the total impedance can be found to be:

Z = R2 +
(R1 − j/wc1) (RVAR + jwL)

(R1 + RVAR) + j(wL− 1/wc1)
(101)

The equivalent circuit structure of the chip inductor can be sim-
plified to the one shown in Figure 80 by mathematically fitting the
equivalent impedance of both networks and allowing the resistance
and inductance of the simple model to be frequency dependent. This
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simplified RL model can be easily included in the EM simulation en-
vironment for antenna simulation by assigning a RLC boundary con-
dition. The simplified circuit is equivalent to the original one, only
if the values of the resistance (R) and inductance (L) are allowed
to change with frequency, because of RVAR’s dependence with fre-
quency.

Figure 80: Simplified equivalent circuit structure of the chip inductor

By equating Equation 101 to the equivalent impedance of the sim-
plified circuit, the expressions of the series resistance R( f ) and in-
ductance L( f ), which are a function of frequency, can be expressed
as:

R( f ) =
E× A + D× B + A× L/C1

A2 + B2 + R2 (102)

L( f ) =
D× A− B× (R1RVAR + L/C1)

w× (A2 + B2)
(103)

where

A = R1 + RVAR (104)

B = w× L− 1
wC1

(105)

D = w× L× R1 −
RVAR

w× C1
(106)

E = R1 × RVAR (107)

w = 2π f (108)

The chip inductor used in the proposed antennas, which will be
presented later, was Coilcraft 0402HP-20N series model with induc-
tance of 20 nH and size of only 1.12 mm × 0.66 mm. According to
the data sheet of this inductor provided by Coilcraft, for the 0402HP
series the value of k is 5.63× 10−5Ω. Hz1/2 and the values for the par-
allel resistance R1, series resistance R2, parallel capacitance (C1) and
inductance (L) are 18 Ω, 0.155 Ω, 0.038 pF and 20 nH, respectively.
Figure 81 shows the calculated series resistance R( f ) and inductance
L( f ) against frequency using the above equations. It is observed that
up to 2 GHz, this inductor has relatively constant inductance and low
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serial resistance. However, at higher frequencies, both values increase
rapidly specially the resistance.
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Figure 81: The value of equivalent series resistance and inductance of the
chip inductor (Coilcraft 0402HP-20N) against frequency

Equation 101 has also been used to calculate the equivalent impedance
of another chip inductor from Coilcraft, 0302CS-20NX, for the pur-
pose of comparison. Figure 82 shows the calculated values of R( f )
and L( f ). By comparison, it is found that this chip inductor behaves
similarly to the Coilcraft 0402HP-20N, except that the variation of
the series inductance L( f ) against frequency is slightly larger in the
higher frequency band (Figure 83).
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Figure 82: The value of equivalent series resistance and inductance of the
chip inductor (Coilcraft 0302CS-20NX) against frequency
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Figure 83: Comparison of the calculated L( f ) for both chip inductors

Since the characteristics of the equivalent series resistance and in-
ductance of the chip inductor changes dramatically with increasing
frequency, when building the antenna simulation model, the values
of the equivalent series resistance and inductance need to be selected
at the expected resonant frequency. For example, if the antenna is de-
signed to be resonant at 2.4 GHz and the chip inductor employed is
Coilcraft 0402HP-20N, according to Figure 81, the equivalent induc-
tance and series resistance of this chip inductor will be 24 nH and
5 Ω, respectively. Then, these values need to be introduced into the
simulation model set-up by assigning a RLC boundary condition in
the EM simulation software package, as shown in Figure 84.

Figure 84: Simulation model of the chip inductor in the EM simulation en-
vironment
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4.4 compact printed c-shaped monopole antenna with

chip inductor

4.4.1 Motivation

Compact multiband antenna design has attracted much research in-
terests in recent years due to the rapid development of wireless com-
munications and growing needs of small size wireless devices. Dif-
ferent approaches, reported in the literature, have been used to the
design of compact antennas. In [69, 70], compact antenna designs
have been achieved by either using stacked structures or integrating
shorting walls on the radiation elements. In [71, 72], fractal geome-
tries, which have the characteristics of intrinsic self-similarity, were
used to design printed planar microstrip antennas with reduced size.
In [73], the miniaturization of non-planar and planar dipole antennas
using loop loading techniques has been reported. The loop loading,
which works as a reactive loading, reduces the resonant frequency
of dipole antennas. Moreover, metamaterials (MTM) inspired anten-
nas have also attracted much research interests. There are several re-
search works discussing the use of the unique characteristics of meta-
materials to design epsilon negative (ENG) Zeroth-Order or Mu-Zero
resonant antennas, infinite wavelength resonant antennas and meta-
material loading antennas [74, 75, 76]. In these work, the resonant
frequency of such antennas are mainly dependent on the metamate-
rial unit cells instead of their physical size.

Recently, embedding capacitors or chip inductors into the printed
antennas has also been studied. In [11], a compact loaded multiband
PIFA was designed by connecting two parts of the antenna using a
capacitor. In [13, 14], a chip inductor was embedded in the printed
monopole antenna as a mean to achieve a small size design for wire-
less wide area network (WWAN) applications in mobile phones. One
advantage of using chip inductors in antenna design is that it can
effectively reduce the size of the antenna with little influence on its
radiation performance. However, there is still not much research in
this related field. Moreover, so far there has not any work that stud-
ies the characteristics and simulation model of the chip inductor in
the field of antenna design.

In this work, the technique of introducing chip inductor into the
antenna design is further investigated. The proposed antenna has a C-
shaped geometry and its parameters including the location of the chip
inductor were optimized in order to make it operate at the desired
WLAN dual frequency band. The antenna is designed and simulated
based on the methodology proposed in Section 4.3.
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4.4.2 Antenna Design

The proposed printed monopole antenna has a C-shaped geometry.
As will be presented later, by suitably choose the length of each arm,
the antenna can be made to have two resonant frequencies. Figure 85

(a), (b) and (c) shows the top view, back view and side view of the pro-
posed C-shaped monopole antenna. The antenna element is printed
on the top side of the substrate while the ground plane is located at
the bottom side. Behind the radiation elements, there is no ground.
This antenna is designed on substrate Roger 4003 with thickness of
0.813 mm and relative permittivity of 3.38. The chip inductor, Coil-
craft 0402HP series with inductance of 20nH, is embedded on the top
of the C-shape element (see L3 in Figure 85 (a)). The antenna occupies
a space of 15mm × 8.6 mm and the total size of this antenna includ-
ing the ground plane and feeding line is 15mm × 35mm. To achieve a
better impedance match in both bands, the length and width of each
branch of the antenna elements are optimized by performing numer-
ical simulations in Ansoft HFSS. The values of the parameters shown
in Figure 85 are given in Table 2, where w2, w3, w4 and w5 represent
the corresponding width of each microstrip branch.

Figure 85: (a) Top view, (b) Back view and (c) Side view of the proposed
C-shaped monopole antenna with embedded chip inductor
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Table 2: Parameters of the proposed antenna

Parameter Value (mm)

GL 26.4

Gw 15

w 8.6

fw 2.4

d 4

L0 28

L1/w1 4.5 / 1

L2/w2 6 / 1.2

L3/w3 7 / 0.65

L4/w4 0.35 / 1

The simulation model of the chip inductor is built based on the
studies from Section 4.3, which contains one series resistor and in-
ductor. As in the simulation model, the values of the series resistance
R( f ) and inductance L( f ) can only be constant; so they need to be cal-
culated at one single frequency. The values at 2.4 GHz were selected
because this lower resonant frequency is determined by both the over-
all length of the C-shaped structure and the chip inductor. Based on
the calculation results using the equations suggested in Section 4.3,
the chip inductor was modeled in Ansoft HFSS by assigning a RLC
boundary condition with a series resistance of 5 Ω and a inductance
of 24 nH.

4.4.3 Simulated and Measured Results

Figure 86 presents the simulated current distribution of the proposed
C-shaped antenna at 2.4 and 5.2 GHz. From this figure, it can be seen
that at the lower frequency band, there is a strong surface current on
L1 + L2 + L3 + L4 and at the higher band, the current is mainly con-
centrated on L1 + L2. This means that the lower resonant frequency
is related to the overall length of the antenna and the higher resonant
frequency is mainly influenced by branch L1 and L2.

Figure 87 presents the simulated return loss of the proposed an-
tenna with different lengths of L3 or L4 and Figure 88 shows the sim-
ulated return loss of the same antenna with different lengths of L2.
From these simulation results, it is found that changing the length of
either L3 and L4 only influences the resonant frequency at the lower
band. It is also observed that the length of L2 has the same effect on
the resonant frequencies at both lower and higher band. These find-
ings are consistent with the conclusions derived from the observation
of the current distributions on the antenna at its resonant frequen-



4.4 compact printed c-shaped monopole antenna with chip inductor 95

cies. The radiation performance of the proposed antenna with chip
inductor embedded on different positions on the horizontal branch
L3 is also investigated. Figure 89 presents the simulated return loss
of the antenna by changing the value of d as indicated in Figure 85.
It is found that moving the chip inductor closer to the right end of
the antenna element can increase the resonant frequency at the lower
band while the resonant frequency at higher band decreases. With
these findings, based on the design requirements, the frequency ratio
of the proposed antenna can be tuned to the desired value.

Figure 86: Simulated current distribution of the proposed C-shaped antenna
at 2.4 GHz and 5.2 GHz
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Figure 87: Simulated S11 of the proposed antenna with different length of
L3 and L4
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Figure 88: Simulated S11 of the proposed antenna with different length of
L2
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Figure 89: Simulated S11 of the proposed antenna with chip inductor in dif-
ferent locations on arm L3

Figure 90 compares the simulated and measured return loss (S11)
of the proposed monopole antenna. The experimental results show
that the proposed antenna has a 10dB return loss bandwidth over
2.55-2.65 GHz and 5.1-5.3 GHz, which is close to our initial design ob-
jectives. As can be seen from this figure, there is some disagreement
between the experimental and simulated results. The differences be-
tween the simulation and measurement results are attributed to the
accuracy of the fabrication model and the errors introduced by sol-
dering the chip inductor, which has a small size of only 1.12 mm ×
0.66 mm, to the antenna element. However, from both simulated and
measured results, it can be observed that the proposed monopole an-
tenna clearly exhibits two operational bands (S11 < -10dB) at 2 and
5 GHz band. By proper adjustment of the relevant parameters of the
antenna, it is possible to make this antenna operate at the desired
frequencies for WLAN dual band application.
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Figure 90: Comparison between the measured and simulated S11

In order to show the effectiveness of embedding the chip inductor
in reducing the size of one monopole antenna, one antenna prototype
that has exactly the same dimensions as the proposed antenna except
that there is no chip inductor in the antenna, was fabricated. Figure 91
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compares the measured return loss of the two antennas: the proposed
antenna with chip inductor and the one without the chip inductor.
From Figure 91, it can be seen that without the chip inductor, the
monopole antenna only resonates at 4.15 GHz. After adding the chip
inductor, this antenna can be made to resonate at 2.6 GHz, which is
a frequency reduction of more than 37%. Moreover, another resonant
frequency at 5.2 GHz is also observed.
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Figure 91: Comparison of the measured S11 between the proposed antenna
with and without the chip inductor

It is shown in Figure 89 that the position of the chip inductor has
a great effect on both of the resonant frequencies. Therefore, it is sus-
pected that the disagreement between the simulated and measured
return loss (Figure 90) might due to the accuracy of the placement
of the chip inductor. This assumption has been justified by the EM
simulation, in which the position (parameter d) of the chip inductor
was moved by 0.5mm. Figure 92 compares the original simulation,
the new simulation and the measured return loss. It is observed that
with the new simulation model, at the lower frequency band there is
a good agreement between the simulated and measured results.
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Figure 92: Comparison of the return loss with new simulation model and
measured result
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However, at the higher band, there is still a big difference between
the simulation and measurement results. This is due to the fact that
as discussed in Section 4.3, the equivalent series inductance and resis-
tance of the chip inductor varies with frequency. In the proposed sim-
ulation model, the values assigned to the chip inductor simulation
model (Figure 84) were calculated at the lower resonant frequency
as the chip inductor has more impact on the lower band. In this
proposed antenna structure, the current paths at each resonant fre-
quency are not independent: they both share the section L1 + L2. For
the higher resonant frequency, the chip inductor behaves as a high
resistance loading. This means that the chip inductor can actually in-
fluence both resonant frequencies, which is the main reason for the
inaccuracy in predicting the higher resonant frequency. In next study,
Section 4.5, a multi-branch structure will be employed into the an-
tenna design with the same chip inductor. As will be presented later,
by making the current propagate independently at each resonant fre-
quency, both resonant frequencies can be predicted accurately.

Figure 93 (a) and (b) shows the measured radiation patterns at
both E-and H-plane of the proposed antenna at 2.55 and 5.2 GHz,
respectively. At the higher band, this antenna radiates as a normal
monopole antenna. However, at the lower band, this antenna does
not have an omnidirectional radiation pattern and at its E-plane, the
main beam has been tilted by around 30 degrees. This might due to
the errors introduced by the measurement set up such as the reflec-
tions from the feeding cables with the fact the the proposed antenna
has an electrically small size.
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Figure 93: Measured radiation pattern at X-Y plane (solid line) and X-Z
plane (dashed line) at (a) 2.55GHz and (b) 5.25GHz

Figure 94 (a) and (b) shows the simulated peak gain of the an-
tenna at its lower and higher band, respectively. The simulation re-
sults show that the peak gain of the proposed antenna at 2.55 GHz
is 2.2 dB while the peak gain at 5.25 GHz is 4.7 dB. From the simula-
tion results, it is also found that the radiation efficiency at both bands
is around 90% whilst the radiation efficiency of the antenna without
the chip inductor is 98% at its resonant frequency. This means that in-
troducing the chip inductor does not greatly influence the radiation
efficiency of the original antenna.

Table 3 shows the calculated quality factor (Q) of the proposed
antenna and its theoretical Q lower bound by using the equations
suggested in Section 4.2. In this calculation, the frequency range was
defined by the standard of VSWR 3:1. From Table 3, it can be seen that
the proposed antenna has ka smaller than 0.5, which means that the
antenna has an electrically small size. Compared to its Q factor lower
bound calculated using Equation 99, the proposed antenna exhibits a
quality factor close to it.
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Figure 94: Simulated peak gain of the proposed antenna

Table 3: Calculated Q factor of the proposed antenna

Proposed Antenna

Frequency (GHz) 2.6

Size (W mm × L mm) 15× 8.6

a (mm) 8.65

ka 0.47

Simulated Radiation efficiency (%) 90

Qlb 10.5

3:1 VSWR bandwidth (%) 4.96

Antenna Q 23.3

4.4.4 Conclusion

In this study, one chip inductor has been embedded into a printed
C-shape monopole antenna to design an electrically small antenna
for dual-band WLAN applications. With the chip inductor, the size
of the antenna was reduced whilst the antenna still maintains good
radiation characteristics. Meanwhile, after adding the chip inductor,
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the higher mode of the original antenna can also be brought down
to a lower frequency, which makes the proposed antenna be able to
resonate at the dual frequency bands and simultaneously have a com-
pact size. The measurement and simulation results show that the pro-
posed C-shaped monopole antenna can operate at 2.55-2.65 GHz and
5.1-5.3 GHz with peak gain of 2.2 and 4.7 dBi, respectively. Moreover,
according to the simulation results, the radiation efficiency of this
antenna at both bands is around 90%.

4.5 compact printed multi-arm monopole antenna with

chip inductor for wlan

4.5.1 Motivation

In this work, one compact printed monopole antenna with a chip
inductor for dual band WLAN is presented. Whereas the antenna
presented in Section 4.4 has one arm, the antenna proposed in this
section employs a two-armed structure. It is shown in Section 4.3 that
the characteristics of the equivalent series resistance and inductance
of the chip inductor changes dramatically with increasing frequency,
which make it difficult to predict accurately the resonant frequency
of the multiband antenna by doing EM simulations. As shown in
Section 4.4, the simulation result does not agree well at the higher
frequency band. To overcome this problem, a design technique is pro-
posed whereby the antenna structure exhibits independent current
paths for each resonant frequency and the inductor is placed in one
of the arms to decrease the resonant length of the fundamental mode.

The simplified circuit structure of the chip inductor, which has
been proposed in Section 4.3, was introduced into the EM simula-
tion model by assigning a RLC boundary condition. The values of
the chip inductor equivalent model are calculated at the lower reso-
nant frequency. With the design strategy that uses the chip inductor
to influence only the lower frequency band whilst the other frequency
band is created by an independent radiation element, a good agree-
ment between the simulated and measured return loss was reached.
The measurement results show that the proposed monopole antenna
has a VSWR 2:1 bandwidth over 2.41-2.49 GHz and 5.2-5.6 GHz with
omnidirectional radiation patterns. The simulation results indicate
that the proposed antenna has a directivity around 1.5 dB in both
bands with relatively high radiation efficiency.

4.5.2 Antenna Structure

The previous section has shown that the characteristics of the simple
RL equivalent circuit of the chip inductor changes considerably at
higher frequencies. This promotes the need of using a multi-branch
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antenna structure to design a dual band WLAN antenna and only
embed the chip inductor in the branch corresponding to the lower
resonant frequency at 2.4 GHz. In this way, the resonant frequencies
of the antenna are introduced by two relatively independent current
paths and the behavior of the chip inductor will not affect signifi-
cantly the operation in the higher band at 5.2 GHz. In the antenna
simulation model, the equivalent inductance and series resistance of
the chip inductor were then calculated at 2.4 GHz, and are 24 nH and
5 Ω, respectively.

Figure 95 shows the layout of the proposed printed monopole an-
tenna. This antenna has a two-armed structure and for such monopole
antenna the resonant frequency can be created by letting the overall
length of each arm approximately to be a quarter of its effective wave-
length on the substrate. The chip inductor is embedded in the middle
of the left arm and generally speaking, the higher the value of the
inductance, the lower the resonant frequency that can be achieved.
However, increasing the inductance will also reduce the bandwidth
and radiation efficiency of the antenna, which is the reason why a
chip inductor with a higher inductance is not chosen in this study.
This antenna was printed on a Roger 4003 substrate with relative per-
mittivity of 3.38 and thickness of 0.813 mm. The antenna and ground
plane were printed on different sides of the substrate and there is no
copper below the antenna section. The area of this antenna is only
10 mm × 10.5 mm, which is only 0.08λ2.4GHz × 0.084λ2.4GHz, where
λ2.4GHz represents the free space wavelength at 2.4 GHz. The higher
band of the antenna is determined by the overall length L4 + L5,
which is approximately a quarter of a wavelength at 5.3 GHz. With
the chip inductor, the overall length of L1 + L2 + L3, which determines
the lower band resonant frequency, is only 12.5 mm. This value is
smaller than the length required for conventional monopole anten-
nas. After adding the chip inductor, the resonant frequencies of the
lower and higher band can be tuned by respectively changing the
length of the arm L3 and L5, as demonstrated in the next section. By
optimizing the length and width of each arm, this antenna is tuned to
resonate at the desired frequencies. The values of the parameters are
given in Figure 96, where w1, w2, w3, w4 and w5 represent the width
of each microstrip branch.
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Figure 95: The top view of the proposed multi-arm monopole antenna

Figure 96: Detailed view of the antenna radiation element with dimensions

4.5.3 Simulated and Measured Results

The proposed two-armed monopole antenna was fabricated and the
return loss was measured using Agilent PNA E8363B. Figure 97 presents
the comparison between the simulated and measured return loss of
the antenna. The dashed line represents the simulation results of us-
ing the proposed simulation model of the inductor whereas the re-
sults based on a simple inductor of nominal value equal to 20 nH are
represented by the dotted line. It can be seen that the use of a simple
inductor model fails to predict accurately the operation frequency of
the antenna. Using the proposed method, there is a good agreement
between the measurement and simulation results of the return loss
except for the amplitude of the S11 at the higher band. This is due
to the fact that in the simulation model, the values of the equivalent
series inductance and resistance are chosen at 2.4 GHz. At higher
resonant frequency, as shown in Figure 81, the chip inductor acts as
a high impedance resistor, which influences the real part of the in-
put impedance of the antenna and as a consequence, the impedance
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matching of the antenna at higher band is degraded. However, this
just causes a deviation in the amplitude of the return loss while the
central frequency of the higher band is still predicted accurately. Mea-
surement results show that the proposed monopole antenna has a -10

dB bandwidth over 2.41-2.49 GHz and 5.2-5.6 GHz.
As stated before, the resonant frequencies of this two-armed an-

tenna can be tuned by respectively varying the length of L3 and L5.
Some parametrical studies have been conducted and Figure 98-99

show the simulated return loss of the antenna with different values
for L3 and L5. It can be seen that the length L3 only influences the
resonant frequency of the lower band whereas L5 only has effect on
the higher resonant frequency. Figure 100 shows the simulated re-
turn loss with the chip inductor located in different positions. It is
found that the position of the inductor only has a major influence
on the lower band. For fabrication considerations, the chip inductor
was mounted near the middle of the vertical arm (L2). In general, the
design method involves the adjustment of the length L3 and L5 after
insertion of the chip inductor. The same design method can be ap-
plied to tune the resonant frequencies of the antenna with different
substrates.
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Figure 97: Comparison between the simulated and measured S11 of the pro-
posed antenna
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Figure 99: Simulated S11 of the proposed antenna with different length of
L5
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Figure 100: Simulated S11 of the proposed antenna with chip inductor in
different positions

Figure 101 shows the simulated surface current distribution of the
proposed antenna at each resonant frequency. It can be seen that at
2.4 and 5.3 GHz, the current is mainly concentrated on the left and
right branch, respectively.

Figure 101: Simulated surface current distribution of the proposed antenna
at 2.45 GHz (left) and 5.3 GHz (right)
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Figure 102 (a) and (b) present the measured radiation patterns of
the two-armed monopole antenna at 2.45 and 5.3 GHz. It can be ob-
served that the antenna has omnidirectional radiation patterns as a
typical monopole antenna.
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Figure 102: Measured E-plane (X-Z Plane) and H-plane (X-Y plane) radia-
tion patterns of the proposed antenna at 2.45 GHz and 5.3 GHz

The simulated results of the peak directivity and radiation effi-
ciency of the proposed monopole antenna at its lower and higher
operation bands are shown in Figure 103 (a) and (b), respectively. It
is found that the antenna exhibits a directivity of around 1.5 dB at the
lower band and 1.8 dB at the higher band. However, at the lower band
the radiation efficiency is around 70%, which is lower than the value
at the higher band. This is due to the loss of the resistance inside the
chip inductor, which also can be explained as a trade-off between the
antenna size reduction and radiation performance. It is also observed
that at the lower band, the C-shaped monopole antenna presented in
Section 4.4 has radiation efficiency 20% higher than this two-armed
monopole antenna. The reason is that in the latter design, the chip in-
ductor was embedded at the position more close to the antenna feed-
ing line, where the surface current is much stronger, as can be seen
from Figure 86 and 101. Introducing the chip inductor to the position
with higher surface current can lead to more frequency reduction for
the antenna; however, the loss from chip inductor increases as well.
This explains why the two-armed monopole antenna presented in
this study has lower radiation efficiency but more compact size than
the C-shaped monopole antenna presented in last section.
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(a)

(b)

Figure 103: Simulated peak directivity and radiation efficiency of the pro-
posed antenna at: (a)2.4 GHz band; (b)5.2 GHz band

The quality factor (Q) and electrical size (ka) of the proposed monopole
antenna was also studied. The Q factor is calculated following the
analysis in Section 4.2. Table 4 shows the calculated results of the
proposed monopole antenna. From Table 4, it can be seen that the
antenna has ka smaller than 0.5 and has a quality factor very close to
its theoretical lower bound.
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Table 4: Summary of performance of the proposed printed monopole an-
tenna

Properties Proposed Antenna

Frequency (GHz) 2.45

Size (Wmm × Lmm) 10× 10.5

a (mm) 7.25

ka 0.37

Radiation efficiency (%) 72

Qlb 15.9

3:1 VSWR bandwidth (%) 5.10

Antenna Q 22.6

4.5.4 Conclusion

In this work, one printed two-armed monopole antenna with an em-
bedded chip inductor has been proposed. This antenna has a com-
pact overall size and can operate at WLAN dual frequency bands
(2.4/5.2 GHz). A procedure for including a chip inductor in the de-
sign of a compact multiband antenna has been presented. The dual
band monopole antenna has been implemented and characterized.
The simulation results for the return loss are in good agreement with
the measurement. Measurements of the radiation pattern of the an-
tenna were conducted and the measurement results indicate that it
exhibits an omnidirectional radiation characteristic as a monopole an-
tenna. By performing a theoretical calculation, it is found that the
proposed two-armed antenna structure has an electrically small size
and a quality factor close to its theoretical lower bound.

4.6 summary of the chapter

The approach adopted in this chapter is to introduce a chip inductor
into the antenna structure for the purpose of antenna size reduction.
One challenge of this technique is how to build an appropriate simu-
lation model for the chip inductor during the antenna modeling. This
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issue has been solved by investigating the equivalent circuit structure
of the chip inductor and simplifying it into a series circuit structure
with only one series inductor and series resistor. Based on this study,
a design procedure of how to introduce the chip inductor to design
a multiband antenna has been proposed. Then, two electrically small
antennas for dual band WLAN applications are presented. It is im-
portant to point out that although greatly size reduction has been
achieved, but there is some reduction in the antenna bandwidth as
well as the radiation efficiency especially at the lower resonant fre-
quencies. The following is the list of publications resulted from the
work presented in this chapter:

1. Qi Luo; J. R. Pereira and H.M. Salgado. Compact printed monopole
antenna with chip inductor for WLAN. IEEE Antennas and Wire-
less Propagation Letters, 10:880-883, September 2011.

2. Qi Luo; Jose Pereira and Henrique Salgado. Compact Printed
C-shaped Monopole Antenna With Chip Inductor. In Proceed-
ings of IEEE International Symposium on Antennas and Propagation,
Washington, USA, July 2011.
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P R I N T E D M O N O P O L E A N T E N N A F O R M U LT I B A N D
M O B I L E P H O N E A P P L I C AT I O N S

5.1 introduction

After successfully applying the chip inductor to design two electri-
cally small antennas for dual band WLAN applications and given the
need for multiband operation of current mobile devices, it is decided
to further investigate this technique to design a compact multiband
printed monopole antenna that can operate at multiple frequency
bands for a mobile handset.

This chapter is organized as follows. Section 5.2 presents the mo-
tivation of this work and the structure of the proposed multiband
monopole antenna is depicted in Section 5.3. Then, Section 5.4 presents
both the simulated and measured results of the antenna including the
return loss and radiation patterns. In this section, the radiation per-
formances of the antenna when it is placed in the plastic housing or
with ground planes of different lengths have also been investigated.
The radiation performance and the SAR level of the antenna when it
is placed in close proximity to the human head are studied in Section
5.5. A brief summary of this chapter is presented in Section 5.6.

5.2 motivation

The rapid growth in mobile communications increases the needs of
designing multiband internal antennas for mobile terminals. Mean-
while, it is also desirable to design such antennas as compact as pos-
sible. Planar Invert-F Antenna (PIFA) is one type of conventional an-
tennas that has been widely employed in mobile phones. In [77, 78],
two coupled-fed compact multiband PIFAs for wireless wide area net-
works (WWAN) were proposed for internal mobile phone antenna
applications. The size reduction of these two antennas was achieved
by shorting the antenna to the ground and bending the antenna struc-
ture. Printed monopole slot antennas and printed loop antennas have
also been widely studied for multiband internal mobile phones. In
[79, 80], two folded monopole slot antennas that can cover the penta-
band WWAN operation were proposed for clam-shell mobile phones.
These two antennas were designed by making several slots on the
top of the ground plane. In [81, 82, 83], printed half-wavelength and
meandered loop antenna were proposed for the design of multiband
antenna for mobile handsets. However, all of these antennas have

111
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operating bands only covering GSM850/900 and DCS/PCS/UMTS
bands, which not enough for nowadays wireless communications.

To make the antenna resonant at additional bands including Wire-
less LAN, one novel PIFA structure combining shorted parasitic patches,
capacitive loads and slots was designed to support both quad-band
mobile communication and dual-band wireless local area network
(WLAN) operations [84]. Although this antenna can operate at several
bands, it is extremely difficult to fabricate due to its complex struc-
ture. In [85], multiband operation including the WWAN and WLAN
2.4 GHz was achieved by cutting slots of different lengths at the edge
of the system ground plane of the mobile phone. An even more opera-
tion bands including GSM/DCS/PCS/UMTS/WLAN/WiMAX were
achieved by cutting the loop-like slot on the top of the ground plane
and shorting it to the ground plane [86]. However, shorting the an-
tenna to the ground makes the resonant frequencies of the antenna
vulnerable to the length of the ground plane and the ground plane
size used in [86] is smaller than the size of the system ground plane
for a mobile phone. Other techniques have also been developed to de-
sign compact multiband antennas for wireless communications. In
[87], a multiband antenna that can support WWAN and 2.4 GHz
WLAN frequency bands was realized by using a switchable feed and
ground. In [88], a small size multiband antenna for wireless mobile
system is designed based on double negative (DNG) zeroth order res-
onator (ZOR). However, it is noticed that these antennas have rather
complex structures and they are quite difficult to fabricate. In [13],
a chip inductor was embedded in the printed monopole antenna,
which resulted in a compact antenna for mobile handset application.

In this work, it aims to continue the studies presented in last chap-
ter and implement the chip inductor technique to design a multi-
frequency antenna that can cover most of the required frequency
bands for mobile communications. Meanwhile, the antenna proposed
has a planar structure and is easy to fabricate, which overcomes most
of the shortcomings of previous designs.

5.3 antenna structure

Having in mind the limitations of the antennas developed and re-
ported in previous work, this study aims to explore further multi-
band monopole antennas design with low complexity and suitable
for mobile phone applications. From the work presented in the previ-
ous chapter, it is concluded that a multi-branch monopole antenna in-
cluding a chip inductor for size reduction would be a feasible method.
In this work, an antenna with multi-branch structure and is capable
of resonating at five frequencies is presented. Figure 104 shows the
structure of the proposed antenna and the main dimensions of the
antenna elements are given in Figure 105. The antenna element is
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printed on the top side of the substrate while the ground plane is
located at the bottom side. Behind the monopole antenna, there is no
ground. The chip inductor, of series Coilcraft 0402HP with an induc-
tance of 20 nH, is embedded between the branch A and B as shown in
Figure 105. This antenna has a multi-branch structure, each of which
determines different resonant frequencies. The lowest resonant fre-
quency, 960 MHz, is determined by both the inductance of the chip
inductor and the overall length of branch A and B. Although the chip
inductor can also influence the resonant frequency at 1800 MHz to
some extent, this resonance is mainly determined by the length of
branch A. The overall length of branch D and the length of branch E
determines the resonant frequencies at 2.4 and 5.2 GHz, respectively.
The frequency band at 3.8 GHz is related to the length of branch C
and the width of branch A.

Figure 104: Top and side view of the proposed multiband antenna

Figure 105: The main dimensions of the proposed antenna

This antenna is printed on the inexpensive substrate FR4 (relative
permittivity of 4.4) with thickness of 0.8 mm and size 100 mm ×
60 mm, which is a reasonable circuit board size for a PDA or smart
phone device. To achieve better impedance matching at each band,
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the length and width of each branch of the antenna were optimized
by doing numerical simulations in Ansoft HFSS. In the simulation
set-up, the model of the chip inductor is built based on the studies
presented in Chapter 5. As stated before, the chip inductor mainly
influences the first two lower frequency bands. In these two lower
frequency bands, the value of the chip inductor is more critical in
determining the lowest resonant frequency; as a result, in the simu-
lation set-up, the equivalent inductance and series resistance of the
chip inductor model were calculated at 960 MHz, and are 20.6 nH
and 2 Ω, respectively.

5.4 simulated and measured results

Figure 106 shows the measured and simulated return loss of the pro-
posed antenna. This antenna was measured using the network ana-
lyzer Agilent PNA E8363B. It can be observed that there is a good
agreement between the measurement and simulation results. The ex-
periment result shows that the proposed antenna has 3:1 VSWR band-
width covering 860-1060 MHz, 1710-2067 MHz, 2360-2500 MHz, 3250-
4625 MHz, 5080-5410 MHz, which includes almost all the required fre-
quency bands for GSM900 (890-960MHz), DCS (1710-1880MHz), PCS
(1850-1990MHz), UMTS (1920-2170MHz), WLAN dual band (2400-
2484/5150-5350MHz) and WiMAX (3400-3600MHz) operations.

1 2 3 4 5 6
−25

−20

−15

−10

−5

0

Freq(GHz)

S
11

(d
B

)

 

 

Simulation
Measurement

Figure 106: The comparison between measured and simulated S11 of the
proposed antenna

Figure 107 presents the comparison of the simulated return loss
between the proposed antenna with and without the embedded the
chip inductor. It is found that without the chip inductor, at the lowest
frequency band the antenna can only resonate at around 1.1 GHz.
After introducing the chip inductor, this resonant frequency reduces
to 960 MHz and also brings down other higher modes to become
resonant at 1.8 GHz. It is also observed that the chip inductor has
little influence on the resonant frequencies at 2.4 and 5.2 GHz.
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Figure 107: The comparison between the simulated S11 of the proposed an-
tenna with and without the chip inductor

Figure 108 shows the simulated surface current distribution of the
proposed antenna at each operation frequency. It is observed that at
960 MHz, there is a strong current on branches A and B. At 1800

and 1900 MHz, the current is mainly distributed on branch B. It is
also clear that branches D and E are responsible for the resonant
frequency at 2.4 and 5.2 GHz, respectively. Regarding the resonance
at 3.8 GHz, it is mainly determined by branch C and the coupling
between branch C and D.

Figure 108: The simulated current distribution of the proposed antenna at:
(a) 960 MHz; (b)1800 MHz; (c)1900 MHz; (d)2.4 GHz; (e)3.8 GHz
and (f)5.25 GHz. The stronger current is represented by lighter
colors
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From the results shown in Figure 108, it is observed that the pro-
posed antenna exhibits relatively independent current paths at each
resonant frequency, which implies that the resonant frequencies can
be tuned selectively independent of each other. To further prove this,
parametrical studies were conducted to study the influence of some
important parameters on the operational frequency bands of the pro-
posed antenna. The parameters that were chosen in this study were
L1, L2, L3, L4 and L5 as labeled in Figure 105 and the simulation re-
sults are presented in Figure 109 to Figure 113. From these results, it
is observed that upon varying the lengths L1, L2 and L3, the resonant
frequency at 960 MHz, 1.8 GHz and 5.2 GHz band can be tuned with
little influence on the rest of the resonances. Changing the length L4,
the central frequency at 2.4 GHz can be adjust with small effect on
the operation band at 3.8 GHz, which is partially determined by the
mutual coupling between branch C and D. Similar findings can be
observed when the length of L5 is allowed to vary.
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Figure 109: Simulated S11 of the proposed antenna when changing the
length of L1
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Figure 110: Simulated S11 of the proposed antenna when changing the
length of L2
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Figure 111: Simulated S11 of the proposed antenna when changing the
length of L3
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Figure 112: Simulated S11 of the proposed antenna when changing the
length of L4
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Figure 113: Simulated S11 of the proposed antenna when changing the
length of L5

Besides being a completely planar structure, another advantage of
the proposed antenna is that the size of the ground plane has lit-
tle influence to its resonant characteristics compared to the designs
that short the antenna structure to the ground plane. The proposed
monopole antenna with different length of ground plane has also
been investigated. Figure 114 shows the simulated return loss of the
proposed antenna with ground planes of different lengths. It was
found that when decreasing the length of the ground plane, at the
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desired frequency bands the proposed antenna only exhibits small
frequency shifts and some changes on the amplitude of the return
loss.
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Figure 114: Simulated S11of the proposed antenna with different length of
ground planes

The scenario in which the antenna is put into the center of a plastic
housing box was also studied in this work. In this simulation model,
the wall of the plastic housing is 1 mm thick, 14mm high and has
dielectric permittivity of 3.5. The simulation results (Figure 115) indi-
cate that compared to the case when the antenna is radiating in free
space, within the plastic housing there is almost no influence on the
return loss of the proposed antenna except for small frequency shift
at the 3.8 GHz band.

Figure 115: Comparison of the simulated S11 of the proposed multiband
antenna when placed in a plastic housing and in free space

The measured radiation patterns of the proposed antenna in free
space are presented in Figure 116. It is found that at all the desired
frequencies the proposed antenna has radiation patterns similar to a
typical monopole antenna, which normally has omnidirectional radi-
ation patterns. The simulation results also suggest that the antenna
has moderate gain and efficiency at its operation frequency bands. Ta-
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ble 5 summarizes the peak gain and radiation efficiency at the desired
frequencies.

Figure 116: Measured E-plane (X-Z Plane) and H-plane (X-Y plane) radia-
tion patterns of the proposed multiband antenna at: (a) 960MHz;
(b) 1800MHz; (c) 1900MHz; (d) 2.4GHz; (e) 3.5GHz; (f) 5.2GHz.
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Table 5: Simulated Peak gain and radiation efficiency of the proposed an-
tenna at each frequency band

Frequency(GHz) Simulated Peak Gain(dBi) / Radiation Efficiency

0.96 1.5 (93.7%)

1.8 2.6 (91.9%)

1.9 2.5 (92.2%)

2.4 2.7 (77.3%)

3.5 2.8 (86.8%)

5.2 1.7 (67.9%)

5.5 antenna in close proximity to human head

Normally, mobile phones are to be placed in close proximity to the hu-
man body, particularly the head. Therefore, this motivated the need
to investigate the influence of the human head on the antenna per-
formance and to study the Specific Absorption Ratio (SAR) of the
proposed antenna. To simplify the simulation model and save the
simulation time, a simple model of the human head is used instead
of using a sophisticated one. The simplified model of the human head
was built based on the one suggested in [89]. In this model, the skele-
ton of the head is modeled as a ‘bowl’ with radius of 111.5 mm and
permittivity of 4.6. The tissue inside the brain is modeled by a uni-
form liquid with permittivity of 42.9. It is assumed that the antenna
is printed at the bottom of the PCB board of the mobile phone de-
vice and the antenna is placed at a distance of 10 mm away from the
head phantom. This simulation model is implemented in HFSS and
is presented in Figure 117.

Figure 117: The simulation model of the proposed antenna with the human
head
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Figure 118 presents the comparison of the simulated return loss
between the antenna placed close to the head phantom and in the free
space. It is observed that in the situation shown in Figure 117, there is
little influence on the resonant frequency of the antenna except some
small frequency shifts on the 3.5 and 5.2 GHz bands.
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Figure 118: Comparison of the simulated S11 between the antenna with the
head phantom and in the free space

Figure 119 shows the simulated radiation patterns of the proposed
antenna when it is placed close to the human head. It can be seen
that due to the existence of the human head, part of the waves are re-
flected and the antenna exhibits more directional radiation patterns
towards the free space. Table 6 summarizes the comparison between
the peak gain and radiation efficiency at each resonant frequency in
free space and in closely distance to the human head. It can be found
that the radiation efficiency of the antenna decreases when the an-
tenna is placed close proximity to the head.

Table 6: Simulated Peak gain of the proposed antenna at each frequency
band

Frequency(GHz) Simulated Peak Gain(dBi): Simulated Radiation Efficiency:

with head (in free space) with head (in free space)

0.96 1.5 (1.5) 61% (93.7%)

1.8 5.0 (2.6) 73% (91.9%)

2.4 3.7 (2.7) 70% (77.3%)

3.5 4.4 (2.8) 80% (86.8%)

5.2 3.7 (1.7) 48% (67.9%)

The Specific Absorption Ratio is also analyzed with this simulation
model. The simulated SAR distribution on the phantom head for the
proposed antenna at 960 MHz is shown in Figure 120. The simulation
result indicates that with the antenna placed in the location suggested
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Figure 119: Simulated 3D radiation pattern of the proposed antenna with
the human head phantom
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Figure 120: Simulated SAR distribution on the head phantom for the pro-
posed antenna at 960 MHz

in Figure 117, the SAR value for 1 gram head tissue is 1.4 W/Kg,
which meets the released SAR limitation of 1.6 W/Kg. It is expected
that the SAR value in reality will be smaller than the simulated one
due to the adding of the case for the mobile phones.

5.6 summary of the chapter

In this work, a multiband printed monopole antenna for mobile com-
munications is presented. This antenna has a simple planar structure
with compact size and covers all the required frequency bands for
GSM, DCS, PCS, UMTS dual band WLAN and WiMAX operations.
The size reduction of the proposed antenna is achieved by introduc-
ing one chip inductor and the resonant frequencies of the proposed
antenna can be tuned independently. The simulation results indicate
that the proposed antenna has promising radiation efficiency and
gain at each required frequency band.

The case when the antenna is put into a plastic housing, and the
impact of the size of the ground plane were also studied. Additionally,
the operation of the antenna in close distance to the human head has
also been investigated. The simulation results show that the proposed
antenna exhibits a stable frequency response in each case and have a
SAR level that meets the corresponding regulation.
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C O M PA C T P R I N T E D M O N O P O L E A N T E N N A
A R R AY

6.1 introduction

Multiple-Input-Multiple-Output (MIMO) techniques enable a wire-
less device to transmit or receive data with higher data rate. The
recently announced IEEE 802.11n and Long Term Evolution (LTE)
standard requires the wireless LAN devices and mobile devices to
support MIMO. The use of antenna arrays can improve the diver-
sity performance of the antenna, which in turn increases the channel
capacity by reducing the fading, suppressing both the random fre-
quency modulation and co-channel interference.

The biggest challenge to design a compact antenna array is how to
maintain a good isolation between antennas that are closely spaced.
To have good space diversity, traditionally the space between each
antenna elements is required to be approximately half of the wave-
length. However, for most of the commercial wireless devices, it is
impossible to follow this rule due to the size constraints. The objec-
tive of this chapter is to explore solutions to design compact antenna
arrays. The methodology adopted in this study is to employ the ‘neu-
tralizing technique’. Before introducing this technique, in Section 6.2,
the criterions that are used to evaluate the performance of a MIMO
antenna system are introduced. Then, in Section 6.3, one compact
inverted-L antenna array for WLAN USB dongle using the neutraliz-
ing technique is presented followed by the summary of the chapter
given in Section 6.4.

6.2 performance analysis of mimo antennas

The performance of a MIMO antenna system can be evaluated by
two criterions, envelope correlation coefficient and total multi-port
return loss. The definition of these two concepts as well as a brief
mathematical derivation will be introduced in following sections.

6.2.1 Envelope Correlation Coefficient

One important parameter for evaluating the diversity performance of
an antenna array is the envelope correlation coefficient. It is shown in
[90] that by modeling the antenna as an open circuit, the correlation
coefficient of two antennas is:

125
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ρ0jk =
E
{
(V0j − Ṽ0j)(V0k − Ṽ0k)

∗}[
E
{
(V0j − Ṽ0j)2

}
E
{[

(V0k − Ṽ0k)2
]∗}]1/2 (109)

with:

V0k(t) =
∫∫

Ek(Ω) · h(Ω, t) dΩ (110)

V0j(t) =
∫∫

Ej(Ω) · h(Ω, t) dΩ (111)

where j and k is the antenna number, V0k and V0j represent the open
circuit voltage for the k th and j th element, respectively. E is the an-
tenna pattern vector, h is the source vector and Ω is the solid angle.
The asterisk means complex conjugate and the swung dash repre-
sents the time average over the same interval. The envelope correla-
tion coefficient ρe is defined as:

ρe ≈ |ρ|2 (112)

Therefore, by integrating the expression given in Equation 109 over
the sphere surround the antennas, the envelope correlation coefficient
of a two antenna array can be derived as [91]:

ρe =
|
∫∫

4π[
−→
F1 (θ, φ) · −→F2 (θ, φ)]dΩ|2∫∫

4π |
−→
F1 (θ, φ)|2dΩ ·

∫∫
4π |
−→
F2 (θ, φ)|2dΩ

(113)

where
−→
Fi (θ, φ) is the field radiation pattern of the antenna system

when antenna i is excited. Generally speaking, the lower the enve-
lope correlation coefficient is, the better the diversity of the antenna
array. According to [90], in practical cases the required values of the
envelope correlation coefficient for the base station is ρe<0.7 and for
the mobile devices is ρe<0.5. However, using Formula 113 to calculate
the envelope correlation coefficient, one needs to know the radiation
patterns of the antenna and then solve a complicated integration. One
simplified solution was proposed in [91], in which it is found that if
the antennas exhibit high radiation efficiency and the receiving anten-
nas are in isotropic signal environments, the envelope correlation can
be approximated by using only the S-parameters instead of comput-
ing the radiation patterns of the antenna system:

ρe =
|S∗11S12 + S∗21S22|2

(1− (|S11|2 + |S21|2)) · (1− (|S22|2 + |S12|2))
(114)

This method has been adopted by many researchers. However, this
method is based on the assumption that the antennas are lossless.
This is not true in a practical situation: there are always losses associ-
ated with one antenna such as conduction loss and antenna mismatch
loss. In order to refine the method proposed in [91], the radiation ef-
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ficiency has been included in the calculation of the correlation coeffi-
cient by taking into account the total radiated powers of the antennas,
which can be written as [92]:

Prad,1 = (1− |S11|2 − |S21|2)η1 (115)

Prad,2 = (1− |S22|2 − |S12|2)η2 (116)

where η1 and η2 are the radiation efficiencies of antenna 1 and an-
tenna 2. Then, the internal loss of these two antennas can be expressed
as:

Ploss,1 = (1− |S11|2 − |S21|2)(1− η1) (117)

Ploss,2 = (1− |S22|2 − |S12|2)(1− η2) (118)

Dividing the total S-matrix into two components, one S-matrix for
the antenna ports and one for the radiation functions, introducing the
losses into the S-matrix and applying the orthogonally requirement,
which is a requirement for zero correlation between two columns in
an S-matrix, the following expression can be derived:

0 = S11S∗12 + S21S∗22 + ρrec
√

Prad,1Prad,2 + ρloss
√

Ploss,1Ploss,2 (119)

where ρrec and ρloss are the normalized complex correlation coefficient
of the radiation patterns and the internal losses, respectively. These
two terms are defined for the purpose of making them correspond
to the generalized S-parameters. Substituting Equation 115 - 118 into
Equation 119 gives:

0 =
S11S∗12+S21S∗22

(
√

1−|S11|2−|S21|2)(
√

1−|S22|2−|S12|2)

+ ρrec
√

η1η2 + ρloss

√
(1− η1)(1− η2) (120)

Assume that ρloss = 1, which means that the internal loss of the
antenna has reached the maximum value and is the worst case, it can
be seen that the following inequality should be satisfied:

S11S∗12 + S21S∗22

(
√

1− |S11|2 − |S21|2)(
√

1− |S22|2 − |S12|2)η1η2
+ ρrec 6

√
(

1
η1
− 1)(

1
η2
− 1)

(121)
Therefore, the maximum and minimum values of the correlation

coefficients can be expressed as:

|ρrec|max,min = |ρrec,0| ±
√
(

1
η1
− 1)(

1
η2
− 1) (122)
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where

S11S∗12 + S21S∗22

(
√

1− |S11|2 − |S21|2)(
√

1− |S22|2 − |S12|2)η1η2
= |ρrec,0| (123)

From the Equation 122, it can be seen that the second part in the
right side of the equation represents an uncertainty of the calculated
correlation coefficient. This uncertainty is a function of the radiation
efficiency of the two antennas and has been calculated by [92], and is
plotted in the following Figure 121.

Figure 121: The uncertainly of the calculated correlation coefficient

6.2.2 Multi-Port Return Loss

Another approach to evaluate the reasonable operation bandwidth of
a MIMO antenna system is to use the Total Multi-Port Return Loss
(TMRL), which was recently proposed in [93]. Unlike the previous
method that calculates the diversity of the antenna array, this method
aims to find out the frequency band(s) in which the antenna array can
operate properly using only the S-parameters. The advantage of this
method is that it provides a straightforward way to obtain the band-
width of a multi-port antenna system compared to the conventional
method, which needs to consider the impedance match and isolation
separately. The TMRL is defined by:

TMRL(dB) = −20 log10(Γtotal) (124)

where

Γtotal =

√√√√ 1
N

N

∑
m,n=1

|smn|2 (125)
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The m, n is the antenna number and N is the total number of the
antennas in the array.

6.3 inverted-l antennas array in a wireless usb dongle

for mimo application

6.3.1 Motivation

Designing a WLAN antenna for an USB dongle requires techniques
for antenna miniaturization as the available volume left for antenna
is quite small compared to the wavelength at the required resonant
frequency. As an example, in [94] a USB memory size antenna for
2.4 GHz Wireless LAN (WLAN) was achieved by using folded trape-
zoidal antenna. In Chapter 4, a printed monopole antenna for dual
band WLAN was designed by combining a fractal geometry with me-
ander line.

In an USB dongle, the available volume for mounting the antennas
is typically around 10× 17× 5 mm3. With respect to design antennas
array for USB dongles, it is a challenge task to improve the isolation
between each antenna element, since the antennas have to be placed
in close space. In [95], a dual band two antennas array was proposed.
This antenna consists of an L-shape patch and a via trace connecting
the via to the ground. To reach the expected performance, it needs
precise fabrication and the experimental result shows that the isola-
tion of this antenna array at 2.4 GHz is less than 9 dB. In [96], a
MIMO antenna array for mobile WiMAX (3.5 GHz) was presented.
This antenna has a 3D structure and the high isolation was achieved
by using a common T-shaped ground plane. The disadvantages of
this antenna array are that it is difficult to fabricate and the size of the
ground plane can have a great effect on the radiation performance of
the antenna due to the shorting structure. Regarding the design of
compact planar antenna arrays for WLAN 5.8 GHz on a USB dongle,
research has shown that there are few publications in this area, which
is the main motivation behind this work.

Recently, a new method named Neutralization Techniques has been
proposed [17]. Using this method, the isolation of two Planar Inverted-
F Antennas (PIFAs) can be improved through neutralizing the current
of two antennas without the need of adding extra space for antenna
design. So far, this method has only been applied in the design of
PIFA antennas and there are few studies investigating the use of the
neutralization technique. In this work, we further investigate this tech-
nique in the design of an Inverted-L antenna (ILA) array.
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6.3.2 Antenna Design

In this study, it is decided to employ an Inverted-L antenna structure
due to its ease of integration in the overall product design. Figure
122 shows the structure of a classic ILA. The ILA can be viewed as a
bent monopole antenna and the total length of the inverted-L, L1 + L2,
needs to be approximately one quarter of wavelength at the resonant
frequency of interest. However, the challenge for this work is that the
two antennas need to be closely located in a small area of an USB
dongle. Generally the available volume for mounting the antennas is
around 10× 17× 5 mm3, as shown in Figure 123.

Figure 122: The structure of a typical Inverted-L antenna

Figure 123: The layout of the WLAN USB dongle

The first attempt in designing a compact ILAs array led to the struc-
ture shown in Figure 124. This antenna array has two equal ILAs that
are located within a small distance on the PCB board of the USB
dongle. Based on the concept proposed in [17], a neutralizing line is
added between these two antenna elements to increase the isolation.
The length of the neutralizing line is critical in deciding the frequency
band where the isolation between the two antenna port can be im-
proved. Increasing the length of the neutralizing line can make the
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antenna array has good isolation at lower frequency band. Accord-
ing to [17], the location of the neutralizing line needs to be chosen at
place where the surface current is maximum (minimum E field) and
the length of it needs to be approximately a quarter wavelength.

Figure 124: The structure of the antenna array with neutralizing line

As will be presented later, this antenna structure exhibits poor
impedance matching at the desired frequency. The low input impedance
of the ILA antenna is in fact one of its disadvantages [97]. The typ-
ical method employed to solve this problem for a ILA is to short
the antenna element to the ground plane and change the feeding po-
sition, which in turn increases the input impedance of the antenna.
Then the antenna becomes an Inverted-F antenna (IFA), whose input
impedance is easier to be matched. However, shorting the antenna to
the ground plane will increase the impact of the ground plane size
to the radiation performance of the antenna. When connecting the
USB dongle to a PC, for example, the equivalent size of the ground
plane for the antenna is extended. In this scenario, the antenna may
fail to operate at the desired frequency band. Moreover, the isolation
between the antennas may also be influenced by shorting them to a
common ground plane. Therefore, in this work, we address this lim-
itation without resorting to short the antenna to the ground. Instead,
the technique proposed in this study improves the impedance match-
ing of the antenna array by including one vertical stub in the middle
of the neutralizing line as described. From the aspect of antenna ar-
ray, where the isolation between the antennas is of concern, adding
this stub has little influence on the isolation between the two anten-
nas as the isolation is mainly controlled by the length, width and
position of the horizontal neutralizing line. Meanwhile, for the single
antenna itself, as shown in Figure 125, the equivalent antenna struc-
ture is one bent monopole with an L-shape stub, which functions as
an impedance transformer.
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Figure 125: ILA with a L-shape stub

In this way, the use of the neutralizing technique has been further
extended to improve the impedance matching of each antenna. Fig-
ure 126 presents the final structure of the proposed ILAs array and
the key parameters are given in Table 7, where w1, w2, and w3 cor-
responds to the width of L1, L2 and L3, respectively. The proposed
antenna antenna is designed on 0.8 mm thick FR4 with relative per-
mittivity of 4.4 and loss tangent of 0.02. The distance between the
two feeding points is 0.15λ5.8GHz and the gap (d1) between these two
antennas is only 0.02λ5.8GHz, where λ5.8GHz represents the free space
wavelength at 5.8 GHz.

Figure 126: The structure of the proposed antenna array

Table 7: Values of the parameters

Parameter Name Value (mm)

L1/W1 6.65/0.7

L2/W2 4/1.1

L3/W3 4.1/0.8

h1 5.1

d1 1.2

d2 3.5

s 0.4
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6.3.3 Simulated and Measured Results

The fabricated prototype of the proposed antenna array is shown in
Figure 127. Two semi-flexible cables were used to feed port 1 and port
2 of the antenna array.

(a) Top view

(b) Back view

Figure 127: Photo of the fabricated ILA array

Figure 128 shows the measured return loss and isolation of the
proposed antenna array. The measurement results suggest that the
proposed ILA array has a 10 dB return loss bandwidth from 5.7 to
more than 6 GHz, which is more than the specification required for
the WLAN 5.8 GHz frequency band of interest (5.725 to 5.875 GHz).
This makes the proposed antenna more robust during product inte-
gration, such as proximity to other components and within the prod-
uct enclosure, thus providing some margin against proximity effects
which can lead to some frequency shifts. It is also found that the iso-
lation between the two antennas is always better than 10 dB from 5.5
to 6.0 GHz and within the desired WLAN operation band, an isola-
tion of 12 dB or more is obtained. It is observed that there is some
frequency differences (less than 100 MHz) between the measured re-
turn losses of the two ports of the antenna array. This is due to the
fabrication accuracy and soldering of the feeding cable, which results
in the asymmetrical response of the two antenna elements.
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Figure 128: Measured scattering parameters of the ILAs array

Figure 129 (a) and (b) compares the simulated and measured re-
turn loss as well as isolation of the proposed antenna array, respec-
tively. There is some frequency shifts between the simulated and mea-
sured return loss at both ports especially for the measured S11. This is
mainly due to the fabrication accuracy. It is also noticed that the mea-
sured return loss has wider bandwidth than the simulated results and
the measured isolation between antennas is 2 dB better than the simu-
lated results. The possible explanation is that the fabricated prototype
has more losses (e.g. conductor loss) than the simulation model.
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Figure 129: Comparison the simulated and measured return loss and isola-
tion of the proposed antenna array
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Figure 130 presents the simulated surface current distribution of
the proposed antenna array at 5.8 GHz. It can be seen that at the
resonant frequency, when one antenna (Port 2 is excited) is resonating,
little current flows back to the port of other antenna (Port 1). Instead,
the current is concentrated on the radiating antenna itself and the
neutralizing line as well as the top section of the second antenna.

Figure 130: Simulated surface current distribution of the antenna array
when Port 2 is excited

Figure 131 presents the simulated return loss of the proposed an-
tenna array with and without the vertical stub on the neutralizing
line. The improvement of the return loss with the existence of the
stub is obvious whilst there is little change on the isolation between
the two antennas at the desired frequency band, where the isolation
is always higher than 10 dB.
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Figure 131: Comparison of the simulated S11 and S21 of the proposed an-
tenna array with and without the vertical stub on the neutraliz-
ing line

Figure 132 compares the simulated and measured radiation pat-
terns of the proposed antenna array at 5.8 GHz. During the measure-
ment, the Port 1 was connected to the network analyzer whilst the
Port 2 was connected to a 50 Ohm broadband load. There are some
disagreements between the simulated and measured results, which is
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mainly due to the measurement set up. Comparing to a calibrated an-
tenna, the measured results indicate that the proposed antenna array
exhibits a maximum gain around 2.5 dBi at 5.8 GHz.

(a) H Plane (X-Y Plane)

(b) E Plane (X-Z Plane)

Figure 132: Comparison between the simulated and measured radiation pat-
terns of the proposed ILAs array

6.3.4 MIMO Performance Analysis

The MIMO performance of the proposed antenna array is analyzed
using the envelope correlation coefficient and total multi-port return
loss, which have been described in the beginning of this chapter. Fig-
ure 133 presents the calculated envelope correlation coefficient of the
proposed antenna array. It can be seen that at the desired frequency
band, the antenna array has an envelope correlation coefficient less
than -40 dB, which is very promising. From simulation results, the
radiation efficiency of the proposed antenna array at 5.8 GHz is 91%.
Therefore, from equation of the uncertainty (Equation 122) presented
in Section 6.2, the calculated correlation coefficient can be estimated
to be less than 0.1.
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Figure 133: Calculated envelope correlation coefficient of the proposed an-
tenna array

Figure 134 presents the calculated TMRL of the proposed antenna
array. It is shown that the ILAs array has a 10 dB TMRL bandwidth
from 5.7 to 6.1 GHz, which confirms the MIMO operation bandwidth
of the proposed antenna array.
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Figure 134: Calculated TMRL of the proposed antenna array

6.3.5 Conclusion

In this work, a compact Inverted-L antennas array has been designed
for a wireless USB dongle for WLAN 5.8 GHz applications. The two
antenna elements are closely spaced and the high isolation between
them is achieved by utilizing the neutralization technique. This tech-
nique has been further extended to provide impedance matching.
One vertical stub is added to the neutralizing line, which improves
the impedance matching of both antennas whereas the isolation be-
tween the antennas is maintained at an acceptable level.

6.4 summary of the chapter

In this chapter, two criterions that can be used to evaluate the perfor-
mance of a MIMO antenna system, envelope correlation coefficient
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and total multi-port return loss, are introduced. Then, one compact
size inverted-L antenna array is proposed for the WLAN 5.8 GHz
application. The antennas are closely spaced and the main methodol-
ogy used to increase the isolation of the two antennas is to employ
the ‘neutralizing technique’. This technique was firstly proposed to
design the single band PIFA array and in this work, it has been inno-
vatively used in the design of printed ILA antenna array. Moreover,
in the proposed antenna array, the neutralizing line was also used for
the purpose of impedance matching. The measurement results show
that the proposed antenna array has a wide operational frequency
bandwidth and isolation better than 10 dB over the frequency band
of interest.

The work presented in this chapter will be published in:

1. Q. Luo; C. Quigley; J. Pereira and H. M Salgado. Inverted-L An-
tennas Array in a Wireless USB Dongle for MIMO Application.
In Proceedings of 6th European Conference on Antennas and Propa-
gation (EuCAP), Prague, Czech Republic, March 2012.
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T U N A B L E M U LT I B A N D A N T E N N A W I T H A N
A C T I V E A RT I F I C I A L M A G N E T I C C O N D U C T O R
G R O U N D P L A N E

7.1 introduction

An important topic addressed in this thesis work is to explore inno-
vative method to design reconfigurable antennas, which has attracted
much research interests. In this work, the methodology adopted is to
employ an active Artificial Magnetic Conductor (AMC) as the ground
plane of the antenna and frequency tuning of the antenna is achieved
by controlling the reflection phase of the ground plane.

This chapter is organized as follows. The concept and analytical
model of the artificial magnetic conductor is introduced in Section 7.2.
Then, a detailed description of the proposed reconfigurable antenna
with the active AMC ground plane is presented in Section 7.3. Finally,
the summary of this chapter is given in Section 7.4.

7.2 the artificial magnetic conductor

The artificial magnetic conductor (AMC), which is also referred as
High Impedance Surface (HIS), can provide zero reflection phase for
the incident waves as a Perfect Magnetic Conductor (PMC) at certain
frequencies. One of the classic methods for analyzing the artificial
magnetic conductor is to use the resonant cavity model [98]. This
method considers the AMC as a resonant cavity (Figure 135) formed
by a ground plane and a partially reflected surface (PRS).

Figure 135: Cavity model for the Artificial Magnetic Conductor

Assuming that there is a source outside of this cavity, the phase
shift of the reflected wave compared to the incident wave is mainly

141
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Figure 136: The propagation model when the source is located at a distance
of d from the AMC

introduced by the ground plane, the propagation path and the phase
shift brought by the PRS. In order to satisfy the resonant condition of
the cavity, at the desired frequency the phase differences of these two
transmitted waves need to be zero. According to [98], this condition
is written as:

φ2 − φ1 = 2φT −
2π

λ
× 2S− π = 2Nπ, N = 0, 1, 2 . . . (126)

where φT is the phase shift from the PRS and S is the distance between
the perfect electrical conductor and the PRS. Under this condition, the
cavity behaves as a perfect magnetic conductor with normal incidence
angle. In [98], it is assumed that the source is at the same level of the
PRS and all the wave propagates in free space. However, in practice
the source, take an dipole antenna as an example, need to be located
at a small distance above the AMC that always consists of certain
periodical structure on a dielectric material (Figure 136).

Therefore, in this case, the formula needs to be revised as:

φ2 − φ1 = 2φT −
2π

λ0
× 2d− 2π

λe
× 2S− π = 2Nπ, N = 0, 1, 2 . . .

(127)
where d is the distance between the radiation source and PRS, λ0

is the free space wavelength and λe is the effective wavelength in
dielectric materials and equals to:

λe =
λ0√

εr
(128)

The εr represents the permittivity of the substrate. If the transmis-
sion coefficient of the PRS is known, the maximum boresight direc-
tivity of the antenna can be optimized by calculating the distance
between the antenna and the AMC ground plane. To calculate the re-
flection coefficient of a plane wave incident to the AMC ground plane,
it is necessary to calculated the impedance of the AMC, which is a
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Figure 137: The plane wave with normal incident angle propagates towards
the AMC with impedance of Zs(w)

complex value as a function of the frequency. Assume the impedance
of the AMC is Zs(w), by using the boundary condition of the wave
propagation between two different medias, as demonstrated in Figure
137, the reflection coefficient can be calculated by:

Γ(w) =
Zs(w)− η0

Zs(w) + η0
(129)

where η0 is the impedance of the free space. At the frequency where
the impedance of the AMC, Zs(w), is infinite or much larger than
η0, the reflection coefficient Γ(w) = 1. This frequency is the resonant
frequency of the AMC, at which the AMC structure behaves as a
PMC.

The circuit model of the AMC has been investigated by several re-
searchers, aiming at deriving the impedance (Zs(w)) of the AMC by
means of the equivalent circuit structure. For an AMC that is con-
stituted by square patches array as shown in Figure 138, the AMC
can be modeled by a transmission line network with the gap between
adjacent unit cells represented by a T-network [99]. Another way to
investigate the AMC is to model it as a parallel connection of the
series resonant grid and a metal-backed dielectric slab [100].

Assume the impedance of the series resonant grid is Zg and a metal-
backed dielectric slab is Zd, the the impedance of the AMC satisfies:

Z−1
inp = Z−1

g + Z−1
d (130)

Figure 139 presents the effective surface impedance model of the
AMC structure proposed in [100]. The Ld represents the inductance of
the metal-backed dielectric slab, Lg is the metal grid inductance. The
Cga, Cgd and C f represents the gap capacitance of the grid, the capac-
itance from the electric flux in the dielectric region and the fringing
capacitance, respectively. By solving this equivalent circuit structure,
the surface impedance of the AMC structure can be calculated:

Zinp = Zg‖Zd =
jwLd(1− w2Lg(Cga + Cgd + C f ))

1− w2(Cga + Cgd + C f )(Lg + Ld)
(131)
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(a) Top and Side view of the AMC with planar square patch

(b) The unit cell of the AMC surface

Figure 138: Artificial Magnetic Conductor with square patch arrays

Figure 139: The effective surface impedance model of the AMC structure
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Figure 140: The transmission line model of the AMC as a parallel connection
of the PRS and a metal-backed dielectric slab

The resonant frequency, at which the surface impedance of the
AMC can reach infinite, can be found by letting the dominator of
Equation 131 equal zero. Then, the resonant frequency of fr can be
found:

fr =
(

2π
√
((Cga + Cgd + C f )(Lg + Ld))

)−1
(132)

However, these studies has two limitations. Firstly, it can only be
applied to AMC with square patch unit cells. Secondly, it is based on
the assumption that the plane wave has a normal incident angle. To
solve the second limitation, in [101], the reflection and transmission
coefficient of the AMC with a geometry of rectangular patch arrays
with different plane wave incident angles has been investigated. In
that study , the AMC was also analyzed using the transmission line
model and the impedance of the AMC surface is also calculated by
separating it into a parallel connection of the grid impedance of the
PRS (Z

′
g) and a metal-backed dielectric slab as shown in Figure 140.

Therefore, the impedance of the AMC were also calculated by us-
ing the expression shown in Equation 130. In this study, the grid
impedance and the impedance of the grounded dielectric layer were
calculated in the circumstance of TE and TM polarized incident wave
with oblique angle. Reference [101] derives the expression for the
impedance of the AMC for the TM and TE wave of θ incident an-
gle as:

ZTM
p,inp =

jωµ
tan(βh)

β cos2(θ)

1− 2ke f f α
tan(βh)

β cos2(θ)
(133)

ZTE
p,inp =

jωµ
tan(βh)

β

1− 2ke f f α
tan(βh)

β (1− 1
εr+1 sin2 θ)

(134)

with:

α =
ke f f D

π
ln(

1
sin πw

2D
) (135)

ke f f = k0
√

εe f f (136)
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β =
√

k2 − k2
t (137)

where k is the wave number in the substrate material and kt is the
tangential wave number component imposed by the incident wave. It
is known that the impedance of the TE and TM waves are:

ZTE
0 =

η0

cos θ
(138)

ZTM
0 = η0 cos θ (139)

Therefore, the reflection coefficient of the TE and TM wave with
different incident angle can be calculated from:

ΓTE(w) =
ZTE

s (w)− ZTE
0

ZTE
s (w) + ZTE

0
(140)

ΓTM(w) =
ZTM

s (w)− ZTM
0

ZTM
s (w) + ZTM

0
(141)

The formulas developed by [101] can provide a good prediction
of the reflection coefficient of the AMC with an arbitrary polarization
and incident angle. However, this method is again limited to the AMC
with square patch structures as was the case of the theoretical model
proposed by [99]. For certain specific geometries, such as Jerusalem
Cross based AMC, the estimation of its characteristics was investi-
gated in [102]. However, regarding the AMC with more complex sur-
face patterns, with which the AMC can be designed for operating at
lower frequencies or multiple frequencies with a reduced size, cur-
rently there is no general model that can be applied. Therefore, the
most common technique to design compact size AMC structure is
to based on the analysis of general characteristics of AMCs and per-
forming EM simulations using FDTD or FEM methods to get more
accurate results.

7.3 reconfigurable antenna with active amc

7.3.1 Motivation

Reconfiguration of antenna provides the possibility of designing an-
tennas of more compact size whilst operating in several frequency
bands. One of the most common methods to make an antenna recon-
figurable is to change the electrical length or impedance matching of
the antenna by directly adding some RF switches such as PIN diode
or MEMS (Micro-electromechanical Systems) switches on the radia-
tion element. In [103], a coplanar antenna that can operate from 4.9
to 5.4 GHz was achieved by adding a varactor between the square
patch and the surrounding ground plane. Upon using a large num-
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ber of MEMS, a reconfigurable pixel-patch antenna design that can
change its operating frequency and radiation pattern as well as po-
larization, is presented in [104]. Instead of using a large number of
MEMS, in [105, 106] the antennas were designed by mounting the
MEMS switches on certain key parts of the radiation element and by
changing the status of them, the resonant frequencies or the radia-
tion pattern can be reconfigured. However, it is necessary to point
out that adding RF switches directly on the antenna element requires
including extra lumped elements such as capacitors and inductors
for the purpose AC/DC isolation, which will influence the radiation
performance of the antenna.

Recently, researchers found that when using a reconfigurable artifi-
cial magnetic conductors as the ground plane for one antenna, it can
to some degree control the resonant frequency of the overall antenna
system [29, 30, 31]. By doing this, there is no need to include extra
lumped elements on the antenna, which could improve the radiation
efficiency of the antenna and simplify the fabrication process. How-
ever, currently there is not much work been done in this area, which
requires further investigation.

7.3.2 The Design of Active AMC Ground Plane

Artificial magnetic conductors, due to its unique characteristic, which
is to provide in-phase reflection phase over certain frequency band(s),
have been widely used in low profile antenna designs. Figure 141

shows the structure of an AMC that consists of periodic square shaped
unit cells on top of one substrate backed by a perfect electric conduc-
tor (PEC) ground plane. This type of structure only provides in-phase
reflection over a single frequency band.

Figure 141: Top and side view of the AMC ground plane

In this study, it is found that if RF switches, such as PIN diodes
or MEMS switches are used to connect adjacent unit cells, a group
of four unit cells can be aggregated to behave like a larger size unit
cell as illustrated in Figure 142. Using this technique, the operation
frequency of an AMC can be tuned to a much lower frequency band.



148 tunable multiband antenna with an active artificial magnetic conductor ground plane

Figure 142: (a): Demonstration of four unit cells aggregated to one larger
unit cell; (b): Demonstration of 4×4 unit cells aggregated to 2×2

unit cells of equivalent size

Figure 143 presents the simulated reflection phases of the AMC
when the RF switches are ’ON’ and ’OFF’. The AMC were designed
on substrate FR4 with thickness of 1.6 mm and relative permittivity
4.4. The unit cell of AMC is a 10 × 10 mm2 square patch and the
gap between adjacent unit cells is 2 mm. When all the switches are
turned OFF, the AMC has a central frequency (the frequency that has
0 degree reflection phase) at 5.8 GHz. When the switches are turned
ON, this frequency shifts to 2.4 GHz, a change of over 50%. Using this
simple technique, an active AMC ground plane can be implemented.
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7.3.3 Design of Tunable Antenna on Active AMC Ground Plane

In the first stage of this work, one coplanar patch antenna is placed
above the AMC ground plane (with all switches ‘OFF’) at the height
(h) of only 2 mm, which is less than 0.05λ2.4GHz, where λ is the free
space wavelength. The distance between the coplanar antenna and
AMC ground plane is decided by doing a parametrical sweep and
then looking for the minimum height where the antenna can exhibit
a good return loss. Figure 144 (a) shows the top view of the copla-
nar patch antenna. This antenna is designed on substrate Roger 4003

with thickness of 0.813 mm and relative permittivity (εr) 3.38. This an-
tenna has a size of 50× 50 mm2 and the simulation shows that it can
resonate at 3.4 GHz and 5.9 GHz. Figure 144 (b) shows the side view
of the overall structure when the coplanar patch antenna is placed
above the AMC ground plane. The overall thickness of the proposed
antenna structure is 4.4 mm.

Figure 144: (a) Top view of the coplanar patch antenna; (b) side view of the
coplanar patch antenna 2 mm above the AMC

It is observed that besides achieving a low profile antenna, it is also
possible to tune the antenna to operate in multibands by exciting the
AMC ground plane to act as another resonant element. Furthermore,
if the AMC ground plane is reconfigured as shown in Figure 142,
the antenna can resonate at another two frequencies, which turns the
original coplanar antenna into a quarter-band antenna. To simplify
the fabrication process, two AMC ground plane prototypes have been
fabricated: one with classic square type unit cells to mimic the case
when the RF switches are in the ’OFF’ state (Figure 145 (a)) and one
with a narrow microstrip line of width 1.5 mm between the adjacent
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unit cells to mimic the case when the RF switches are in the ’ON’ state
(Figure 145 (b)). The AMC ground planes are fabricated on substrate
Fr4 with thickness of 1.6 mm with size of 50× 50 mm2.

Figure 145: Top view of the two fabricated AMC ground plane that mimic
the case when the switches on the AMC surface are perfectly
switched (a)‘OFF’ and (b) ‘ON’.

7.3.4 Simulated and Measured Results

Figure 146 (a) and (b) presents the simulated and measured return
loss of the coplanar patch antenna, respectively. Dashed line repre-
sents the original antenna in free space and the solid line correspond-
ing to the case when the antenna is placed 2 mm above the AMC
ground plane with all the switches in the ‘OFF’ state (see Figure 145

(a)).
From both the experimental and simulated results, it is found that

at the 5 GHz band even for a distance of only 2 mm between the
coplanar antenna and the AMC ground plane, the antenna still ex-
hibits a good return loss in the upper band with a central frequency
of 5.9 GHz and a bandwidth of more than 9%. Moreover, one more
resonant frequency at 4.5 GHz with 13% bandwidth is also observed.
This is brought by the AMC ground plane: the coplanar antenna cou-
ples some energy to the AMC which in turn becomes resonant, behav-
ing similarly to a stacked antenna. It is also observed that in the free
space, the coplanar antenna can also resonate at 3.4 GHz; however,
this operational band is diminished when it was placed at a small
distance above the AMC ground plane due to the fact that the AMC
ground plane only has in-phase reflection phase at 5.8 GHz band
(Figure 143).
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Figure 146: (a) Simulated and (b) Measured S11 of coplanar antenna in free
space and with the AMC ground plane when the RF switches
are OFF

The next step is to consider the RF switches to be in the ’ON’ state
(Figure 145 (b)). Figure 147 (a) and (b) compare the return loss when
the switches are in the ’ON’ and ’OFF’ state, for both the simulated
and measured results. The measurement results indicate that when
all the switches are turned ON, the resonant frequency f1 decreased
from 5.9 to 5 GHz, which is due to the tuning of AMC ground plane.
Meanwhile, the resonant frequency f2 reduced to 2.4 GHz, which is
caused by increasing the equivalent size of AMC’s unit cells (see Fig-
ure 142). These results show that after adequately optimizing the di-
mensions of both the coplanar patch antenna and AMC, it is possible
to make this antenna resonant at two other useful frequency bands
by changing the states of the switches. The differences between the
simulation and experimental results might be caused by fabrication
error and uncertainties of the exact permittivity of the substrate.
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Figure 147: (a) Simulated and (b) Measured S11 of the proposed reconfig-
urable coplanar antenna when the RF switches are in ‘ON’ (dash
line) and ‘OFF’ (solid line) state.

Figure 148 (a) and (b) present the measured radiation patterns of
the proposed antenna at 2.4 and 5.2 GHz when all the RF switches
are switched ON while Figure 148 (c) and (d) show the measured
radiation patterns of the proposed antenna at 4.5 and 5.9 GHz when
all the RF switches are in ‘OFF’ states. Table 8 briefly summarizes the
radiation characteristics of the proposed antenna. It is found that at
2.4 GHz, the antenna has the lowest radiation efficiency, which is only
61%. Since resonance at this frequency is induced by the excitement
of the AMC surface, the low efficiency might be caused by the high
coupling between each AMC unit cells and energy dissipation on the
AMC. At all other operation frequencies, the antenna shows good
radiation efficiency (>86%) and gain (3.8 dBi)
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Figure 148: Measured E-plane (X-Z Plane) and H-plane (X-Y plane) radia-
tion patterns at: (a) 2.42 GHz, (b) 5.2 GHz, (c) 4.5 GHz and (d)
5.9 GHz

Table 8: Summary of the radiation characteristics of the proposed antenna

Frequency
(GHz)

Measured
Bandwidth

(GHz)

Simulated
Maximum
Gain (dB)

Simulated
Radiation
efficiency

2.4∗ 2.41-2.46 0.5 61%

4.5#
4.24-4.84 4.1 93%

5.1∗ 4.63-5.26 5.5 94%

5.9#
5.65-6.19 3.8 86%

* switches are in ‘ON’ states
# switches are in ‘OFF’ states
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7.3.5 Conclusion

In this work, a new tunable coplanar patch antenna with an active
AMC ground plane has been presented. It is shown that by using the
AMC as the ground plane, not only one can design a low profile copla-
nar antenna, but also can turn the antenna to have an added func-
tionality which is a tunable multiband operation characteristic. With
the active AMC ground plane that can be reconfigured by switch-
ing ON/OFF the RF switches, experimental results show that this
proposed AMC coplanar antenna can operate at four different bands:
2.41-2.46 GHz, 4.24-4.84 GHz, 4.63-5.26 GHz and 5.65-6.19 GHz. These
include almost the entire required bands for WLAN 802.11a/b/g ap-
plications. Future work, besides further optimizing the overall an-
tenna performance, involves mounting the RF switches on the sur-
face of AMC and evaluating the influence of the RF switches on the
performance of the AMC comparing it to the ideal case.

7.4 summary of the chapter

The reconfigurable antenna presented in this chapter is based on the
concept of active AMC ground plane. Artificial magnetic conductors,
due to its unique characteristic, which is to provide in-phase reflec-
tion phase over certain frequency band(s), have been widely used in
low profile antenna designs. Some analytical methods that can be
used to analyzing the AMC structure are presented in the beginning
of this chapter. For AMC with complex geometries, using numeri-
cal methods is required. Our investigations indicate that an antenna
(in this study, one coplanar antenna is chosen) with different AMC
ground plane can exhibit different resonant frequencies. Therefore,
based on these findings, it is decided to mount RF switches on the
surface of the AMC that consists of periodic square elements to make
it be reconfigurable. By optimizing the dimensions of the AMC and
the distance between the AMC and coplanar antenna, the resonant
frequency of the coplanar antenna can be reconfigured by using such
an active AMC ground plane, whose reflection phase is controlled
by the states of the RF switches. Moreover, it is also observed that
additional resonant frequency can be created by using the coplanar
antenna as a main radiator and the AMC as a coupled element, which
behave similar to an antenna of stacked structure.

It is important to point out that in both studies the RF switches
are substituted by a short microstrip line to mimic that case that the
switches are ‘ON’ and a small gap to mimic the case that the switches
are perfectly ‘OFF’. This simplifies the fabrication process; however,
it ignores the additional losses introduced by the RF switches, which
need to be further investigated in future works. This work has been
published in:



7.4 summary of the chapter 155

1. Q. Luo; J.R. Pereira and H.M. Salgado. Tunable Multiband An-
tenna With An Active Artificial Magnetic Conductor Ground
Plane. In Proceedings of European Microwave Conference (EuMC),
Paris, France, October 2010.
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R E C O N F I G U R A B L E D U A L - B A N D M O N O P O L E
A N T E N N A A R R AY W I T H H I G H I S O L AT I O N

8.1 introduction

In Chapter 7, one compact inverted-L antenna array for WLAN 5.8
GHz application has been designed by employing the neutralizing
technique. In this chapter, the neutralizing technique is further de-
veloped to be applied on a dual band antenna array. The proposed
antenna array contains two C-shaped monopoles with a neutraliz-
ing line, on which two RF switches were integrated, connecting two
arms of the antenna elements. It is demonstrated that by introducing
these two RF switches and changing the ’ON’ or ’OFF’ states of both
switches, this compact two C-shaped printed monopoles array can
be optimized to separately operate at WLAN 2.4/5.2 GHz band with
high isolation. The two antenna elements are closely spaced at a dis-
tance of only 0.09λ2.4GHz and the measurement results indicate that
the proposed antenna array has a 10 dB return loss bandwidth that
covers the required frequencies for dual-band WLAN applications
with an isolation higher than 20 dB over the lower operation band
when the RF switches are turned on, and an isolation better than 17

dB at the higher operation band when the switches are turned off.
The MIMO performance of the proposed antenna array was analyzed
using the envelope correlation coefficient and the total multi-port re-
turn loss, which shows that the proposed antenna array has a good
diversity and MIMO operational bandwidth at the desired frequency
bands.

The antenna design procedure was divided into two stages. At the
first stage, two dual band printed monopoles were put in close space
to form a compact antenna array. Since the Neutralization Technique
can only be used to increase the isolation at singe frequency band,
it was decided to implement this method to reach a good isolation
between the two antennas at the lower resonant frequency band. This
part of work is described in Section 9.3. Then, at the second stage, the
objective was to explore possible solutions to improve the isolation at
the higher frequency band, which is presented in Section 8.4.

8.2 motivation

Designing compact printed monopole arrays to support Multiple-
Input-Multiple-Output (MIMO) techniques is a challenging work as it
is difficult to achieve high isolation between each radiation elements
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when they are closely spaced. The existent proposed methods, such
as the use of metallic Electromagnetic Band Gap structures on the
substrate of the antennas [15] or the Defect Ground System [16] on
the ground plane, although they can effectively improve the isolation
between two closely space antennas, they are difficult to integrate
into the overall system. So far, there are few studies addressing com-
pact multi-band MIMO antenna array designs. In [95], a dual band
two antenna array was proposed for USB dongle application. This
antenna consists of an L-shape patch and a via trace connecting the
via to the ground. Besides the complicated fabrication process, the
experimental result provided in [95] shows that the isolation of the
antenna array at 2.4 GHz is less than 9 dB. A printed coplanar two-
antenna element for 2.4/5 GHz WLAN operation in a MIMO system
was presented in [107]. This design employed two single band anten-
nas, which were independently located at the two ends of the PCB
board, to realize the dual band operation and high isolation between
each other. However, this design is not a real MIMO antenna array as
it only contains two single band antennas, each of which resonates at
different resonant frequency.

The Neutralization Techniques recently proposed in [17] has been suc-
cessfully applied to the design of a compact ILA array for single band
WLAN application in Chapter 7. The neutralizing technique provides
an alternative feasible solution to design compact MIMO antenna ar-
rays within limited space. Using this method, the isolation of two
antennas could be improved through neutralizing the current of two
antennas without the need for adding extra space for antenna de-
sign. However, this technique has only be applied to the design of
antenna arrays operating at single frequency band and there are not
much studies investigating it. Therefore, in this work, it aims to fur-
ther investigate this technique and apply it to the dual band printed
monopole antenna design.

8.3 single band compact antenna array for wlan 2 .4
ghz

8.3.1 Antenna Structure

As described before, the design procedure involves two stages. At
the first stage, two printed monopole antennas were put in close
space to form a compact antenna array. The geometry of the pro-
posed printed C-shaped monopole antenna array with high isolation
at 2.4 GHz band is shown in Figure 149. This antenna is designed
on substrate Roger 4003 with thickness of 0.813 mm and relative per-
mittivity of 3.38. The antenna element is printed on one side of the
substrate while the ground plane is located at the other side. Figure
149 (a), (b) and (c) present the top, back and side view of the pro-
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posed monopole array, respectively. The width of the microstrip line
is 1.12 mm and the total length of the C-shape is 36.5 mm. The two
C-shaped monopoles are located symmetrically at the left and right
side of the substrate and the distance between the two feeding lines
is only 11.8 mm, which is around 0.09λ2.4GHz, where λ2.4GHz repre-
sents the free space wavelength at 2.4 GHz. There is a 0.5 mm wide
shorting line connecting the two arms of the monopoles, which takes
the role of neutralizing the currents from two monopole antennas to
increase their isolation.

Figure 149: (a)Top view, (b)back view and (c) side view of the proposed
antenna array

It is found that the resonant frequency at 2.4 GHz is mainly deter-
mined by the total length of the C-shape radiation element. By suit-
ably selecting the total length of the C-shape, the desired resonant
frequency can be achieved. Actually this printed monopole antenna
can also resonate at another higher frequency; however, at this stage,
it only aims to make this antenna array operate properly at the lower
band. The operation at the higher band was ignored at this stage
but will be investigated in the next stage. The isolation at the de-
sired frequency band is determined by the length of the neutralizing
line and its position. According to [17], the neutralizing line should
be placed at the position where is surface current is strong (to min-
imize the influence of the neutralizing line to the original resonant
frequency) and the length of it should be approximately a quarter
wavelength. Therefore, it can be concluded that after introducing the
neutralizing line, in order to achieve the optimum performance in
terms of both return loss and isolation at the frequency band of in-
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terest, the position and length of the neutralizing line as well as the
length of the monopole antenna need to be optimized. The design
strategy adopted in this study is to fix the length of the neutralizing
line (approximately a quarter wavelength) and looking for the suit-
able position for it. Some parametrical studies of the location of the
neutralizing line have been performed, which will be presented later.
More specifically, the dimensions of the ground plane and the width
of the shorting line were kept fixed, then the distance h (relatively
location on the vertical arms of the C-shaped antenna) was adjusted
to find out how this parameter can influence the performance of the
proposed antenna array.

8.3.2 Simulated and Measured Results

Figure 150 presents the simulated S11 and S12 of the antenna array
with different values for the parameter h. It is observed that increas-
ing the value of h, the central frequency of both the S11 and S12 of
this antenna array also increases. It is also found that the value of h
is more critical in determining the isolation at the desired frequency
band. Based on these simulation results, the value of h is chosen to
be 33 mm. All of the optimization process was carried out by doing
numerical simulations in Ansoft HFSS.
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Figure 150: The influence of the location of the neutralizing line to the S11

and S21 for several value of h
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Figure 151 (a) and (b) present the simulated surface current distri-
bution of the proposed antenna array with and without the neutraliz-
ing line at 2.4 GHz, respectively. It can be seen that with the existence
of the neutralizing line, most of the current concentrates on the neu-
tralizing line instead of flowing to the other port, which increases the
isolation between the two ports. Therefore, it is expected that the ra-
diation efficiency of the proposed antenna (Figure 151 (a)) should be
higher than the one shown in Figure 151 (b) since less energy is lost
due to the antenna coupling. This has been confirmed by the simula-
tion results given by HFSS, which predict an efficiency of 96% for the
antenna in Figure 151 (a) and an efficiency of 92% in Figure 151 (b).

Figure 151: Simulated current distribution of the antenna array: (a) with the
neutralizing line; and (b) without the neutralizing line

In order to verify the isolation improvement of the proposed an-
tenna array, two antenna arrays, one with and one without the neu-
tralizing line, have been fabricated and measured. Figure 152 shows
the photos of the two fabricated prototypes and Figure 153 presents
comparison of the measured isolation (S21) between them. It is ob-
served that with the neutralizing line, there is a minimum 7 dB im-
provement on the isolation over the desired operation frequency band
(2.41 to 2.49 GHz).

Figure 152: Photos of the fabricated prototypes
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Figure 153: Measured S12 of the C-shaped antenna array with and without
the neutralizing line

Figure 154 presents the comparison between the simulated and
measured return loss (Figure 154 (a)) as well as the isolation (Figure
154 (b)) of the proposed antenna array.
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Figure 154: Comparison of the measured and simulated: (a) S11 and (b) S21

of the proposed C-shaped antenna array

There is some frequency shift (approximately 100 MHz) between
the simulated and measured results for both S11 and S21. The ob-
served frequency shift might be caused by the fabrication error, un-
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certainties in the exact permittivity of the substrate and numerical er-
rors in the EM simulation. However, these results confirm that within
the interested band (2.41-2.49 GHz), the antenna exhibits good return
loss (higher than 15 dB) while the isolation is always higher than
12 dB, which can be seen from the measured return loss and isola-
tion plotted in Figure 155. These results show that the neutralization
technique can be successfully implemented on printed monopole an-
tennas and by doing some frequency tuning, it is possible to achieve
higher isolation at the desired frequency band. Measurement results
show that the proposed antenna array has monopole-like radiation
patterns and gain, which is shown in Figure 156. The simulation re-
sults indicate that the proposed antenna array has radiation efficiency
of 96% at 2.45 GHz.
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Figure 155: Measure S11 and S21 of the single band printed monopole an-
tenna array at 2.4 GHz
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8.4 reconfigurable dual-band monopole array with high

isolation

8.4.1 Antenna Structure

At this stage, the neutralizing technique is further developed to work
in the scenario of a dual band antennas array. It is clear that the
length of the neutralizing line is critical in deciding the frequency
band where the antennas have a good isolation. Therefore, in order
to employ this technique at a higher frequency band, in our case is
WLAN 5.2 GHz, it is necessary to find a way to ‘shorten’ the neu-
tralizing line. To achieve this, based on the structure studied in Sec-
tion 9.3, two RF switches were introduced on the neutralization line
and by changing the ‘ON’ or ‘OFF’ status of the switches, this com-
pact two C-shaped printed monopoles array can separately operate at
WLAN 2.4/5.2GHz dual-band with high isolation. Figure 157 shows
the structure of the neutralizing line with the RF switches.

Figure 157: Neutralizing line with two RF switches

When the RF switches are turned on, the antenna array is equal to
the one presented in Section 9.3 and the neutralizing line behaves as
an inductor as demonstrated in Figure 158 (a). When the RF switches
are turned off, the switches behave as two capacitors and the neu-
tralizing line is equivalent to the one demonstrated in Figure 158 (b).
In this configuration, the impedance of the capacitor is small at the
higher frequencies and the currents can still be neutralized. In this
analysis, the resistance of the microstrip line is omitted due to its
small value.

In this design, the two C-shaped monopole antennas were printed
on the inexpensive FR4 substrate with thickness of 0.8 mm and rela-
tive permittivity of 4.4. The dimensions of the antenna was optimized
in order to let the antenna operate at 2.4 and 5.2 GHz with a different
configuration. The width of the microstrip line is 1.53 mm and the
dimensions of the antenna are given in Figure 159. As in the previ-
ous design, the antenna element is printed on one side of the sub-
strate, whereas the ground plane is located at the other side. The two
C-shaped monopoles are located symmetrically at the left and right
side of the substrate. The distance between the two feeding lines is
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kept at 10.3mm, which is less than 0.1λ2.4GHz, where λ represents the
wavelength in free space. The printed C-shaped monopole can oper-
ate at two frequency bands. The first resonant frequency is defined
by the total length (L1 + L2 + L3 + L4) of the C-shape, which is 35.6
mm, approximately a quarter wavelength at 2.4 GHz. The second res-
onant frequency is related to the length of L3 and L4, which has a
total length of 15.6 mm and is approximately a quarter wavelength at
5.2 GHz.

(a)

(b)

Figure 158: The equivalent circuit structure when: (a) the RF switches are
turned ON and (b) the RF switches are turned OFF

Figure 159: The dimensions of the proposed monopole antenna array. The
two slots on the neutralizing line are the positions for RF
switches

8.4.2 Simulated and Measured Results

In Section 9.3, it has been demonstrated that when using the neutral-
izing line, to achieve optimum performance in terms of both return
loss and isolation, parametrical study of the location of the neutraliz-
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ing line is required. In this study, as two RF switches are introduced,
the locations of these switches also become critical in determining the
operation frequency of the antenna array. Figure 160 shows the simu-
lated return loss and isolation for this antenna array at 5 GHz band
with different location of these two RF switches with switches in the
’OFF’ state. The parameter d is labeled in Figure 157. As can be seen
from these results, the location of the switches is more important in
determining the resonant frequency at 5 GHz band while has less ef-
fect on the isolation: the isolation is always higher than 15 dB at the
desired frequencies.
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Figure 160: Simulated S11 and S12 of the antenna array with RF switches on
different locations with switches in the ’OFF’ state

Figure 161 shows the current distribution of the antenna at 2.4 GHz
when the switches are turned ’ON’ and at 5.25 GHz when the two
switches are turned ’OFF’. The light color represents strong current. It
is found that when both of the RF switches are turned on, at 2.4 GHz
there is strong current on the neutralizing line, which is consistent
to the findings in previous studies. When both the RF switches are
turned off, the neutralizing line is equivalent to two parallel stubs,
each of which connect to the vertical arm of the antenna elements.
From the current distribution, it is observed that in this case, at 5.2
GHz the current is concentrated on the antenna and the horizontal
stub. The position of the RF switches is selected by firstly choosing
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Figure 161: Current distribution at 2.4 GHz (right) when the RF switches
are turned ’OFF’ and 5.2 GHz (left) when the RF switches are
turned ’ON’

the length of the parallel stub approximately a quarter of the effective
wavelength at 5.2 GHz, which is:

λe f f ,5.2GHz

4
=

λ0,5.2GHz

4√εe f f
(142)

while εe f f can be calculated by [108]:

εe f f =
εr + 1

2
+

εr − 1
2

 1√
1 + 12

( H
W

) + 0.4(1−
(

H
W

)
)2

 (143)

where H is the thickness of the substrate and W is width of the mi-
crostrip line. Therefore:

λe f f ,5.2 GHz

4
=

λ0,5.2 GHz

4√εe f f
= 9 mm (144)

This calculated result is an approximately value and it needs to
be optimized through the numerical simulation in HFSS. Due to the
adding capacitance from the RF switches, it is expected that the ac-
tual value of Ls should be smaller than the one calculated by using
Equation 144. After optimization, the value d is chosen to be 6.25 mm,
which is equivalent to the length of the stub Ls (see Figure 159) equal
to 6.5 mm.

In order to simplify the fabrication process, two antenna prototypes
are fabricated: one with a perfect shorting line connecting the two
antenna elements to mimic the case that the RF switches are in ‘ON’
state and one with a shorting line that has two slots of 1.5 mm long
on it to mimic the case when the RF switches are in the ‘OFF’ state
(Figure 162).
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Figure 162: Fabricated two antenna array prototypes on FR4
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Figure 163: Measured S11 and S12 of the reconfigurable printed monopole
array at: (a) 2.4 and (b) 5.2GHz when the switches are turned
‘ON’ and ‘OFF’
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Figure 163 shows the measurement return loss (S11) and isolation
(S12) of these two antennas. It can be observed that when the two
switches are ideally turned ‘ON’, the proposed antenna array has a
-10 dB bandwidth of 2.44 to 2.55 GHz and isolation better than 20

dB within the desired WLAN 2.4 GHz operation band. Meanwhile,
at the higher band the antenna resonates at around 5.75 GHz with
a relatively low isolation. When the two switches are ideally turned
‘OFF’, at the higher band the proposed antenna array can resonate at
5.2 GHz band with a return loss of 20 dB and isolation higher than 17

dB. At this moment, the lower band of the antenna shifts to around
2.05 GHz and its corresponding isolation decreases to less than 5 dB.

Figure 164 presents the simulated 3D radiation patterns of the pro-
posed antenna array at 2.4 GHz and at 5.3 GHz with either port ex-
cited. The port 1 is defined as the one in the left side while the port
2 is the right one. As shown in this figure, when different port is ex-
cited, the radiation pattern of the antenna array at both resonant fre-
quencies shows different orientation, which contributes to the space
diversity of this antenna array.

(a)

(b)

Figure 164: Simulated 3D radiation pattern of the proposed antenna array
at 2.4 GHz and at 5.3 GHz
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8.4.3 MIMO Performance Analysis

Envelope correlation coefficient is an important parameter to charac-
terize the diversity gain of a MIMO system. Generally, a low enve-
lope correlation always leads to high diversity gain. Usually measure-
ments of the radiation pattern are needed to calculate this parameter.
However, if the antenna shows high efficiency, as presented in Chap-
ter 7, a simple formula, which just uses the S matrix, can be employed
to derive the envelope correlation coefficient. The simulation results
show that the proposed antenna array has radiation efficiency of 95%
at 2.45 GHz and radiation efficiency of 89% at 5.3 GHz. Since the pro-
posed antenna exhibits such high efficiency, the simplified formula
suggested in Chapter 7 was adopted to calculate its envelope correla-
tion coefficient, which is plotted in Figure 165. The calculated results
show that at the desired operation bands the proposed antenna ar-
ray has an envelope correlation coefficient less than -28 dB. For both
antennas, the uncertainty of the calculated envelope correlation co-
efficient using the simplified equation is less than 0.05 at the lower
band and 0.12 at the higher band.
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Figure 165: Calculated envelope correlation coefficient of proposed antenna
array: (a) At 2.4 GHz when switches are ‘ON’; (b) At 5.2 GHz
when switches are ‘OFF’
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The feasible MIMO operation bandwidth of the proposed antenna
array is also evaluated using the Total Multi-port Return Loss (TMRL)
method, which is a straightforward approach to obtain the MIMO
bandwidth of a multi-port antenna system. Figure 166 shows the cal-
culated TMRL against the measured return loss of the dual band
monopole array at 2.4 and 5.2 GHz by using the formulas given in
Chapter 7. The calculated TMRL confirms that although the MIMO
operation bandwidth of the proposed antenna array is narrower than
the single port return loss (S11), it is still within the required fre-
quency range for dual band WLAN application.

Figure 166: Calculated TMRL against the S11 of the proposed antenna array

8.5 summary of the chapter

In this chapter, two compact monopole antenna arrays for WLAN
applications are presented. The objective of this study is to further
explore the neutralizing technique and apply it to the design of a
dual band antenna array. To achieve this, the design procedure was
divided into two stages. The first stage involves designing a C-shaped
compact antenna array for the WLAN 2.4 GHz application. From the
previous investigation presented in Chapter 5, it is known that this C-
shaped antenna can be optimized to operate at dual frequency bands.
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Therefore, the task for the second stage turns to investigate possible
solutions to extend the neutralization technique to operate at dual fre-
quency bands. The methodology employed to achieve high isolation
at two frequency bands is to implement a reconfigurable neutralizing
line: two RF switches were introduced on the neutralizing line. By
changing the states of these two switches, the antenna array can re-
spectively operate whist exhibit high isolation at each of the WLAN
dual frequency band. Experimental results show that the proposed
antenna can operate either at 2.4 or 5.2 GHz bands with isolation
higher than 17 dB over the entire frequency bands of interest. More-
over, this antenna array also shows low envelope correlation at the
required frequency bands, which leads to a good diversity gain. The
feasible operational bandwidth of this MIMO antenna array was also
analyzed using the TMRL method, which agrees well with the analy-
sis using the envelope correlation coefficient.
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C O N C L U S I O N A N D F U T U R E W O R K

9.1 conclusion

The main objective of this thesis work is to address the miniaturiza-
tion of multi-frequency microstrip antennas and antenna arrays in the
context of high data rate wireless communication. The size of one res-
onant antenna as well as the distance between each antenna element
in an antenna array is proportional to its wavelength. As a result, the
size reduction of the antenna or antenna array will inevitably lead to
the lowering of the radiation performance of the antenna or antenna
array. Therefore, it is always a trade-off between the volume of the
antenna and its radiation properties.

The fundamental limitation established by Wheeler and Chu gives
a clear guideline for the antenna design: the antenna can be designed
to approach this limit but can never be smaller than that. The size
reduction of the antennas that were presented in this thesis work
is achieved by using fractal geometries or introducing lumped el-
ements into the antenna radiation elements. The new designs pre-
sented are three multiband fractal monopole antennas, one fractal-
based Inverted-L antenna (ILA) and one single feed fractal monopole
antenna array. Moreover, two electrically small antennas for dual band
WLAN and one compact antenna for multiband mobile communica-
tion that can cover almost the entire commercial available frequency
bands (GSM, PCS, UMTS, WLAN and WiMAX) are also presented.
The applications of these designs include PC card, USB dongles and
mobile devices. The experiment and simulation results prove the ef-
fectiveness of the proposed methods in the aspect of antenna size
reduction and multi-frequency operation.

The compact multiband antenna array was designed by further
investigating the neutralization and employing reconfigurable tech-
niques. The new designs presented in this thesis work include two
compact size single band antenna arrays for the WLAN 2.4 GHz and
WLAN 5.8 GHz application and one compact dual band compact
monopole antennas array for dual band WLAN applications (2.4/5.2
GHz). In these designs, the antennas are closely spaced (less than
1/10th of the wavelength) and the antenna array proposed for the
WLAN 5.8 GHz is compact enough to be included in a USB dongle.
Another novel work is the design of a reconfigurable antenna based
on the concept of active Artificial Magnetic Conductor ground plane.
In this proposed antenna, the resonant frequency of the coplanar an-
tenna can be reconfigured by using an active AMC ground plane

173
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whose reflection phase is controlled by the status of the RF switches.
Moreover, additional resonant frequencies were induced using the
coplanar antenna as a main radiator and the AMC as a coupled ele-
ment, which behave similar to an antenna of stacked structure.

The proposed antennas presented in this thesis work either have
compact size or low profile with moderate bandwidth and high ra-
diation efficiency. Furthermore, the antennas are completely planar,
which makes them easy to be fabricated with low cost. It is impor-
tant to point out that in the studies of reconfigurable antennas, the
RF switches were substituted by a short microstrip line to mimic the
case that the switches are ’ON’ and a small gap to mimic the case
that the switches are perfectly ’OFF’. This simplifies the fabrication
process; however, it ignores the additional losses introduced by the
RF switches, which need to be further investigated in future work.

9.2 future work

9.2.1 Electrically Small Antenna with 3D structure

The antenna is one of the most critical components in determining the
performance of the communication system. Besides being capable of
supporting multiband operation, it is also important that they have
low profile, be compact, lightweight and easy to fabricate because of
the industry requirements. Based on the definition from Wheeler and
Chu, it can be referred that the fundamental limits of an antenna can
be approached if the antenna has a structure that can better make
use of the sphere that surrounds it. This means that in order to fur-
ther reduce the size of the antenna, it is necessary to adopt a 3D
structure. Although there exists many designs that bent the antenna
structure to reduce the volume occupied by the antenna, it is believed
that the miniaturization of such designs can still be improved. In this
thesis work, all of the antennas are designed to have a simple planar
structure with the consideration of easy fabrication. The techniques
proposed in this thesis work can be utilized with the concept of 3D
antenna design to further reduce the volume of the antennas. It is
important to emphasize that there is always a trade-off between the
antenna volume and its radiation performance. Figure 167 present
two different electrically small antennas designed for the car key ap-
plication at 868 MHz.

Both of these two antennas are designed for the remote car key
under the Zigbee standard at 868 MHz. The antennas are designed
on an inexpensive Fr4 substrate with dimensions of 10 mm × 10 mm.
The thickness of the substrate is 1.6 mm for the first design and 0.8
mm for the second design. The main differences between these two
designs is that the 1st antenna only uses a planar structure whilst the
second design has a 3D wrapped structure. Figure 168 presents the
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simulated return loss of both antennas. It can be seen that from the
simulation results, both antennas have promising bandwidth at the
desired frequency.

(a)

(b)

Figure 167: Two electrically small antennas designed for the car key applica-
tion at 868 MHz. (a) Design 1, which has a planar structure; (b)
Design 2, which has a 3D structure
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Figure 168: The simulated return loss of both proposed electrically small
antennas
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However, in the aspect of radiation efficiency, the simulation re-
sults show that for the 1st design, the radiation efficiency is only 1%
whereas for the 2nd design the radiation efficiency can reach 16%.
The trade-off between the antenna volume and antenna radiation per-
formance as well as the advantage of using a 3D antenna structure
is quite clear from this point. Table 9 presents the calculation of the
quality factor of each antenna and its theoretical lower bound, which
shows that the 2nd design has a quality factor very close to the Chu’s
limits. Therefore, in order to further reduce the size of the antenna
whilst maintain its good radiation characteristics, employing antenna
of 3D structure with acceptable fabrication complexity should be fur-
ther investigated.

Table 9: The quality (Q) factor of the designed two antennas

Antenna 1 Antenna 2

-10dB Bandwidth 20 MHz 9 MHz

Radiation Efficiency 1% 15.8%

Quality Factor (Q) 34 69

Q Lower Bound 4.9 59.6

9.2.2 Multiband Compact MIMO Antenna Array

Another field that needs to be further investigated in future is to de-
sign compact multiband MIMO antenna arrays. Both the 4G mobile
network (LTE) and the recently announced IEEE 802.11n standard re-
quire the wireless devices to support MIMO. To place one antenna ar-
ray on a portable device, it is important to keep the isolation between
each antenna at a promising level. Take LTE system as an example,
one of the suggested frequency bands in Europe is 900 MHz whilst
in America it is required to have a lower band operating at 700 MHz.
Given the fact that in a portable device the distance between each an-
tenna element has to be relatively small compared to the wavelength
at the desired frequency and since it is also desirable to have one
antenna or antenna array that can operate at WLAN and WiMAX fre-
quencies, it is important to be able to design very compact MIMO
antennas array that can operate at six or even more frequency bands.
This is a challenge that has not been solved yet.

To design such a compact antenna array for a portable device, the
antenna element itself must be of compact size. In this thesis work,
it has been proved that the use of either fractal geometry or chip in-
ductor into the antenna design can result in multiband antennas with
reduced or even electrically small size. Is it possible to employ these
techniques into the compact antenna array design? In order to make
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use of the available volume, it is necessary to ‘wrap’ the antennas to
obtain a three-dimensional structure. As a result, it is necessary to as-
sess the impact of bending the radiation element on a normal planar
fractal antenna. Another solution that can be introduced into the an-
tenna array design is to embed the chip inductors on the single radia-
tion element, which has been studied in this thesis work and proved
to be an effective method to reduce the size of one single antenna.
With respect to improve the isolation between each antenna, espe-
cially at multiple frequency bands, more innovative techniques are re-
quired. It is shown that introducing the reconfigurable method to the
neutralizing technique, a compact dual band antenna array with high
isolation can be implemented. Is it possible to achieve high isolation
at three or even more frequency bands by adding extra RF switches
on the radiation element, feeding line or ground plane besides on the
neutralizing line? Under this configuration, one frequency tunable
antenna with a reconfigurable neutralizing line might be achieved af-
ter suitable optimization, including the location of the RF Switches,
lumped elements and the input impedance matching at multiple res-
onant frequencies. This is one direction that is worth exploring both
theoretically and experimentally.

To the date of writing this thesis, one of the first published designs
of the multiband antenna array for LTE applications was presented
in [109]. In that design, both antennas were located at the bottom of
the PCB board and the distance between antennas is relatively small
compared to the lowest resonant frequency, which is 700 MHz for
LTE standard. There are two things needed to be highlight in this de-
sign. Firstly, the size reduction of both of the antennas were achieved
by wrapping the resonant element to form a 3D structure and em-
bedding one chip inductor on the antenna to induce the lowest res-
onant frequency. Secondly, the high isolation between the antennas
was reached by adding one protruded ground plane. The results pro-
vided in [109] show that the proposed antenna array can perform
LTE MIMO operation in the LTE700/ 2300/2500 bands. Although
that this antenna array does not cover all the required LTE bands, it
shows clearly that to achieve a compact multiband antenna array, dif-
ferent antenna and antenna array miniaturization techniques need to
be implemented simultaneously.

Metamaterial inspired antenna is another interesting field that worth
investigating further. Electromagnetic band gap (EBG) material and
artificial magnetic conductor (AMC) have already been widely em-
ployed in the low profile antenna design with increased radiation
performance. However, the use of periodic structures will lead to
a relatively large overall volume, which is not suitable for antenna
miniaturization. Therefore, future trends of using such artificial ma-
terials into the compact antenna design should employ less or sin-
gle metamaterial cells to design double negative (DNG) zeroth order
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resonator (ZOR), a subject which have attracted much research in-
terest. Theoretically the size of one antenna designed using ZOR is
not proportional to its corresponding wavelength, which can be ad-
vantageous to design antennas for low frequencies applications. It
is also known that metamaterial can also be employed to suppress
the propagation of surface waves, which is one of the first applica-
tions of such artificial materials. Then, using metamaterial inspired
antenna to design compact antenna array with high isolation becomes
another possible approach. The surface wave suppressing brought by
the metamaterials has been widely studied; however, the operation
of the metamaterial inspired antenna is still not well understood and
requires to be further investigated. One key issue for the design of
metamaterial inspired antenna array is how to make the operational
frequency band of the antenna and surface wave suppressing band of
the metamaterial to be within the same frequency region. One more
challenge is that, looking at the existing publications, it is found that
the metamaterial inspired antenna reported to date have a relatively
narrow bandwidth, which needs to be improved in future work.
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