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Preface

This is the first book to really present a concerted technology road map on antenna
advancements for mobile communications ranging from 3G to 5G and beyond,
including design requirements, practical performance, and future market trends.
This provides a concrete platform for discussing the requirements for legacy and 5G
antennas, and candidate designs that are actively investigated on this topic, including
design considerations, engineering design, measurement setup and methodology,
and practical applications, are all covered in depth.

This book is a result of the editor’s vast experience in RF and antenna design,
who has collaborated in research projects at the European level designing antennas
for 3G and 4G systems, as well as working closely with the industry on designs that
have resulted in real products. Key examples include dual-band, broadband, and
ultra-wideband antennas for UK industry such as Yorkshire Water plc, Harvard
Engineering PLC, Seven Technologies Group Ltd, Two World Ltd, Hawkeye
Industrial IETG Ltd, Pace plc (now known as Arris PLC), and Quadrifilar helices
for satellite applications in collaboration with the former Surrey Satellite Technology
Centre, UK. Moreover, the editorial team are now training tomorrow’s researchers
on antenna design at the international level, where they are coordinating a major
training network under the MCSA (Marie Curie) instrument. The SECRET project
(Project ID: 722,424) aims to develop young talents in the field of antenna design
toward developing miniature antennas for 5G applications.

This book aims to provide a good reference for practicing engineers and
under-/postgraduate students working in this field. The book will include simple
fundamental concepts, as well as current market applications in order to provide a
base on which the interested reader can either acquire new knowledge on antenna
design or provide a platform for developing practical antennas for modern-day
mobile applications. This book will serve as a useful tool for researchers (academia
and industry) to draw inspiration toward the design of innovative antennas for
next-generation systems targeting 5G and beyond. This book provides the inspira-
tion for stakeholders (academia and vendors) to build new project proposals on this
highly evolving field. Antenna design requirements in legacy and future emerging
communication technologies are given, including practical prototype examples
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with performance analysis. This can provide an insight on the current state of the art
and help identify the missing gaps in order to develop innovations.

The scope of the book will highlight technology trends and challenges to trace
the evolution of antenna design starting from third-generation phones toward the
latest release of LTE-A and 5G. We will understand how the simple monopole and
whip antenna from the GSM years have evolved toward what we have today, an
antenna design that is compact and multiband in nature and caters for multiple
elements on the same patch to provide high-throughput connectivity. Therefore, the
book targets a broad range of subjects, including the microstrip antenna, PIFA
antenna, and the dipole and printed monopole antenna. The book discusses basic
and advanced concepts of the abovementioned antennas, including design proce-
dure, requirements, challenges, and recent applications targeting 3G and 4G mobile
systems. Beyond that, we then take a step into the future and look at antenna require-
ments for 5G communications. The 5G drive is in place, with prominent scenarios
and use cases emerging. We examine these and put in place the challenges that lie
ahead for antenna design, particularly in mm-wave design.

The key technology trends in antenna design as part of the mobile communication
evolution have mainly focused on multiband, wideband, and MIMO antennas,
accompanied by balanced designs, and the organization of the book is such, where
the editors provide 16 self-contained chapters that guide the reader through the
evolution of antenna design, initiated by GSM, driven by legacy 3G and now 4G
systems, and a forecast as to where the next step in antenna design will take us, in
particular:

Chapter 1 (“Fundamentals of Antenna Design, Technologies, and Applications’)
reviews the concepts, requirements, challenges, and the evolution of antenna tech-
nologies, driven by subsequent releases of mobile generations from legacy 3G
(third-generation mobile systems) toward the latest release in LTE-A. In particular,
we provide concrete and practical examples of widely adopted multiband, wideband,
MIMO, balanced, and mm-wave antenna technologies for current 3G and 4G mobile
systems. Issues including design considerations, engineering design, measurement
setup and methodology, and practical applications are all covered in depth.

Chapter 2 (“Dual-Band Planar Inverted F-L Antenna Structure for Bluetooth and
Zigbee Applications”) presents and analyses low profile and dual-frequency inverted
L-F antennas for the operating frequency bands related to IEEE 802.11a/b/g,
Bluetooth, and ZigBee standards and the optimal design providing a compromise
between size reduction and attainable bandwidth. The antenna consists of an
F-shaped radiator and L-shaped parasitic element with the optimum (minimized)
volume of 30x 30 x 8 mm?, thus making it compatible with installation on portable
wireless electronic devices. By controlling the geometry parameters of the radiator,
the lower resonant operating band can be tuned to achieve 8% bandwidth. Likewise,
by optimizing the geometry parameters of the parasitic element, the upper operating
frequency band can reach the required 12.2% bandwidth. Both the simulated and
measured characteristics of the proposed antenna are in good agreement.

Chapter 3 (“Double-Monopole Crescent-Shaped Antennas with High Isolation for
WLAN and WiMAX Applications”) provides planar double-antenna design layouts,
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where we demonstrate potential use cases for WLAN and WiMAX. Each antenna
has the form of a crescent-shaped monopole structure fed by a microstrip line. The
lengths of the two arcs are designed to resonate at 2.45GHz and 3.5GHz to comply
with the WLAN and WiMAX standards, respectively. The two monopoles have a
small separation of 9 mm (0.07354, at 2.45GHz). Various techniques are proposed
for the reduction of the mutual coupling between the two closely spaced antennas
by etching a slot in each of the microstrip line feeding them. The slots are folded to
the shape of either two interlaced U letters or an S letter to conserve length of the
feed lines. In each antenna, the slot is tuned to resonate at the operating frequency
of the other antenna, so that the other frequency is notched out. Four configurations
are investigated to obtain increased isolation between the two antennas. The antenna
performance was investigated by simulation using CST Microwave Studio software.
The results show that the proposed methods can reduce the envelope correlation
coefficient by 35-fold at the 2.45 GHz and 21-fold at the 3.5GHz frequency bands.
Measured S-parameters verified the simulated results.

Chapter 4 (“Electrically Small Planar Antennas Based on Metamaterial”)
addresses a number of planar antennas with several shapes, which are loaded with
different types of metamaterial such as SRRs, ZOR, and ZOR-TL. These approaches
were used and studied in order to exhibit the miniaturization effect. The proposed
antennas can provide dual-band operation, the first one is a Wi-Fi band at 2.45 GHz
having an impedance bandwidth of 150 MHz, and the second one is an ultra-wide
band extended from 4.2 to 6.5 GHz. All the proposed antennas have demonstrated
and proved that the presence of metamaterial and EBG in the antenna can produce
miniaturization effect from 10 to 25% and can produce a radiation pattern gain from
47 to 68.9% (in the case of SRR inclusion). These antennas are generally applied for
wireless communication (WLAN and WiMAX).

Chapter 5 (“Impact of Microstrip-Line Defected Ground Plane on Aperture-
Coupled Asymmetric DRA for Ultra-Wideband Applications™) presents a compact
dielectric resonator antenna (DRA) for shifting wideband applications with
microstrip line antenna on a defected ground plan. One to five cylindrical dielectric
resonators, which are asymmetrically located with respect to the center of a rectan-
gular coupling aperture, are fed through the aperture of the defected ground plan.
By optimizing the design parameters, a design has been proposed with an imped-
ance bandwidth covering the frequency range from 2.92 to12 GHz, with a simulated
gain of 10 dBi. The simulated design details of the proposed antennas and results
are presented and discussed, with emphasis on the defected ground structure tech-
nique to enhance the impedance bandwidth of the patch antennas and overall circuit
performance.

Chapter 6 (“Simple and Compact Planar Ultra-Wideband Antenna with
Band-Notched Characteristics™) discusses the phenomena of frequency interfer-
ence that is faced in UWB antennas. A printed monopole ultra-wideband (UWB)
antenna with frequency band-notched characteristics is proposed and investigated.
The antenna consists of a hexagonal patch structure with a small stub. To achieve
the frequency band-notched characteristics, slot etching on the surface of the radia-
tor was proposed. Multiple slits can be employed to realize multiple frequency
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band-notched characteristics. Two models are designed and tested. The first is a
single band-notched UWB antenna, whereas the second is a dual-band-notched
UWB antenna. The results also confirm the proposed UWB antenna design can
achieve superior dual-band-notched performance at desired frequency bands.

Chapter 7 (“Miniaturized Monopole Wideband Antenna with Tunable Notch for
WLAN/WiMAX Applications”) introduces the concept of frequency tuning. A tun-
able band-notched printed monopole antenna is presented, exhibiting a wide imped-
ance bandwidth from 1.5 to 5.5 GHz with good impedance matching (VSWR_2)
and a tunable rejected frequency band from to 3.87 GHz. The band notching is
achieved by adding an inner chorded crescent element within a driven element of
similar shape. By varying the value of the varactor, which is placed between the
inner and outer arcs, the desired variable rejected can be obtained. Simulated and
measured results show wide impedance bandwidth with a tunable band notch, stable
radiation patterns, and almost constant gain. The antenna is suitable for mobile and
portable applications.

Chapter 8 (“Miniature EBG Two U-Shaped Slot PIFA MIMO Antennas for
WLAN Applications™) proposes a compact dual U-shaped slot PIFA antenna with
electromagnetic bandgap (EBG) material on a relatively low dielectric constant sub-
strate. Periodic structures have found to reduce mutual coupling and the separation
of the antenna and ground plane. In this chapter, a design with EGB material suit-
able for a small terminal mobile handset operating at 2.4 GHz was studied. Simulated
and measured scattering parameters are compared for U-shaped slot PIFA antenna
with and without EBG structures. An evaluation of MIMO antennas is presented,
with analysis of the mutual coupling, correlation coefficient, total active reflection
coefficient (TARC), channel capacity, and capacity loss. The proposed antenna
meets the requirements for practical application within a mobile handset.

Chapter 9 (“Compact MIMO Antenna Array Design for Wireless Applications™)
introduces an alternative approach to design a small MIMO antenna by exploiting
multiple polarizations in the signal pathways (for a single conventional channel
covering a limited range of frequencies). Discrimination of the different polar-
izations then requires antenna elements responding principally to each of the
orthogonal polarizations, but these elements can be physically very closely located,
in contrast to the spatial diversity approach, leading to the possibility that they could
be integrated in a handset without a significant increase in its volume. Within this
chapter, a concept will be developed by investigating the possibility of discriminat-
ing magnetic-field components as well as electric-field components and developing
antennas that are very compact and amenable to production by modern printing
methods. The theory and results from prototype studies of this work are presented.

Chapter 10 (“Compact Wideband Printed MIMO/Diversity Monopole Antenna
for GSM/UMTS and LTE Applications”) presents a printed crescent-shaped mono-
pole MIMO diversity antenna for future wireless communication systems. The port-
to-port isolation is increased by introducing an I-shaped conductor symmetrically
between the two antenna elements and modifying the ground plane shape. Both the
computed and experimental results confirm that the antenna possesses a wide
impedance bandwidth of 54.5% across 1.6-2.8 GHz, with a reflection coefficient
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and mutual coupling better than —10 and —14 dB, respectively. By further validating
the simulated and the measured radiation and MIMO characteristics, including the
far-field, gain, envelope correlation, and channel capacity loss, the results show that
the antenna can offer effective MIMO/diversity operation to alleviate multipath
environments.

Chapter 11 (“Compact Wideband Balanced Antenna Structure for 3G Mobile
Handsets”) introduces a wideband balanced antenna for mobile handsets covering
three bands—GSM1800, GSM 1900, and UMTS. Balanced antennas have advan-
tages in handset applications as they are less affected by juxtaposition with human
tissue than unbalanced types. The antenna is a slotted planar dipole with its arms
folded and not connected at their ends. The antenna is fed by a balanced voltage
source. The antenna impedance will be investigated. For the purpose of antenna
stability evaluation and power gain measurement, a wide bandwidth planar balun
would be adopted and modified to feed the antenna from an unbalanced source. For
validation, prototypes of the antenna are fabricated and tested.

Chapter 12 (“Coplanar-Fed Miniaturized Folded Loop Balanced Antenna for
WLAN Applications”) presents a novel balanced rectangular loop antenna, having
an ungrounded coplanar waveguide (CPW) feed configuration and a folded struc-
ture at both ends. This antenna is designed for operation over the 2.4 GHz and
5 GHz WLAN frequency bands. Bond-wire bridges are used along the CPW feed
line to ensure the same potential across the CPW ground planes. The self-balancing
structure that can be realized in a loop antenna offers operation without the need of
a separate balun for connection to an RF source.

Chapter 13 (“Performance of Dual-Band Balanced Antenna Structure for LTE
Applications”) studies the balanced structures, which are a good choice because of
their property to mitigate the degradation caused by the human body and reduced
SAR effect. Furthermore, current in the ground plane is remarkably reduced because
of the differential current flow in the dipole antenna arms. Most of the state of the
art pertaining to balanced antennas covers either the GSM 900, GSM1800,
GSM900/1800 and WLAN, or GSM and WLAN. This means that none of afore-
mentioned balanced antennas have met the objective of this work, especially at the
lower band of LTE (700 MHz). Thus, this chapter presents an antenna design that
can cover the lower and higher bands of LTE, namely, 700/2600 MHz, while main-
taining a compact volume and good performance.

Chapter 14 (“Millimeter-Wave Pattern Reconfigurable Antenna”) focuses on pat-
tern reconfigurable antenna array operating at 60 GHz. The radiation pattern from the
proposed antenna array is controlled by activating each element in the antenna array
one by one, resulting in a unique predefined radiation pattern associated with each
antenna element in the array. The design process starts with a conventional microstrip
patch antenna (MPA) on Roger RT/duroid 5880 substrate. The performance of the
conventional MPA is enhanced in terms of bandwidth and gain by integrating an
extended hemispherical Teflon lens to MPA geometry. Finally, the modified MPA
with lens is utilized to construct a 15-element array having a wide-angle beam
scanning capability in the azimuth plane.
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The array covers 5 GHz (57.5 —62.5 GHz) bandwidth with similar radiation pat-
tern characteristics. The 3 dB beamwidth of each array element is found to be 24°
with gain higher than 15 dB. By activating each array element, one by one, while all
others are terminated by 50 Q matched load, the antenna beam can be switched,
resulting in a beam scanning capability with full 360° coverage in the azimuth plane
(8 = 90°). The design is validated by developing and testing a prototype. The com-
parison between the simulated and measured results is presented which are found to
be in good agreement. The presented design is a possible candidate for some com-
munication and radar systems, especially in the area where beam steering and
anti-interference capabilities are required.

Chapter 15 (“Wide-Angle Beam Scanning Antenna at 79 GHz for Short-Range
Automotive Radar Applications”) emphasizes on antenna array integrated with
cylindrical dielectric lens operating at 79 GHz. The element in the antenna array
consists of planar log periodic dipole antenna (PLPDA) implemented on quartz
substrate. The gain of PLPDA is enhanced by integrating it with cylindrical dielec-
tric lens, and beam switching is achieved by activating each element in the antenna
array one by one, resulting in a unique predefined radiation pattern associated with
each antenna element in the array. The array covers 4 GHz (77 —-81 GHz) bandwidth
with similar radiation pattern characteristics. The 3 dB beamwidth of each array
element is found to be 10° with gain higher than 15 dB. By activating each array
element, one by one, while all others are terminated by 50 Q matched load, the
antenna beam can be switched, resulting in a beam scanning capability of full 180°
in the azimuth plane (6 = 90°). The design is validated by developing and testing a
prototype. The comparison between the simulated and measured results is presented
which are found to be in good agreement.

Chapter 16 (“Terahertz Communications for 5G and Beyond”) explains the defi-
nition of the terahertz frequency spectrum, which has been extended over a wide
frequency bandwidth between 0.1 and 10 THz; however, generally, it is confined by
the ITU regulation between 300 GHz and 3 THz bandwidth. This concluding chap-
ter will not only address the practical applications of terahertz communications but
also identify the research challenges that lie ahead in terms of THz antenna design.
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Evolution of the Mobile Antenna: 3G, 4G
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Chapter 1
Fundamentals of Antenna Design,
Technologies and Applications

Issa Elfergani, Abubakar Sadiq Hussaini, and Jonathan Rodriguez

1.1 Introduction

In recent years, the development of telecommunication technology has brought
many challenges to wireless systems, especially in the antenna domain. The signifi-
cant role of the antenna development has to be considered carefully and extensively
since the antenna is a very important part of the wireless system. Nowadays many
different frequency bands in telecommunication systems are emerging; thus multi-
band antennas are becoming the standard to cover mobile technologies ranging
from 2nd to 4th generation and including wireless fidelity (Wi-Fi). However, the
new future releases of long-term evolution (LTE) are heading towards the lower
frequency bands, providing the impetus for new antenna design requirements that
can operate over a wider frequency band, and be integrated within the typically
confinements of mobile handsets. In the first generation of mobile phones, the
majority of global system mobile (GSM) handsets used an external antenna such as
a helix, monopole (also called a whip) or a helix-plus-whip combination. However,
internal antennas were gradually introduced to facilitate more flexibility in the
industrial design as well as to reduce the specific absorption rate (SAR). Typically,
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there are now mainly two kinds of internal antennas used in mobile phones: the
planar inverted-F antenna (PIFA), microstrip antenna and the ungrounded mono-
pole type.

Very recently, mobile stakeholders have been investing significant research effort
towards LTE Advanced (4G plus) that is able to provide higher data rates to end
users by improving spectral efficiency, deploying more base stations and/or aggre-
gating more spectra. While some of the LTE enhancements, such as advanced
multiple-input multiple-output (MIMO), coordinated multipoint (CoMP), heteroge-
neous networks (HetNets) and carrier aggregation (CA), have the capacity to deliver
additional capacity needed to sustain the traffic surge for the next few years, none of
them is seen as a viable solution to support the huge influx of traffic that is fore-
casted for the mobile market in 2020. This provided a trigger towards the 5th gen-
eration era and yet again a new perspective to antenna design. In 5G, the research
community is scanning the already congested spectrum for new slots that is able to
accommodate the foreseen surge in traffic demand and has identified the underuti-
lised millimetre-wave (mm-wave) frequency bands as a viable option. Historically,
mm-wave bands were ruled out for cellular usage mainly due to concerns regarding
short-range and non-line-of-sight coverage issues. However, with 5G tending
towards the deployment of small cells to provide islands of high-speed connectivity,
mm-wave seems to be in fashion again.

Recently, antennas are needed in almost every application related to radio
engineering. A high growth in applications at different radio frequencies or radio
interfaces (future emerging 5G paradigm) is providing strict design requirements
on the antenna structure; the shape and size are strongly dependent on the fre-
quency and the purpose of use. Therefore, within this chapter we introduce each
antenna design driven by the concept, requirements, challenges and application,
which will be reflected in the organisation of this book according to the follow-
ing sections.

1.2 Multi-Band Antennas

The remarkable progress in mobile communication systems has proportionally led
to the advancement of antenna systems in the recent decade. The typical mobile
communication system has rapidly evolved, emerging from analogue systems to
integrated digital systems fully capable of multimedia transmission over several
frequency bands.

The evolution in mobile systems was paralleled by the rapid evolution in the
semiconductor industry leading to advancements in mobile handset devices. In
addition, keeping these devices look visually eye-catching, they must be ergonomi-
cally sound. In another words, such devices are necessary/required to be designed
as slim as possible, i.e. not only in the plane parallel to the screen but also in the
thickness. These design requirements had greatly influenced prevailing internal
antennas over external application. Therefore, the trend was towards developing
new-generation antennas suitable not only for supporting heterogeneous systems

vww.ebook3000.con)



http://www.ebook3000.org

1 Fundamentals of Antenna Design, Technologies and Applications 5

operating on multiple frequencies but also to have conveniently small antennas
integrated onto your mobile handset leading the way towards the notion of multi-
band antennas.

1.2.1 Multi-Band Antenna Concept, Requirements
and Techniques

Lately, the wireless technology has witnessed rapid and massive alterations/modifi-
cation in terms of spectrum allocation, policies and methods of operations and
approaches with the purpose of improving the performance of the wireless system
as whole. Due to the enormous sophisticated studies and investigations, several
wired applications have been switched into wireless, for instance, wired local access
network (LAN) is converted into a wireless counterpart. Moreover, recently and due
to the remarkable progress in integrated technology, it has become feasible to bring
together numerous different applications operating at different channels within only
one single wireless device. Accordingly, having multi-band antennas capable of
covering several wireless signal standards is now a pivotal design requirement.

Wireless device terminology considers the antenna that covers more than one of
the wireless communication bands as a multi-band antenna. For instance, an antenna
that simultaneously covers two distinct bands encompassing frequencies of 170-
2020 MHz and 2100-2700 MHz is considered a four-band or quad-band antenna
because it provides coverage of International Mobile Telecommunications (IMT)
2.1 GHz (2.110-2.170, 1.920-1.980), DCS 1800 (1.805-1.880, 1.710-1.785),
2.6 GHz (2.620-2.690, 2.500-2.570) and 2 GHz S-band (2.180-2.200, 2.000-
2.020). Therefore, antenna designers are recently facing huge challenges to design
a single antenna element that can cover several wireless communication bands.

Multi-band antennas have drawn the attention of many operators for use in their
network, due to the requirements and challenges of 2G/3G/4G co-existence. To
design a single element antenna that operates over varied mobile channels such
as LTE700MHZ, GSM900/1900MHZ, UMTS2100MHz, WLAN2400MHz and
LTE2600MHz, antenna companies are required to come up with multi-band anten-
nas to match different customers’ requirements. For example, to model and design
a790-960/1710-2690 MHz wideband antenna, it must work over the main applica-
tions of 2G, 3G and FDD LTE. Also, to construct a 1880-2690 MHz antenna, it
should operate at TD-SCDMA and TDD LTE applications to meet the multi-
operator demands.

In recent times, many interesting and novel concepts and techniques have been
developed to achieve multi-band antenna design to cover many wireless communi-
cation standards such as GSM, DCS, CDMA and PCS [1, 2]. Due to the quite high
number of work devoted to proposing novel, beneficial avenues/techniques towards
multi-band design, a detailed overview can hardly be done, and any layout can be
hardly proven as the original one. For illustration, we have selected most recent
published works with common methods.
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For example, by simply creating slots within the radiator structure such as the
U-slot patch antenna [3], multi-band function was achieved, by etching the asym-
metric U-slot patch antenna with a narrow probe. This antenna layout has advan-
tages of size reduction as well as enhanced bandwidth compared to the symmetric
U-slot patch antenna.

In [4], multifunctional operation within this antenna was accomplished by creat-
ing a rectangular slot over the top of the radiator along with a T-shaped feed patch,
an inverted T-shaped stub and two E-shaped stubs. Constructing an antenna with the
above-mentioned procedures was sufficient to generate four bands within only one
antenna element for use in GPS/WiMAX/WLAN application.

Employment of fractal shape antenna in [5] contributed towards generating
multi-band frequencies. The proposed antenna with the fractal techniques was made
to operate at six different resonant frequencies in X, Ku, K and V bands.

An investigation carried out in [6] was to show a new parasitic-element design
for multi-band antenna, which employs the parasitic stub as the main radiator and
the driven stub as a choker. This antenna structure operates over several mobile
services such as GSM, GPS, DCS, PCS, UMTS and LTE 2300/2500.

Authors in [7] exploited the benefits of using metamaterial to achieve the desired
negative permeability bands, which helps towards converging triple different fre-
quency bands within a single device. Moreover, this technique has led to the signifi-
cant reduction of the device structure. This design satisfies the demands of WLAN/
WiMAX applications in a single device.

Exploiting the gridded ground plane [8] can be an effective way to accomplish
multiple functions within one PIFA without modifying the antenna geometry and
increasing the handset volume. Such a gridded ground plane was used for both size
reduction and multi-band operation. This PIFA antenna can be integrated to operate
for several mobile applications such as Bluetooth/ WLAN, WIMAX and 4G
(UMTS2100, LTE).

Antenna with different hybrid modes [9], a hybrid cylindrical dielectric resona-
tor antenna (CDRA) was designed and implanted within this work. The radiator was
designed to form a ring-shaped patch. In addition, an inverted-L strip was utilised to
excite two different hybrid modes. This helped the proposed antenna to operate in
several bands for use in 2400 MHz of the lower WLAN and 3600 MHz of WiIMAX
applications.

The entire antennas with several techniques in [1-9] have fixed multi-band opera-
tion, in which antenna cannot be altered once fabricated. However, some other adap-
tive techniques such as the use of PIN diodes, MEMS switches and varactor diodes
are used for multi-band operation [10-13]. By using these methods, the frequency
bands can be electronically tuned/modified according to the desired band without
changing the antenna geometry or structure. For instance, in [10] a switchable fre-
quency response (multi-frequency bands) was accomplished by attaching a PIN
diode within the antenna ground plane. By altering the state of this diode between
OFF and ON modes, the proposed antenna is capable to seamlessly tune between
WLAN and a tri-band at Bluetooth, WiMAX and upper WLAN applications.

Another electronic tuning avenue is to use RF MEMS switches. In [11], the
authors have designed C-shaped patches loaded with a dipole antenna. The pro-
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posed antenna without the loaded RF MEMS can operate at the 1.2275 GHz for
GPS applications, while it can be considered a dual-band antenna when it is being
loaded with an RF MEMS switch to meet the UHF band (850 MHz-930 MHz) and
ISM band (2.41-2.54 GHz) required in RFID applications. The RF MEMS are used
to switch the slots ON and OFF for different frequency bands. This provides tri-
band response in the reported frequency range.

Both ways of tuning the aforementioned antenna designs (PIN and RF MEMS)
are said to be under the category of discrete tuning option. However, there is another
complementary approach based on continuous tuning using a varactor diode. Works
in [12] show that by tuning the attached varactor diode, a wide continuous fre-
quency range from 1.7 to 2.05 GHz can be achieved. This will cover multiple fre-
quency bands for use in various applications.

1.3 Wideband Antennas

In recent times, due to the enormous progress and growth of the mobile market, this
has led to a competitive global market, which in turn has been driven by huge
demand for a rich set of wireless communication services and that places stringent
design requirements on the antenna layout with emphasis on key features such as
compactness, wideband and good radiation performances. The broadband antennas
have the capability to cover different frequency bands to allow compatibility with
modern-day communication platforms and future emerging technologies. For this
reason, wideband antennas are favoured since they are able to reduce the complex-
ity, as well as the cost and size of the whole system, in contrast to traditionally
deploying multiple antennas for different applications. Moreover, compact and slim
wideband internal antennas are favoured in the modern mobile handset industry. In
fact, the preferred antenna for contemporary wireless communications is required to
operate over different services such as DVB band (530 ~ 860 MHz) [13-15], GSM
band (890 ~ 960 MHz), DCS band (1710 ~ 1880 MHz) [16, 17], PCS band
(1850 ~ 1990 MHz), UMTS band (1920 ~ 2170 MHz), WLAN band
(2400 ~ 2484 MHz) [18, 19] and WiMAX band [3600-3800 MHz]. This type of
antenna called a wideband antenna.

1.3.1 Wideband Antenna Design, Requirement and Challenges
Jor Mobile Applications

Nowadays, to meet the customers’ demand, several wireless communication ser-
vices such as GSM, CDMA, GPS, WCDMA, Wi-Fi and LTE have been swiftly
deployed. On the other hand, the key challenge for the wireless devices, such as
mobile handsets to support all the above-mentioned services, is to incorporate more
than one antenna on the same device to cater for the different frequency spectrums.
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Moreover, such antennas are required to be as small as possible due the size
constraints of the modern mobile device. In this context, the number and the size
of the antennas affect the miniaturisation of wireless communication devices.
Consequently, antennas for mobile devices should be able to operate over multi-
bands or have inherent wide bandwidth characteristics, while keeping the compact
size.

At the present time, portable devices, such as mobile handsets, have been
profoundly integrated into our life in the first instance; 3G platform was the ‘new
boy on the block’ providing a real choice to GSM. However, now 4G is a reality,
providing higher connectivity speeds and more efficient communication in terms of
spectral efficiency while also enhancing the use cases to relaying and group mobil-
ity. Therefore, it is important for wireless devices to follow evolutionary trends and
to remain practical. In this context, a key challenge is focused on handset design and
compatibility between generations, and beyond that between diverse wireless tech-
nologies, this means that antenna technologies should not only cover the bands of
LTE700/2300/2500 but also operate over the existing mobile services of
GSM850/900/1800/1900, UMTS2100 and WLAN2400MHz. The ideal sense calls
for a single and simple antenna to cover all these frequencies, but practically this
leads to a drop in antenna performance that was originally engineered to operate at
targeted frequencies, while meeting the small size requirement also appears a
challenging task (LTE700/2600/GSM900.1800/UMTS [20-26].

For example, the antenna in [20] operates over GSM900/1800, in [21] an antenna
structure is capable to operate over GSM850/900 and GSM1800/1900/UMTS oper-
ations, while another antenna was proposed to cover the GSM system GSM-900/
DCS-1800/PCS-1900/IMT-2000 in [22]. In [23], the antenna structure covering the
GSM850/900/DCS/PCS operation was designed, and effort to generate a wide
impedance band antenna to support GSM 850, GSM 900, DCS, PCS, UMTS and
2.4-GHz WLAN operations was proposed in [24]. A compact multi-band able to
cover the GSM/DCS/PCS/UMTS/Bluetooth/ WLANs/Wi-MAX band was investi-
gated in [25]; another idea to design a single antenna that operates over the bands of
GSM/UMTS/LTE was indicted in [26].

Therefore, the main challenge faced by antenna designers is to come up with a
compact wideband mobile handset antenna for operating in the spectrum of legacy
GSM, UMTS and the newly deployed long-term evolution (LTE) systems. Therefore,
designing an antenna to secure the performance in the targeted bands still requires
investment.

1.3.2 Wideband Antenna Techniques

Antennas for modern smart mobile phones are characterised by a low profile and
wide frequency bands. The widely used frequency bands for mobile communication
include LTE700 (698-787 MHz), GSM850 (824-894 MHz), GSM900 (880-
960 MHz), GSM1800 (1710-1880 MHz), GSM1900 (1850-1990 MHz), UMTS

vww.ebook3000.con)



http://www.ebook3000.org

1 Fundamentals of Antenna Design, Technologies and Applications 9

(1920-2170 MHz), LTE2300 (2305- 2400 MHz) and LTE2500 (2500-2690 MHz).
The conventional mobile phone antennas mainly include three basic types: PIFAs
(planar inverted-F antennas), printed monopole antennas and printed slot antennas.

Nevertheless, due to the room constraints of the antenna within the smart mobile
handsets, it has become very challenging for the traditional above-mentioned anten-
nas to operate in a wide frequency range, particularly in the lower frequency chan-
nel where it is very demanding to obtain the targeted broad bandwidth compared to
the higher frequency band.

Although several approaches were reported in [13-26] to improve the bandwidth
of mobile antenna, they are still not sufficient to cover all the existing services,
including the GPS band, which is broadly exploited in the contemporary smart-
phones and tablets.

For the above case, studies have been carried out on how to achieve the GPS/
GSM/UMTS/LTE wideband mobile phone antennas with emphasis on accomplish-
ing compact volume by using several wideband techniques.

For example in [27], an antenna design procedure to cover a wide range of fre-
quency from 700 MHz to 2600 MHz was proposed. This antenna is a type of printed
monopole design. The large patch along with the matching network was responsible
for the higher frequencies, i.e. GSM1800/1900/UMTS2100/LTE2300/2500. On the
other hand, the ground planes of both the USB dongle and circuit board created the
lower frequency bands operating over the LTE700/GSM850/900.

In [28], another printed monopole antenna paradigm was investigated. The
antenna design is printed over a ground plane that was slotted exactly underneath
the radiator patch strips. Wide operating bandwidths of 698-2690 MHz can be
realised by the radiating arms that were capable of generating several resonant
modes at about 750, 1000, 1750, 2300 and 2900 MHz. To be more explicit, the
double-branch feeding line was responsible to produce triple resonant modes at
around 1700, 2300 and 2900 MHz to cover the 1710-2690 MHz, whereas two-
resonance modes around the 750 and 1000 MHz to cover the 698-960 MHz were
generated with the aid of the long coupling strip. The proposed small antenna design
can operate over LTE700, GSM850/900, DCS1800, PCS1900, UMTS2100 and
LTE2300/2500 systems.

In [29], this antenna design is based on a printed PIFA shape radiator structure
over the ground plane. The proposed antenna has come up with an idea of having
two patches printed on both sides of a common substrate. These two patches were
joined together by means of two vias. Each of these aims to contribute to impedance
matching at both the upper frequency and lower frequency. The SMA connector is
connected to the top radiating patch. The bottom patch is connected to the ground
through a microstrip line. By exploiting such an effective technique, the proposed
antenna was able to cover a wide range of bandwidth from 1.2 to 2 GHz, which was
suitable to meet different applications such as GPS/DCS/GSM1800/PCS/WLAN/
Bluetooth/ WiMAX/LTE.

In [30], the main layout configuration of the examined antenna constitutes two
strips: the top strips printed over the substrate are the combination of a coupling
strip and a shorted radiating strip, while the meandered line strip was located at the
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bottom side of the dielectric. The bottom meandered strip helps in widening the
overall operating bands by increasing the capacitance between the main radiating
strip and the meandered parasitic strip. Using the joint approaches ensures the
antenna operates over a wide frequency range from 700 to 37,200 MHz, which is
suitable for smart mobile handset applications.

In [31], an antenna with different configuration was proposed. This antenna is a
type of radiator based on a suspended PIFA over the ground plane. The antenna is
placed at the hinge position between the main and upper ground planes of the folder-
type mobile phone. To excite the antenna, a capacitive feed is utilised. With the aid
of this type of feeding technique, a very wide operating bandwidth from 820 to
2345 MHz is achieved. This makes such an antenna structure cover
GSM850/900/1800/1900/UMTS penta-band operation for the mobile phone.

In [32], a wideband antenna is proposed whose configuration is based on an
inverted F-antenna (PIFA) structure along with a coupled feeding approach. The
operating bandwidth of the proposed antenna is from 8§20 MHz to 3 GHz, and this
antenna covers the entire bands of wireless communication applications (GSM850/
GSM900/GPS/DCS1800/PCS1900/WCDMA1700/WCDMA2100/WiBro2350/
Bluetooth (BT)/Wi-Fi/WiMAX2500 and long-term evolution (LTE) 2600).
Therefore, this makes it as an attractive option for current 2G/3G/4G and GPS ser-
vices for portable devices.

1.3.3 Ultra-Wideband Antenna Requirements
and Classifications

The emergence of the Internet had provided a communication platform for a great
variety of services, each one of them with a specific QoS requirement and inherent
mobility through access networks such as GSM, UMTS, WLAN, WiMAX and
LTE. However, services like GPS and Bluetooth communications also provide very
interesting use cases to be supported on portable devices. However, every service
has different requirements in terms of frequency band or even polarisation and
radiation, that in theory requires different antenna structures to be integrated onto a
common handset. Achieving this is not an easy task, considering that the new smart-
phones demand more space for the electronics associated to multiple functionalities
that these terminals offer, reducing the space to accommodate the antenna system.
The solution is to integrate a wideband antenna that does not only operate in the
above-mentioned mobile existing channels but also in synergy with the ultra-
wideband (UWB) spectrum within one antenna design. This kind of UWB antenna
can be used for mobile applications.

One of the main challenges for the implementation of UWB systems is the devel-
opment of a suitable or optimal antenna that meets the UWB spectrum. UWB
antenna is a type of antenna that covers a bandwidth greater than 500 MHz (FCC)
at — 10 dB of the reflection coefficient. UWB antennas gained importance in 2002
when the US Federal Communication Commission (FCC) provided authorisation to
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UWB systems to be commercially used. The FCC allocated the bandwidth of
3.1-10.6 GHz, which is one of the largest bands allocated by the FCC for unli-
censed use [33]. Owing to this large bandwidth and certain important characteris-
tics, UWB antennas have attracted a lot of attention to be used for several applications
such communication, medical imaging systems and security systems. The design
requirements for UWB include:

e Tremendously broad bandwidth requiring up to 7.5 GHz of bandwidth for a
workable UWB antenna.

* UWB antennas are engineered for indoor use and short range, which requires an
omnidirectional UWB antenna in order to provide a promising communication
link between transmitters and receivers.

» High radiation efficiency. Broadly speaking, the power transmitted into space is very
low, thus the radiation efficiency should be as high as possible (70% and above).

* UWRB antenna requires constant group delay. When the UWB antenna is being
analysed in the time domain, the linear phase benefits UWB applications. This is
due to the fact that a linear phase will generate a constant group delay which in
turn assures the transmitted signals and in the case of extremely short pulses will
not impair the signal. This will lead to an effective system performance [33].

In terms of classifications, antennas generally can be classified based on their
radiation pattern and bandwidth. UWB antenna can be categorised as omnidirec-
tional and directional [34, 35]. Omnidirectional antennas, as the name suggests,
have its radiation pattern distributed in all directions, while directional antennas
have concentrated radiation patterns, thus having a high gain in the pointing direc-
tion. Another angle on classifying the UWB antennas is the determination of devices
the antenna should be used for. In practice, antennas for use in base station should
have high gain, while antennas for use in mobile handsets are required to compro-
mise both size and omnidirectional features [36-39].

By investigating the antenna designs in [13-32, 34-39], it was found that they are
either able to operate only over the existing mobile services such as GSM, GPS,
UMTS, WLAN, WiMAX and LTE or only capable to work over the UWB spectrum
from 3.1 to 10.6 GHz. Moreover, due to the constraints pertaining to the room within
the mobile device, it has become unmanageable and impractical to have devices with
several integrated antennas to address the entire spectrum. To address this limitation,
techniques are required that can deliver a compact antenna design that can work on
both existing mobile platforms and extended to UWB frequencies.

1.3.4 Methodology to Join Mobile Services and UWB Services
Antenna for Mobile Application

In many applications, an antenna needs to operate efficiently with wide bandwidth
characteristics. Wideband antennas refer to a classification of antennas with a rela-
tively constant performance over a wide frequency band. Recent trends have seen
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Fig. 1.1 UWB spectrum allocation

the development of wideband antennas receiving much attention to fulfil different
applications in just one single terminal. Single terminals or devices could have
many applications such as GPS, GSM, WLAN, Bluetooth, WiMAX, LTE and UWB
spectrum. The spectrum allocation for UWB is depicted in Fig. 1.1.

However, conventional wideband antennas mentioned in [13-32] may not meet
the full requirements to cover the full host of services such as GPS, GSM, WLAN,
Bluetooth, WiMAX, LTE and UWB spectrum. In fact, the hypothetical single
antenna will struggle to deliver the required performance over the entire frequency
range, and therefore a balancing act is required to trade-off the number of antennas
against performance.

Wideband antennas such as the Vivaldi [40], horn [41], log periodic [42], dipoles
[43] or monopoles [44, 45] are usually found in wideband systems. However, the
monopole antennas are the most common among these types; this is due to their
low profile, light weight and low manufacturing costs that printed monopole anten-
nas are very common in small wireless devices such as mobile handsets. Monopole
antennas (metal-plate and printed) [44, 45] can be modified to provide wide band-
width and omnidirectional features. Popular monopole antenna shapes with
microstrip line and coplanar wave guide feeding approaches are depicted in
Figs. 1.2 and 1.3.

Fundamentally, monopole antennas are composed of two major parts, namely,
the radiator and the ground plane. Generally, the most common avenues to improv-
ing the impedance bandwidth of these antennas are based on optimising either the
antenna’s radiator, ground plane or its feeding structure, whether independently or
in combination.

Thus, several techniques that may contribute towards enhancing the bandwidth
of the printed and metal-plate monopole antenna were reported in [46-51]. This
section will describe the conceptual study on different types of antenna using vari-
ous techniques adopted to achieve ultra-wideband characteristics in the most com-
mon UWB antennas.

In [46], a novel procedure to design a metal-plate monopole antenna which oper-
ates from 1.98 to 10.14 GHz was presented. The proposed antenna mostly consists
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Fig. 1.2 Popular shape of monopole radiators with microstrip feeding technique, (a) circle, (b)
rectangular, (¢) triangular, (d) elliptical
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Fig. 1.3 Popular shape of monopole radiators with coplanar waveguide feeding technique, (a)
circle, (b) rectangular, (c) triangular, (d) elliptical

of two parts, namely, the folded monopole portion and the matching tuning portion.
The folded monopole part was accomplished by bending the rectangular planar
monopole, which helped in improving the bandwidth. The part of the matching tun-
ing was largely contributed in enhancing and controlling the impedance bandwidth
by the very wide frequency range achieved; the proposed metal-plate monopole
structure will be capable to operate over the existing mobile services of GSM 1900,
UTMS, WLAN, WiMAX, LTE as well as UWB services at the same time.

A PIFA monopole antenna configuration was presented in [47]. This antenna was
printed over RF4 substrate and then mounted over a ground plane via a shorting post
to form the PIFA structure. The lower frequency band was generated by a patterned
ground plane with special slots as well as using stubs, while the UWB frequency
was accomplished by means of utilising the taper feeding line. The proposed PIFA
antenna obtained a wide frequency range from 0.8 to 11 GHz, which is suitable for
GSM 900, GSM 1800, WLAN 2400 MHz, Bluetooth, WiMAX, 3G, 4G and UWB
frequency from 3.1 to 10.6 GHz, making it a viable candidate for mobile and UWB
applications.

Another monopole antenna based on the PIFA technique was proposed in [48].
The proposed candidate design achieved an extreme wide bandwidth from 0.8 to
11.5 GHz, recommended to work over the intended mobile phones channels as well
as in the ultra-wideband (UWB) frequency range. As one can note, the feeding plate
of the proposed antenna is reasonably thick compared to the normal feeding plate
used with the PIFA structure. This helps the proposed PIFA to come up with a very
wide bandwidth, namely, from 1.6 to 11.5 GHz. The only issues related to this kind
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of feeding, where the S11 was measured to be less than 6 dB. However, the last
figure of 6 dB has been used in some mobile device antenna. Since the antenna was
intended to be used within the mobile device, the expectation is for the antenna to
cover other existing mobile services such as GSM and GPS. Thus, to use the afore-
mentioned wide frequency range with those mobile services within the same antenna
and at the same time, an additional set of slots over the ground plane was required.
This led to the creation of new low frequency modes, making this candidate
antenna suitable to work at the lower spectrum of the mobile phone frequencies
(GSM and GPS).

The design in [49] suggested a different type of monopole antenna that is based
on the 2D printed monopole. This printed monopole antenna was designed to oper-
ate from 1.7 to 10.6 GHz frequency band, covering the services UMTS (1.9 and
2.1 GHz), WLAN (2.45 GHz) and UWB (3.1-10.6 GHz). This wide frequency
range was met by introducing two high dielectric substrates on both sides. Employing
such approach helps to generate the low frequency mode, while the higher resonant
frequency for UWB operation is produced by feeding the antenna with a wideband
microstrip feeding line.

An idea of designing a compact metal-plate monopole antenna was given in [50].
The antenna comprises two major segments, the upper hollow cylinder and a lower
hollow cone. By carefully selecting the length of both parts, the cylinder and cone,
the antenna was able to work over a very wide bandwidth from 1.8 to 10.6 GHz that
covers the services of the UMTS (Universal Mobile Telecommunication System)
band (1920 2170 MHz) and the 2.4/5.2/5.8 GHz WLAN (wireless local area net-
work) bands for mobile/WLAN dual-mode operation together with the UWB fre-
quency, making the proposed structure a promising candidate for mobile phone
applications.

A compact internal wideband metal-plate monopole antenna suitable for mobile
phone and upper UWB spectrums was presented [51]. Two basic and effective
techniques were implemented to achieve the wide bandwidth characteristics.
These techniques lie in using a bending radiator and asymmetrical two-branch
feeding strip. This in turn will lead to create the desired impedance bandwidth
over a large-scale frequency from 1.8 to 6.7 GHz, making the antenna capable to
cover several bands such as the UMTS band (1920-2170 MHz), 2.4 GHz (2400-
2484 MHz) and the 5.2/5.8 GHz (5150-5350/5725-5825 MHz) WLAN bands for
mobile/WLAN dual-mode operation of a mobile phone. To conclude, such metal-
plate antenna design can be embedded within the casing of a mobile phone as an
internal antenna.

1.3.5 Notch Techniques for UWB Antenna

As mentioned before UWB technology has gained great popularity in the field of
research and industrial applications due to its higher data rate and large BW. Within
this section, many UWB antennas with different structure types have been
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investigated [34-51]. These UWB antenna designs have overcome the main chal-
lenge of designing UWB antennas that are able to satisfy huge bandwidth, since the
matching and energy transmission require to be verified over the entire bandwidth.
However, in wideband applications, interference is a serious problem because of the
low emitted power of the UWB system compared with major narrowband wireless
standards, such as wireless local area network (WLAN) 2.4/5.2/5.8 and worldwide
interoperability for microwave access (WiMAX) 2.5/3.5/5.5. Thus, the UWB
antenna requires a band-suppression feature. Several techniques to create single,
dual or/and triple rejected bands have been introduced [52-60]. In this section,
some of those techniques that were applied to the most common UWB designs
mentioned in previous section will be reviewed.

In [52], the investigation proposed a chorded crescent-shaped printed wideband
antenna suitable for both mobile/wireless and low-band ultra-wide band (UWB)
applications, in which the antenna operates over a wide frequency range from 1.5 to
5.5 GHz, with rejection band generated to suppress the WiMAX 3.5 GHz band. This
notched band was created by etching a tapered sickle-shaped slot in the crescent
element, and carefully optimising the slot locations and dimensions; the final opti-
mum design was able to work over a wideband covering the existing wireless stan-
dards including GPS, iridium satellite band, PCS, DCS, UMTS, WLAN and lower
band UWB (3.1-4.8 GHz), with a notched band feature to suppress the WiMAX
sub-band (3.4-3.69 GHz).

In [53], the authors showed a new study to design a wideband antenna, including
two rejection bands. The first rejection band at the higher frequency was generated
by introducing an inverted strip L, while the second rejection band was produced at
the lower frequency by inserting a U-shape slot. The final optimised antenna covers
the frequency range from 2 to 6 GHz, with dual-band rejection at 3.5 GHz WiMAX
and 5 GHz WLAN.

Another analysis of designing a wideband antenna with dual notched bands was
studied in [54]. The band-rejected function has been produced by inserting strips on
the wideband printed open slot antenna. By wisely selecting the optimum dimen-
sions and positions of the two strips, both single and dual rejected bands can be
easily achieved. The process started by initially introducing one strip over the
printed open slot antenna that was responsible for the first notch to cover the
2.4 GHz WLAN. An additional strip was then inserted with different length, and in
synergy with the previous strip, the second notch was created at 3.5 GHz
WiMAX. This has enabled the proposed antenna to operate over a large bandwidth
from 2 to 6 GHz, except at 2.4 and 3.5 GHz.

The most widely used methods to design notched band printed monopole antenna
involve, for example, [55], which is based on the idea of proposing a compact
printed monopole ultra-wideband (UWB) antenna with a single rejection band. The
design involves a two-step bevelled radiant patch and a truncated ground plane, in
synergy creating wide bandwidth characteristics. Moreover, by etching two sym-
metrical slots along with the microstrip feeding line, the rejection band was gener-
ated at the higher WLAN frequency of 5.8 GHz.
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Another work in [56] presented printed monopole antennas for dual-band operating
modes, namely, 2.4-2.484 GHz for use in Bluetooth applications and 3.1-10.6 GHz
which is suitable for UWB. Afterwards, a stop band at the wireless local area
network frequency (WLAN; 5.15-5.825 GHZ) was generated by placing a mush-
room-like structure near the feed line.

To produce dual-band notches, the authors in [57] have proposed a compact
triangular printed shape UWB antenna with dual rejection bands. Two procedures
were implemented within this study: firstly, by creating a big C-shaped slot at the
bottom side of the radiator and near to the feeding strip, a single stop band at the
WiMAX (3.38-3.82 GHz) was generated, and, secondly, by etching another smaller
C-shaped slot at the top of the radiating patch along with the primary bigger
C-shaped slot, another filtering band at the WLAN frequencies (5.3-5.8 GHz) was
realised. This has led to design of an UWB monopole antenna with two rejection
bands: 3.38-3.82 GHz and 5.3-5.8 GHz for filtering the WiMAX and WLAN sig-
nals, respectively.

Another printed monopole UWB antenna with dual-band notches was presented
in [58]. In this investigation, an elliptical printed shape antenna fed by a coplanar
waveguide for use in UWB application was designed and implemented. Moreover,
dual-band notches were created, the first rejected band was made by embedding an
elliptic arc-shaped slot in the elliptical shape radiator. This will be responsible for
the stop band pertaining to WiMAX 3.5 GHz. The second one was generated by
inserting a compact coplanar waveguide resonant cell (CCRC) over the feeding line.
The rejected band will cover the 5 GHz WLAN band. This concludes that both
rejection bands were designed separately.

However, most of the UWB printed antenna stated above may face some limita-
tions. On one aspect, increasing the size of the antenna may be needed in order to
combine more band-notched elements; this does not comply with the antenna size
reduction requirements for UWB systems. Moreover, some difficulties of UWB
antenna design may be increased if the mutual coupling among band-notched ele-
ments takes place. Lastly, spurious resonance leads to a limited operating band-
width which does not cover the whole UWB band from 3.1 to 10.6 GHz. Therefore,
an effective approach should be provided to adjust the characteristic of each notched
band according to the specification.

Thus, several attempts have been reported to design an UWB monopole printed
antenna that includes going beyond dual-band notches [59, 60]. For instance, an
effort in [59] was to create triple rejection bands. This involves manipulating the
normal uniform width L-slots and converting these into a pair of non-uniform width
L-slots that are symmetrically introduced over the stair shape radiating patch. This
method results in accomplishing dual notched bands at 3.5 and 8.1 GHz, while on
the other hand, another band notch was generated at 5.5 GHz by etching again two
non-uniform width L-slots into the ground.

The challenge of creating a printed monopole antenna operating over the UWB
range incorporating triple rejection bands was reported in [60]. This involves trun-
cating both ends of the ground plane to create a defected ground structure (DGS)
that influences the reactance of the proposed antenna and in turn leads to extending
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the bandwidth by up to 160%. The triple rejection bands, namely, at 3.8, 5.5 and
7.5 GHz, were obtained simply by introducing two L-slits on the antenna PCB with
two pairs of modified bow-shaped slits on the patch.

1.4 MIMO Antenna

The demand for higher data rates in wireless communications due to multimedia
applications and video streaming is always on the rise. With the limited spectrum
and power levels available for current wireless standards, the multiple-input
multiple-output (MIMO) technology was adopted to provide a significant increase
in such data rates via the use of multiple antennas on the user and base station ter-
minals. The design of MIMO antenna systems on the user handset has many chal-
lenges due to the limited size and complexity (price). These challenges become
even more profound when antenna systems are to cover the lower frequency bands
supported by the latest LTE standards with multi-band coverage. Also, challenges
dealing with mutual coupling and field correlation must be addressed.

1.4.1 Multiple-Input Multiple-Output (MIMO) Technology

The tremendous demands for high-speed connectivity seem endless and have been
the driving force behind the evolution of wireless technology. Wireless communica-
tion systems are continuously involving, from the early analogue systems (1G, first-
generation systems), taking a step to the digital world (2G, second-generation
systems), 3G (3rd generation mobile communication) to support data services and
voices through integrated architecture and more recently 4G (4th generation mobile
communication) systems that involve high-speed data connectivity services and
provisioning for future emerging use cases such as proximity-based services and
Internet of Things (IoT).

However, to significantly enhance the data transmission rate, multiple-input
multiple-output (MIMO) technology has been considered as a vital feature of 4G
systems. As ‘a key to gigabit wireless’ [61], multiple-input multiple-output (MIMO)
technology has been regarded as a practical approach to achieve significant increase
in wireless channel capacity and reliability due to its high data rate and high spec-
trum efficiency without the need for additional power or spectrum in rich scattering
environments [62-64].

The MIMO paradigm is playing a pivotal role in a wireless technology. It obvi-
ously can be inferred from the name that it constitutes multiple transmitters and
receivers to simultaneously transfer data streams, either in space multiplexing mode
for increasing data rate transmission or employing space time coding approaches
for data reliability. MIMO technology takes advantage of a radio-wave phenomenon
called multipath where transmitted information bounces off walls, ceilings and



18 I. Elfergani et al.

E XS 5 BLEW A
L GE weless

access point
=
£ GUGET
e .
MIMO Technology
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other objects, reaching the receiving antenna multiple times via different angles and
at slightly different times. The paradigm of MIMO technology is illustrated in
Fig. 1.4.

MIMO technology deals with issue of multipath by employing multiple, ‘smart’
transmitters and receivers with an added ‘spatial’ dimension to significantly improve
performance and range. MIMO technology simultaneously allows multiple anten-
nas to send and receive multiple spatial streams.

MIMO helps the antenna to work in a smart way. This occurs by allowing them
to put together data streams arriving from many different paths and at different
times to effectively increase receiver signal-capturing power. Antennas using the
MIMO technology are also referred to as smart antenna. Smart antennas use spatial
diversity technology. In the case of more antennas than spatial streams, the added
antennas will add receiver diversity and improve coverage range.

To sum up, exploiting the MIMO antenna will noticeably enhance the capacity
of a given channel. To be more realistic, increasing the number of antennas at
both the receive and transmit sides will lead to linearly enhance the throughput of
the channel, each time a couple of antennas (receiver/transmitter) are added to the
system.

1.4.2 MIMO Antenna Concept, Requirements and Challenges

The requirements and challenges in MIMO antenna designs towards their exploita-
tion in portable wireless communication device are focused on how to enhance the
isolation between the antenna elements. Commonly, it is more challenging for engi-
neers to design a MIMO antenna for handset applications than for the base station;
this is mainly due to the size limitations in handheld devices [65, 66].
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The mutual coupling takes place due to a common/shared ground plane as well
as the spacing of the antenna elements. When the mutual coupling is strong, a large
portion of the power fed into one port will be coupled to the other port rather than
radiating to free space; consequently, destructive interference is accomplished. This
entirely depends on the spacing between the antenna elements. In theory, the power
gain is in proportional to the antenna elements; however, the isolation between those
antenna elements decreases when the number of antenna increases. This in turn
leads to high coupling coefficient, which negatively contributes towards lowering
the data rates [67].

The obtained channel capacity from the MIMO antenna system offers numerous
advantages compared to the traditional wireless communication system [68, 69].
However, placing multiple antennas within the area of the small, compact and slim
wireless terminal device has become the key challenge due to mutual coupling.
Thus, a key area of research is decoupling strategies to compensate the performance
degradation in MIMO antennas, while keeping the antenna size as small as
possible.

1.4.3 Decoupling Techniques for Compact MIMO Antennas

Adjacently placed antennas of distance less than A/4 cause high coupling. Mutual
coupling can be minimised by employing the antennas with some separation dis-
tance within the mobile terminal. It can be placed either on the top two edges or one
on the upper part and the other on the lower part. The positioning of the antennas
also disturbs the phase of the coupling currents along with the polarisation of the
radiated fields. The ground coupling and field coupling can be decreased if the adja-
cent antennas are oriented perpendicularly to each other (i.e. 90°). Linearly polar-
ised antennas located orthogonally to each other increase the isolation and provide
polarisation diversity. However, they require a large antenna space and ground.
Generally, the decoupling techniques have been classified into four classes [70],
namely: the eigenmode decomposition scheme, which will identify the scattering
matrix of array antenna structure by using 90° and 180°; inserted component
scheme, which works on the concept of inserting a section of transmission line
between the coupled antenna ports; the third scheme is the artificial structure decou-
pling scheme, which uses sub-wavelength EM structures such as electromagnetic
band gap (EBG) structure, defected ground structures (DGS) and magnetic meta-
materials; and, finally, the forth one is the coupled resonator decoupling scheme,
which is based on the concept of decoupling the pair of coupled elements using
coupled resonators.

The following section will focus more on the main decoupling approaches and
strategies used within the MIMO mobile handset antennas. Thus, several approaches
and/or leading technologies to reduce the mutual coupling within the single-band,
dual-band, multi-band and wideband mobile handset MIMO antennas have been
reported [71-82].
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For example, the authors in [71] have shown a simple technique to reduce the
mutual coupling between the antenna elements. In most cases to mitigate the cou-
pling between the antennas, branches, elements and some other components may be
added which in turn will take up costly space in mobile handsets. However, within
this study the isolation was enhanced by implementing the PIFA antenna together
with the coupling antenna with loop configuration. This has shown better isolation
(does not exceed 220 dB, ECC is smaller than 0.02 in all considered bands) com-
pared with the traditional way of using two PIFA antennas and exploiting other
methods to reduce the coupling. The proposed antenna was found to be suitable for
GSM mobile applications.

Compact MIMO which comprises of two identical suspended monopole antenna
elements was investigated in [72]. Each antenna element was built with a Z-shaped
capacitive coupled feed strip instead of a normal direct number feed structure in
order to efficiently modify the antenna impedance matching and help in enhancing
isolation between the two elements to 12 dB without employing any extra isolation
enhancement approaches . The proposed structure operates over the LTE700MHz
and considered as a good candidate for the 4G mobile handset.

Another single band antenna was proposed in [73], which is a type of two small
printed monopole antennas each of which consists of a meandered line and an open-
loop approach, and a modified T-shaped decoupling technique to mitigate the cou-
pling between the antenna elements. The isolation between the antenna elements
was effectively enhanced to around 17 dB.

In [74] a small 2 x 2 dual-band MIMO antenna was studied and analysed for use
in WLAN applications. The proposed structure combines the horizontally and verti-
cally polarised zigzag printed radiating elements. A partially stepped ground (PSG)
approach was exploited to reduce the mutual coupling between radiating elements
to be better than 21 dB. The proposed MIMO antenna covers both the 2400 and
5200 MHz WLAN bands.

The work in [75] proposed a 2 x 2 MIMO antenna. This MIMO antenna was
made up of two monopole antenna based on PIFA configuration, with T-slots and
two parasitic elements on a top plate. By exploiting such techniques, the proposed
MIMO PIFA antenna was able to operate over the dual band of WLAN 2.4 GHz and
WLAN 5.8 GHz, while the isolation between the two PIFA antennas was largely
improved by introducing star-shaped slots over the ground plane. This antenna
shows an improved isolation from —10 to —44 dB at WLAN 2.4 GHz and from
—18.5 to —27 dB at WLAN 5.5 GHz, respectively.

In [76], an idea to propose a dual-band MIMO antenna for mobile handset was
reported. This antenna structure lies in involving two symmetrical quarter
wavelength-radiating strips and a slotted ground plane. The dual-band characteristic
was achieved by cutting a slot with a T-shape at the bottom; this approach was rea-
sonable for creating the lower band of LTE 700 MHz, while the other procedure of
introducing two identical P-shaped slots at both sides of the PCB helped in accom-
plishing the upper resonant at 2.350 GHz. The mutual coupling was mitigated
by placing a rectangular patch between the radiating strips. The added rectangular
conductor creates an opposite current path, which enhances the isolation to be
around —18 dBi at LTE 2300, WLAN 2.4 GHz and LTE 2500 band.
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A triple band MIMO compact antenna was presented in [77]. This MIMO
antenna was based on two identical folded printed monopole radiators placed on
both top corners of the substrate. By carefully choosing the optimum dimensions
and location of both folded printed arms, this proposed antenna was able to work
over triple bands, namely, LTE 700 (698 ~ 862 MHz), LTE 2300 (2300 ~ 2400 MHz)
and LTE 2500 (2500 ~ 2690 MHz). The isolation between the two antenna elements
was improved to below —20 dB by placing a printed mushroom-type resonator on
the ground plane exactly between the two closely spaced antennas. The results
showed that the proposed antenna can be a good candidate for future 4G mobile
applications.

A further approach to design a compact MIMO antenna with high isolation and
able to operate both over the 3G (900/1800 GSM) and 4G (LTE 2600) standards was
reported in [78]. The antenna element consists of three individual meander line-type
inverted-L radiators; the highest frequency band radiator is fed by a transmission
line, while the other two utilise the proximity-coupling feeding mechanism driven by
the highest band radiator. The two-antenna element is closely located. Two approaches
were exploited in order to reduce the mutual coupling between the two elements;
these decoupling strategies include the T-shaped slot and the meandering microstrip
line resonator. The T-shaped slot provided high isolation at the lower band (GSM,
900 MHz), while the meander line resonator was implemented to reduce the cou-
pling at the higher band targeting LTE, 2600 MHz. Meanwhile, a negligible mutual
coupling effect in the middle band (GSM, 1800 MHz) was accomplished by utilising
a collinear-placed transverse meander line pair in the MIMO antenna.

Authors in [79] have come up with a compact printed monopole MIMO antenna,
covering triple frequency bands, required for WLAN and WiMAX applications. The
proposed MIMO antenna contains two identical printed modified C-shaped mono-
poles placed upon the same PCB. The triple frequency bands of 2.3-2.75 GHz,
3.4-3.75 GHz and 4.8-6 GHz were simply achieved by folding the two printed
radiators to finally form the two modified C-shaped monopoles. The isolation
between these two monopole elements was improved by etching a stepped slot
ended together with an ellipse shape on the antenna PCB.

For wideband application, a new idea of modelling a wideband MIMO antenna
was investigated in [80]. The suggested printed monopole MIMO configuration
effectively constitutes two symmetrical radiators. Each radiator consists of four
branches with different lengths that force the antenna to operate over a wide fre-
quency range from 1.79 to 3.77 GHz. However, the isolation between these two
antenna is above —10 dB. This means some current flows from one element to
another, which leads to high mutual coupling between them. To this end, a T-shaped
parasitic strip was printed on the common ground plane. This improved the isolation
to below —10 dB. This MIMO antenna is said to be suitable for supporting most
operational bands including LTE, WiMAX and WLAN standards.

A small wideband MIMO antenna with acceptable isolation was proposed in
[81]. The achieved antenna comprises of identical two G-shaped elements printed
over the top side of the substrate. This helped to broaden the bandwidth of the pro-
posed design to cover 23007000 MHz. To reduce the mutual coupling between the
two antennas within such a wide range, two inverted-L protrude branches and a T
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slot were inserted over the shared ground plane. This showed an isolation value of
around 22.5 dB over a wide range. This makes the proposed antenna to be a favour-
able applicant for mobile terminals covering LTE 2300/2600, WLAN 2.4/5.2/5.8-
GHz and the lower UWB band (3.1-4.8 GHz).

A unique UWB MIMO antenna with good isolation was proposed in [82]. The
proposed compact printed monopole antenna contains two modified coplanar wave-
guides that feed staircase-shaped radiating elements. This approach helped in
accomplishing the UWB range from 2.3 to 12.5 GHz, while an additional technique
consisting of two different fork-like stubs placed at the 45° axis was added in order
to improve the isolation between the two elements to more than 20 dB. This enables
the proposed design to operate on a wide frequency operating band (2.3—12.5 GHz),
making it suitable for Bluetooth and UWB applications.

1.5 Balanced Antennas

Throughout the course of the previous sections within this chapter, we have devel-
oped the needs, requirements and challenges in antenna design for mobile and wire-
less applications, to come up with well-defined goals to steer the unbalanced antenna
design strategy. However, these so-called unbalanced antennas reported in [1-82]
have an unbalanced structure, in which the ground plane is part of the antenna.
Although unbalanced structures have attracted much attention and report several
advantages such as compact, low profile and low cost of manufacture, they still suf-
fer from one acute weakness. While the device is being held by the users’ hand, the
current flows onto the human hand/body and leads towards depredating the antenna
performance and creating losses [83].

To address these limitations, a balanced structure was announced as a smart alter-
native in order to avoid the degradation of antenna performance, which may take
place in unbalanced antennas. The key benefit of the balanced structure lies within the
current flow that is present only within the radiator while being cancelled on the
ground plane. Consequently, when the mobile device is held by the user, no coupling
exists between the antenna and the user’s body, which in turn preserves the perfor-
mance of the antenna. A balun is one key component used to mitigate the effects of
unbalanced currents, which will enable compatibility between systems, and is used as
a feeding mechanism for converting unbalanced circuit structures into balanced ones.

1.5.1 Balanced Antenna Concept, Requirements
and Challenges

The concept of the balanced antenna design lies in modelling an antenna with a
symmetrical structure that is fed with balanced current. The current of this antenna
structure should have the same magnitude and 180° phase difference one with
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another. These signals would only flow on the antenna, and will be cancelled out on
the ground plane. This helps to improve the whole antenna performance, and also
mitigate the coupling effects of the radiating element to the handset.

In this case, it is not feasible to feed the balanced structure with unbalanced feed-
ing techniques such as a coaxial transmission, so as to keep zero potential outside
the coaxial feeding line. However, there is a possibility to utilise the coaxial feeing
line along with the balanced structure by employing some other approaches such as
balun (balanced to unbalanced), whereby the unwanted flow current of the coaxial
feeding may be tolerated.

Thus, the balun will bring some benefits over the inherent effect of using the
coaxial cable within the unbalanced antennas. The balun is a known technique for
balancing the area of conjunction between the feed line and the antenna input. By
making this junction balanced, currents of equal amplitude but out of phase will still
flow on the outside of the coaxial cable. However being out of phase, since it flows
from both halves of the antenna, it cancels itself out and has very little if any mea-
surable effect on the antenna radiation pattern.

This offers a promising improvement over unbalanced antennas. In the case of
the unbalanced structure, currents may exist on the chassis that interact strongly
with the unpredictable (response) characteristics of the body [84—86]. Furthermore,
the SAR values of the balanced antennas have been in compliance with the FCC
SAR limit when in proximity to the human head, compared with traditional coun-
terpart of the unbalanced antennas [83].

Antennas for mobile devices are generally required to work over dual and/or
group of frequency bands. The dimensions of a balanced antenna are almost inevi-
tably larger than those of an unbalanced antenna (for the same impedance band-
width), so although a balanced structure is entirely practicable for the upper bands
(1710 MHz and above), unbalanced antenna such as PIFA and printed monopole for
operating in the lower bands of GSM800/900 MHz is still widely used. However,
recently there is a big effort and challenge for antenna designers and engineers to
design a balanced antenna structure that covers the lower bands (§00-900 MHz).

Therefore, suitable balanced antenna structures remain a significant design chal-
lenge, with further practical design considerations to include the overall weight of
the package and the demand for multiple service bands. Numerous balanced designs
along with novel approaches have been described [87-93], with desired objectives
to include size reduction, while maintaining generally good electrical performance
and maximising the number of possible service bands available to a single antenna.

For example in [87], a balanced dual folded inverted-F antenna integrated with a
lumped LC balun to support the feeding network was studied and analysed. A type
of L-slit shape was inserted over the antenna ground plane. The folded arms of the
proposed antenna contributed towards a huge size reduction. In particular, the pro-
posed lumped LC balun was not only an attractive solution to be used in mobile
handset application due to its compact volume, but also allowed ease of integration
with the proposed balanced antenna. The full assembly antenna (antenna with
balun) operates at 2.45 GHz, making it suitable for practical WLAN applications in
mobile handsets.
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An approach to design a balanced antenna that operates in dual-band mode was
proposed in [88]. It constitutes a printed meander line dipole that helps to reduce the
antenna size as well as accomplish dual-band characteristics. A balun was exploited
to verify the operation of the proposed balanced antenna structure. This antenna was
able to cover the dual mode of 3.78 and 4.29 GHz, respectively.

A workable method to design a dual-band balanced antenna was reported in [89].
The principal configuration and structure of this design is based on the combination
of a grated bow tie dipole, short dipole and a sectored arc; such a compact design
was reached, after a comprehensive analysis of the main antenna elements. For
practical reasons, a compact balun based on edges-even broadside couple strip-line
(EEBCS) to coplanar waveguide (CPW) transition was also designed and integrated
with the proposed antenna. This balun was positioned exactly between the radiating
element and the circular ground plane. The proposed balanced antenna showed a
dual-band frequency operation 1.54-3.24 and from 4.88 to 6.80 GHz, respectively.

Authors in [90] have obtained a balanced antenna mode, covering dual-band
WLAN wireless communication. This antenna was constructed from a thin-strip
planar dipole, with a folded structure and a dual-arm on each half of the dipole. Both
resonant WLAN bands, namely, 2.4 and 5.5 GHz, were generated through two dif-
ferent respective approaches: first, two identical metal folded arms were created,
one on each side. This step was an effective way to reduce the antenna size. The
2.4 GHzWLAN was produced by inserting symmetrical slots on each strip of the
dipole conductor; the second resonant WLAN band (5.5 GHz) was created by intro-
ducing a novel technique of inserting a strip stub of appropriate length and width
into each arm of the planar dipole with folded structure.

A study to design a balanced antenna for operation in a wide frequency range
was carried out in [91]. The initial layout of this antenna is based on the planar
open-end loop configuration that makes the antenna operate over the WLAN2.5GHz.
The second step was to meet the objective of achieving a wide bandwidth. This was
accomplished by adding a circular patch exactly in the centre of the balanced loops
on each side. This approach helped in generating the wideband characteristics while
not disturbing the key resonant frequency of the design, i.e. 2.5 GHz. This circular
radiating patch was fed by extending the strip-line from the open end of the planar
loops. The final layout proposes a compact balanced antenna that is capable to oper-
ate over a wide frequency range, covering several mobile services such as
GPS1500MHz, GSM1800MHz, UMTS2100MHz, Bluetooth/ WLANs 2400-
2500 MHz and Wi-MAX3800MHz.

Different layout of the balanced antenna design was realised in [92]. This antenna
is a type of Vivaldi antenna with balanced structure. The Vivaldi antenna is one of
the best candidates for UWB applications. The antenna is made up of three layers:
two external layers are connected to the feeding line ground planes and the central
layer is connected to the signal conductor of the feeding line. Two substrates were
exploited to support the copper layers. The proposed feeding method is a gradual
transition from a strip-line to a tri-strip transmission line (TL). The proposed bal-
anced Vivaldi antenna showed an extended bandwidth from 1 to 20 GHz that makes
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the antenna a suitable candidate to cover some of the existing mobile services such
as GPS, GSM, UTMS, WLAN and WiMAX, as well as at the same time operating
in the whole range of UWB spectrum from 3.1 to 10.6 GHz.

Another attempt to design an UWB balanced Vivaldi antenna is based on the
antipodal structure suggested in [93], where a new balun that operates in the same
frequency range of the proposed antenna was proposed and integrated. The pro-
posed balanced antipodal Vivaldi antenna integrating the new balun demonstrated a
wide bandwidth from 3.1 to 11.5 GHz.

1.6 mm-wave Antenna

The previous sections have established different antenna design principles, chal-
lenges and technologies for low profile and space-efficient antennas, with suitable
bandwidth for operation in single band, dual band, multi-band and wideband for 3G
and 4G standard handsets and terminals. The major design challenges encountered
in the open literature have been addressed where possible. The bandwidth and size
constraints on several antennas have been addressed, and the various techniques
used to improve this criterion have been applied, with particular reference to printed
and suspended structures.

However, lately, mobile communication systems have become prevalent in vari-
ous, if not even all, regions all over the global driven by a strong demand for ever-
increasing high data rates, low latency and high-energy efficiency per service.
Previous generations of wireless standards such as 3G and 4G have provided
improvements in these areas by increasing the coding and modulation efficiency.
However, mobile traffic is foreseen to increase exponentially over the next decade,
driven by IoT (Internet of Things) technology and Smart City applications. This
means the current cellular networks may need to deliver as much as a thousand
times the capacity relative to current levels, and it is clear that legacy mobile sys-
tems will reach a saturation point providing the motivation for a new 5th Generation
mobile network that can cater for this demand as well provide scale of economies.
Moreover, with frequency spectrum becoming increasingly a valuable commodity
due to shortage at the traditional microwave frequencies, 5G will look towards the
mm-wave band, as a means to harness the large swathes of available spectrum rais-
ing new challenges in terms of handset, and in particular antenna design.

In 5G systems, the antennas are expected or/and entailed to have a high gain of
at least 10 dBi and bandwidth greater than 1 GHz [94]. There are many works done
on wireless communication, which utilise printed antenna technology for mm-wave
bands [95-98]. Microstrip antenna is used for many applications due to its simple
and low profile features. However, microstrip antenna suffers from narrow band-
width typically 2-5% [99]. The metallic and surface wave loss of this type of
antenna may reduce the antenna gain and efficiency considerably at mm-wave
frequencies.
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1.6.1 Millimetre-Wave Technology and Operation

Recently, the mm-wave technology has been a fascinating and remarkable area of
research for both academia and industry. Several investigations and studies have
considered the main characteristics of mm-wave channels and electronics and also
try to find some avenues to fully get use of such characteristics and advantages in
order to obtain better data rate. Moreover, standardisation bodies have allocated
huge time and efforts to create a norm for mm-wave communication applications
[100]. The conventional microwave frequency bands may be limited in terms of
attainable gains to accomplish data rates exceeding 1 Gbps or even 10 Gbps.
Consequently, it is not feasible to employ such relatively low frequency bands to
meet the rapid increase of 5G traffic demands.

In spite of the endless employments of emerging mechanisms to improve spec-
trum efficiency, it remains challenging to obtain data rates exceeding 1 Gbps or even
10 Gbps. Thus, it has become unmanageable to come across the demands for 5G
using the microwave spectrum. Moreover, interference becomes a limiting factor,
especially in densely populated HetNets. Accordingly, millimetre-wave (mm-wave)
technology ranging from 30 to 300 GHz has been announced as a practical and
promising alternative to overcome the above-mentioned challenges. Figure 1.5 dis-
plays the whole spectrum of mm-wave frequency.

Despite these promising features, mm-wave bands until now have been consid-
ered unattractive for use in mobile communications. The key concern was targeting
the physical barrier such as the potential high path loss as well as other losses,
which place some restrictions on mm-wave applications to be only deployed within
an indoor environment. However, thanks to the investigations done by a research
group of New York University [101], that verified the possibility of using mm-wave
transmission in the small cell of 4G communication under various urban environ-
ments at 28-GHz, 38-GHz and 73-GHz bands based on extensive measurement
data. Moreover, a similar study in [102] was carried out over the 60 GHz band by
both measurements and simulations, approving the potential use and deployment of
mm-wave approach in an outdoor environment.

Operations at millimetre-wave spectrum have been suggested as the key answer
to the constantly urging request for additional bandwidth and higher data rates.

J0GHZ 30.49GH:  wiicensed 7.9 GHe 300 GHz

Fig. 1.5 The whole mm-wave spectrum
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The traditional microwave frequency is no longer a feasible platform to deliver
future services over smart mobile handset. This is due to the congestion and the
constraints of the spectrum at these frequencies to meet the key demand for higher
data rate, which required by mobile smartphone operators and users [103].

On the other hand, to satisfy this demand, the unused spectrum of millimetre-
wave frequencies was introduced. Commonly, millimetre-wave frequency band
refers to the range of frequency from 30 to 300 GHz, in which the corresponding
wavelengths range from 1 to 10 mm. Moreover, even the frequency spectrum from
10 to 30 GHz is sometimes said to be deemed as millimetre-wave frequency, due to
the fact that the transmitted signal has come up with more or less similar propagat-
ing features compared to its counterpart of millimetre-wave frequencies [104].

In spite of the significant features of the mm-wave frequency, there will be some
challenges pertaining to deployment and operation of millimetre-wave frequency.
The three raised challenges facing the propagation and operation of millimetre-
wave frequencies are high free space path loss, absorption due to atmospheric gases
and rainfall and non-line of sight propagation [103—105]. This forms the major chal-
lenge for millimetre-wave frequencies in 5G systems. To overcome this restriction,
the antenna should have the ability to reconfigure its radiation pattern in order to
avoid obstacles and maintain the link with other nodes in a network.

1.6.2 Millimetre-Wave Antenna Requirements, Challenges
and Solutions as Potential Candidate for 5G-Enabled
Applications

Over the last two decades, mobile and wireless communication networks (GSM,
2G, 2.5G, 3G) have witnessed remarkable progress and advancement. The multime-
dia applications for cellular system are restricted to frequency spectrum range from
0.7 to 2.6 GHz. The global spectrum bandwidth allocation for all the cellular net-
works does not exceed 780 MHz where each service provider has approximately
200 MHz across all of the different cellular bands of the available spectrum.

Due to a shortage of frequency spectrum below 6 GHz, bands at higher frequen-
cies, e.g. the mm-wave frequency bands (30-300 GHz), have been suggested as the
promising potential market candidate for 5G future cellular networks, since there
are considerably larger bandwidths available that can be exploited towards increas-
ing capacity and enabling users to experience several gigabits per second data rates.
Figure 1.6 shows the available spectrum considered for mm-wave cellular.

This new market has created new requirements in speed and bandwidth that cur-
rent technologies can hardly cover; the industry needs a way to increase channel
capacity in wireless communications since legacy systems are too crowded to be
useful. Take, for instance, the users of wireless local area network (WLAN) and
wireless personal area network (WPAN) protocols, which share the same spectrum
and, most of the time, collide and interfere with each other. Thus, many research
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Fig. 1.6 Available spectrum considered for mm-wave cellular

groups are proposing the migration of wireless systems to millimetre-wave frequencies
(30-300 GHz) as a feasible solution to these problems. Such problems in wave
propagation are foreseen to be resolved by the helps of antenna design
technologies.

There exist many challenges that mm-wave antenna designers may face. Firstly,
for the same communication distance, the free-space path loss is increased by 3 dB
with twice the transmission frequency. As a result, sophisticated antenna designs are
required for mm-wave communication systems to overcome the severe attenuation
and path loss between the transmitters and receivers. In addition, the extra attenua-
tion experienced by mm-wave communications should also be taken into account.
For instance, under conditions of heavy rainfall where the diameter of the raindrops
could reach 3 mm that is the order of the mm-wave wavelength, scattering can occur
that will severely impair the communication quality of mm-wave cellular networks.

Secondly, due to mechanical motions, for example, wind, the movement of
antenna arrays is in the order of up to hundreds of mm-wave wavelengths, which
will make mm-wave communications highly intermittent, especially when the
antenna array has a very narrow beam pattern [106]. Finally, mm-wave communica-
tions between base stations (BSs) and access points (APs) are usually affected by
various ground obstacles [107]. Since the wavelength of mm-wave bands is very
short, effective communications generally require the transmitter and the corre-
sponding receiver to be located in LOS range, so surrounding buildings and trees
may impose a significant influence on the performance of mm-wave cellular net-
works, especially for mobile users. A number of mm-wave antennas with different
approaches have been reported [108—113].

Authors in [108] have proposed a small monopole antenna with only one layer
dielectric load. This proposed antenna based on PIFA configuration. The obtained
antenna layout also has come up with two H-shaped slots in vertical and horizontal
orientations. The presented antenna structure was proposed to operate over the reso-
nant frequency of 28 GHz. The power gain of this antenna was improved by exploit-
ing the advantages of high efficiency of the dielectric load. Again, this has promoted
the present antenna to exhibit several benefits such as stable broadside radiation
patterns, power high gain and improved efficiency, which in turn make it as a con-
venient candidate for 5G future handset devices.
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In [109] a novel idea to present an antenna over wide mm-wave spectrum range
was proposed. Two tiers/producers were carried out within this work. Initially, an
investigation of designing low-cost wideband L-probe microstrip antenna which
operates at millimetre-wave band was done. Such single element was modified by
placing the horizontal portion of the L-probe at the same layer of the radiating
patch. To excite this achieved single element, a novel coplanar waveguide (CPW)
feed network has been proposed. This antenna covers a wide frequency range from
55 to 80 GHz, with power gain values fluctuating from 6.5 to 7.5 dBi over the aggre-
gated wide bandwidth.

However, further modifications were made on the single element antenna in
order to accomplish a high gain antenna structure. Thus, an array with 4 x 4 L-shaped
probe microstrip patch antenna elements was modelled. Moreover, a four-way
power divider was utilised in order to feed each subarray of 2 x 2 elements that are
symmetrical to the antenna design. Elements in pairs are positioned opposite to each
other with different spaces. This is because of the differential outputs provided by
the feed network. By utilising the feeding approach of coplanar waveguide, four
symmetrical 2 x 2 subarrays were seamlessly joined. The final layout of the array
antenna has achieved a higher gain compared to the first single element antenna.
The gain values of the array antenna varied from 14 to 16.5 dBi over the completely
wideband.

A dual-band mm-wave antenna with simple structure was proposed in [110]. The
topology of the selected antenna made of a monolayer structure with the bottom
ground layer occupying the back side of substrate. An off-centred single microstrip
line was used as a feeding technique within this study. The radiator part of the pro-
posed antenna consists of the main copper patch and an L-slit shape was printed on
this patch. This was considered as an efficient approach to accomplish the dual reso-
nant frequencies. To be more explicit, the embedded L-slit in the optimum location
over the patch resulted in adding booth capacitive and inductive effects which in
turn led to introducing the multi-resonance operation. The obtained antenna design
covers dual band of mm-wave spectrum, i.e. 28 and 38 GHz, and also it achieved
circular polarisation. These features have enabled this antenna for use in future
millimetre-wave mobile communication.

In [111], another idea to obtain a dual-band patch antenna for mm-wave fre-
quency was presented. The main configuration of antenna design comprises of a
radiating patch with a circular shape, which is located non-concentrically inside a
circular slot etched off the ground plane. A proximity-feed technique was used to
feed the structure. The proposed design was intended to operate over dual band of
28 and 38 for use in the future millimetre-wave mobile network communication.

A wideband mm-wave antenna with high gain characteristics was studied and
analysed in [112]. The layout of the proposed contains a pair of radiators forming a
bow tie. Each radiator is printed on the opposite side of the common dielectric sub-
strate and fed through substrate integrated waveguide (SIW) feed line. The pro-
posed antenna operates over a wide bandwidth range 57-64 GHz.

The power gain of the proposed layout was improved by arranging the bow tie
radiators to cross each other symmetrically by tilting the feed lines by 30°. This also
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helped in accomplishing the desired radiation patterns. Moreover, the issue of the
back-lobe level was suppressed by loading a pair of double G-shaped resonators
(DGRs) that were positioned in the area between radiators and STW.

A new configuration of a compact mm-wave antenna that was printed over low-
cost flexible PET substrate, which makes it suitable for future 5G wireless net-
works, was proposed [113]. This antenna layout comprises of a normal and simple
rectangular patch structure having symmetrical arrangements of slots on both sides
of the patch. The antenna was fed by means of a coplanar waveguide (CPW). By
combing all the above-mentioned approaches as well as the good wideband features
of CPW, the proposed antenna was able to cover a wide bandwidth from 22 to
40 GHz. Moreover, this antenna shows more or less high gain values varied from 4
to 8.2 dBi. Such an antenna with promising features was said to be a convenient for
future 5G wireless networks with the flexibility to incorporate on planar surfaces
like windows, doors, etc. or can be made a part of non-planar surfaces like uniform
or casual clothing.

1.7 Summary

Antenna design has evolved and reflects the ever-increasing design requirements
emanating from the mobile communication roadmap starting from 3rd Generation
phones towards the latest release of LTE-A, and the future emerging 5G scenario.

This chapter provides a comprehensive discussion on the state-of-the-art tech-
nologies and challenges in antenna design for mobile communications. The chapter
covers all the important aspects a research engineer may refer to when designing a
new antenna, which includes how to design various antennas for different applica-
tions, how to introduce different approaches to achieve multi-band and wideband
structures and how to sufficiently optimise such antennas and realise diverse experi-
mental measurements.

This chapter has been divided into six sections, namely, multi-band antennas,
wideband antennas, MIMO antennas, balanced antennas and, finally, mm-wave
antennas, reflecting the new design requirements as we head towards 5G and
beyond. Although there are several fragmented published work on the above-
mentioned antennas for wireless and mobile applications, this chapter aims to har-
ness these works to identify the very latest technologies and challenges where
research efforts are still required. Thus, we evolve each antenna design driven by the
concept, requirements, challenges and application and organised in this book
according to the aforementioned sections.

The proposed antennas in this book are all miniature which enables ease of inte-
gration into future emerging mobile handsets or wireless devices.
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Chapter 2

Dual-Band Planar Inverted F-L Antenna
Structure for Bluetooth and ZigBee
Applications

Chan H. See, George A. Oguntala, Wafa Shuaieb, J.M. Noras,
and Peter S. Excell

2.1 Introduction

Recently, due to the remarkable advancement of wireless communication technolo-
gies, the unprecedented demand of commercial market to have wireless devices was
hugely catalysed. To meet this, an innovative antenna design along with effective
approaches and technologies should be accordingly developed to meet the growing
demand.

In order to maintain the profit margin when offering mobile services, mobile
vendors are attempting to reduce the operational cost to attract more customers.
Thus, competition has significantly increased in mobile service providers. One
approach that facilitates this is the use of the licence-free ISM and UWB bands.
Therefore, the ISM band has become more common and popular for use in a broad
range of wireless electronic devices, while the UWB spectrum offers the potential
for very significant expansion of this.

One of the most widely and widespread applications that uses the ISM bands is
IEEE 802.11, wireless Internet (WLAN), namely, 2400 and 5200 MHz. The ISM
band of IEEE 802.11b/g, i.e. 2400 MHz, is capable of operating over the range from
2400 to 2485 MHz, with data rates of up to 11, 54 Mbps. As for the ISM standard
of 5200 MHz, it covers the frequency range from 5150 to 5350 MHz, along with
data rate greater than 54 Mbps. Thus, to come up with an antenna that operates at
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both bands of WLAN has become a huge challenge. Planar inverted F antennas
(PIFAs) [1-3] are considered as a broadly candidate utilized within the WLAN
application. This is due to their several advantages including low profile, dual and
multi-frequency functions, high power gain and efficiency, low fabrication cost and
most importantly mitigating the SAR values compared with other counterpart
antennas.

Lately, a number of dual-band antennas along with single feeding point have
been reported [1-6]. However, all these designs either have come up with poor
radiation features or they are not suitable to be fitted or concealed into compact
small portable devices due to space limitation within the chassis. Recently, several
antennas with miniaturization approaches have been investigated; these methods
include the employment of dielectric with high permittivity, modifying the antenna
structures, using shorting wall and pins [7-9].

In recent times, employing the magnetic wall approach has been introduced as
one of the effective antenna miniaturization techniques [10—12]. It was unsurpris-
ingly noted that the whole performance of antenna with half-sized geometry with
U-slot [10], E-shaped [11] and UWB patch structures [12] has come up with similar
results in terms of antenna return loss, gain, far-field and huge size reduction com-
pared to the antenna with full-size structures.

By further modifying the authors’ published work in [13-15], the work within
this chapter presents a small volume of dual-band planar inverted F-L antennas
(PIFLAs) for WLAN applications. The full dimension of the proposed design is
30 mm x 15 mm x 8 mm. This type of suspended antenna was mounted over a metal
ground plane with dimensions of 30 mm X 15 mm. This antenna has achieved 50%
size reduction compared to previous published authors’ design. All of the analysis
was conducted using two commercial software packages [16, 17].

2.2 Antenna Design Structure and Procedures

The proposed geometry of the planar inverted F-L antenna (PIFLA) is depicted in
Fig. 2.1. In fact this present antenna shares some similarities to previous authors’
designs [13]; however, it has a great advantage of only half size of [13]. This huge
size minimization was obtained due to the presence of magnetic wall on the antenna
surface [10—12]. The key sensitive antenna geometry parameters, which may influ-
ence the whole performance, were as follows: L1 = 16.5 mm, L2 = 15 mm,
hl =8 mm, h2 =4.5 mm, d = 3.5 mm and w = 0 mm. It should be highlighted that
the proposed antenna was from [13]; the only difference is the innovation of reduc-
ing the dimension into half while preseving its performance as full-size dimension.
The antenna is made of copper with thickness of 0.5 mm.

To better comprehend the operating principle of this miniturised antenna, the
current distribution of the antenna with both full F and L shapes proposed in [14]
and the present half-size design are studied and analysed in Fig. 2.2. It should be
noted that maximum currents were induced mainly at the edges of the antenna
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Fig. 2.2 Current distributions of (a) full size and (b) half cut PIFLA at 2450 MHz

design, while minimum currents were seen at the centre of the antenna. This is
because of the presence of magnetic wall. As a result, by following and implement-
ing the technical procedure of cutting half of this full-size structure, we can still
assure that the present half-size F and L shapes will preserve the same surface cur-
rent distributions, as illustrated in Fig. 2.2b.

To further verify the concept of miniaturization, the return losses of both full-
and the half-size PIFLA are analysed. As shown in Fig. 2.3, the lower band still
holds the same impedance bandwidth; however, the bandwidth for the upper band
noticeably impairs to be around 12.2% (5-5.65 GHz) compared to work in [13] and
roughly 3.8% (5.15-5.35 GHz) in comparison to the half structure. It concludes that
the size and performance of the present half-size PIFLA antenna makes very suit-
able for concealing in the casings of portable devices.

The design mechanism and operation procedure of this antenna is further
explained in order to offer some physical insight into its operation and the ratio-
nale for its geometry. The antenna procedure initially begins by joining the
F-shaped radiator with both the L-shaped radiator and a rectangular plate feeding.
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Fig. 2.3 Simulated refection coefficient of full and half size PIFLA design

The F-shaped radiator was mainly made in order to control the lower band of
2400 MHz, while the upper band of 5200 MHz was provided by introducing the
L-shaped radiator. Generally, exciting the PIFA antenna with the conventional wir-
ing feed normally leads to impedance bandwidth limitation between 4% and 12%
[18, 19]. To this end, the feed plate was modified as in [18], in which the band-
width considerably improved from 18% to 25%. Therefore, the rectangular feed-
ing plate was selected and applied as the feeding method to enhance the bandwidth
in this work.

2.3 Parametric Analysis

For further optimizations, a full parametric study was implemented in order to anal-
yse the most sensitive and key antenna parameters against the variation of the
antenna impedance bandwidth (defined at reflection coefficient S;; <—10 dB) at
both the lower and upper bands. In this type of analysis, each simulation needs to be
run only with one parameter varied, while other parameters keep constant. The
changed and unchanged parameters are depicted in Fig. 2.1. The impedance band-
width of present design profoundly depends on the isolation between the F- and
L-shaped radiators. In fact, analytical methods are not feasible to be reached, and
therefore, two EM software packages, namely, HFSS [16] and SEMCAD [17], have
been exploited to carry out such investigation.
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Fig. 2.4 The variation of the length of F-shaped radiator (L/) against the reflection
coefficient

2.3.1 The Influence of the F-Shaped Radiator Length (L1)

The effects of changing the electrical length (L1) of the F-shaped antenna mainly
appear on the lower band of 2400 MHz. The length of the F shape varied from 4.5
to 30 mm, with increment of 6 mm as indicated in Fig. 2.4. It should be noted that,
in Fig. 2.4, the lower band fluctuates from 2650 to 1600 MHz, when the length of F
radiator varied from 16.5 to 30 mm. On the other hand, the variation of L1 does not
influence the upper band of 5200 MHz. In other words, the upper band seems to be
independent of the variation of L1 length. Moreover, when the value of L1 was set
at 16.5 mm, both bands of WLAN 2400 and 5200 MHz were, respectively, achieved
with an excellent bandwidth impedance matching.

2.3.2 The Influence of the L-Shaped Radiator Length (L2)

As previously mentioned, the L-shaped arm is responsible of the high band oper-
ation. Thus, the effect of the L arm was comprehensively analysed as shown in
Fig. 2.5. The L-shaped arm length varied from 2 to 24 mm. The variation length
of such parameters was elaborated as follows: when the L2 length was set at
2 mm, only a single band at 2800 MHz was achieved, while two bands at 2600
and 5600 MHz were seen when the length of L2 was fixed at 8.5 mm; however, a
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Fig. 2.5 The variation of the length of L-shaped radiator (L2) against the reflection
coefficient

weak impedance matching was observed at the band of 5600 MHz. When the L2
length was increased to 19.5 and 24 mm, both desired bands of 2400 and
5200 MHz were not met. On the other hand, it is apparent that the targeted bands
of WLAN allocated within this work were reached, when the length of L2 was set
at 15 mm.

2.3.3 The Influence of the F-Shaped Radiator Height (hl)

The height of the F-structured radiator also mostly affects the upper band of
5200 MHz as clearly shown in Fig. 2.6. The height of F-shaped radiator serves the
same role as L1 to control the fundamental resonant mode of the antenna, but it
also contributes to the capacitive coupling with the ground plane. The height of
this radiator shape was changed from 1 to 8§ mm. One should note, when the height
was set at 1 and 2.75 mm, the proposed design only operates over a single band
around 4000 MHz, with impedance mismatching at 2.75 mm height. However,
between the value of 4.5 and § mm, no obvious changes on dual-band bandwidth
were seen. This has led to the conclusion that the F-shaped height (h1) may take
any height between 4.5 and 8§ mm to satisfy and meet the WLAN dual-band of
2400/5200 MHz.
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Fig. 2.6 The variation of the height of F-shaped radiator (h/) against the reflection
coefficient

2.3.4 The Influence of the L-Shaped Radiator Height (h2)

The impacts of the height of the L-arm are depicted in Fig. 2.7. Both the desired
lower and higher bands were seen greatly shifting downwards by varying the height
of the L-shaped radiator from 1 to 8 mm. It is also noticeable the impedance mis-
match occurs at the higher band when the height are set at the value of 1 and
2.75 mm. Moreover, when the value of h2 was fixed at 8§ mm, the proposed antenna
covers the band of 2200 and 5000 MHz, in which both bands are out of the interest
of this work. However, when h2 was set at 4.5 mm, the lower band and upper band
both perfectly matched, as well as with a great size reduction of the whole antenna
volume.

2.4 Results and Discussion

Within the parametric analysis procedure, it was remarkably figuring out that, by
carefully selecting the best and optimum values of the structure parameters, the
presented antenna with F and L arms possibly to be modified and manipulated in
order to make the antenna operating within the targeted dual-band of WLAN
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standard allocated within this study. To prove the computed findings, the proposed
antenna in Fig. 2.1 was prototyped and tested. The final fabricated antenna includ-
ing the SMA feeding is shown in Fig. 2.8. The evaluations of the experimental
antenna performances in terms of reflection coefficients IS;l, radiation patterns,
power gains and radiation efficiencies were carried out in a 3 x 4.5 x 5 m?® anechoic
chamber. It should be noted that the return loss of the fabricated antenna was mea-
sured by using a vector network analyser (model: HP8510c), while the antenna
radiation patterns and power gains were investigated inside the anechoic chamber
by using gain comparison method.

For validation purposes, both the measured and calculated antenna reflection
coefficient of the full-size and half-size PIFLAs is illustrated in Fig. 2.9. Dual reso-
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Fig. 2.9 Measured and simulated reflection coefficients IS,;| for the dual-band PIFLA

nant frequencies in the range of reflection coefficient IS;;| <—10 dB are seen, i.e.
2450 and 5350 MHz. A relative bandwidth of around 12% was obtained at the lower
band of 2400 MHz, while a bandwidth of 10.2% was provided at the higher band of
5200 MHz. This satisfies the allocated services of IEEE802.11b/g frequency band
(2400-2485 MHz) and IEEE 802.11a (5150-5350 MHz) band, respectively. It is
undoubtedly that the half-size proposed F-L antenna demonstrates same impedance
bandwidth over the two WLAN bands, in which such feature has given this antenna
an additional advantage of the full-size PIFLA structure as the size reduction is
significantly accomplished while same bands are maintained.

Figure 2.10 explains the computed and practical power gains of the proposed
structure over the frequency ranges from 2400 to 2480 MHz and 5000 to 5600 MHz,
respectively. It should be noted that the power gain values at the lower band vary
from 2.6 to 3.5 dBi, while values range 4.5-5.2 dBi may be seen at the upper band.
Moreover, the power gains of the miniaturized design are in good agreement with
the full-size design. This is again another benefit added to the proposed design,
since it can propose similar power gain with a smaller antenna design compared to
the full-size design.

The simulated and measured radiation efficiencies of both full and half sized
antennas are indicted in Fig. 2.11. The simulated efficiency was produced with the
help of previously mentioned software [16, 17], while the measured one was gener-
ated by suing the Wheeler Cap measurement method [20-22] (Fig. 2.5). The radia-
tion efficiencies at the lower bands of both full- and half-size structure range from
0.96 to 0.98 and 0.93 to 0.94, respectively; values around 93.5% and 89% are
obtained at the upper bands of both antenna versions.
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Fig. 2.10 Simulated and measured gains for the proposed design: (a) lower band and (b) higher
band

The simulated and measured radiation patterns are depicted in Fig. 2.12. The
computed far field data was generated by the EM simulators. However, the measure-
ment setup with a calibrated broadband horn (EMCO type 3115), which was con-
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Fig. 2.11 Simulated and measured radiation efficiencies for proposed design at (a) lower band
and (b) higher band
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Fig. 2.12 Normalized simulated and measured radiation patterns of the proposed design for two
planes (x-z plane, y-z plane) at (a) 2400 MHz and (b) 5200 MHz; ‘xxxx’ simulated cross-

3

polarization, ‘oooo’ simulated co-polarization, ‘------ ’ measured cross-polarization, ‘—— mea-
sured co-polarization

sidered as the reference antenna, also with a distance of 4 m with the proposed
antenna (antenna under test), was used to test the antenna radiation patterns. Two
pattern cuts (x-z and y-z planes) were selected for the both bands.

Figure 2.12 illustrates both the simulated and measured co-polar and cross-polar
radiation patterns in the x-z and y-z planes at the targeted dual-band of 2400 and
5200 MHz for the miniaturized PIFLA. One can observe that both simulated and
measured outcomes of the antenna radiation patterns are in reasonable matching.
Moreover, in comparison with the radiation patterns for antenna with full F and L
shaped in [14], it seems that both designs show indistinguishable radiation patterns.
This proves that exploiting the size reduction approach within this study does not
influence or impair the antenna radiation patterns.
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2.5 Conclusion

A planar inverted F-L antenna (PIFLA), along with a size reduction approach with
a simple geometry, has been modelled, investigated and measured. By applying an
optimization analysis as well as miniaturization techniques, a novel PIFLA struc-
ture with almost 50% size reduction for use in WLAN applications has been accom-
plished. By compromising both the size and bandwidth limitations, the present
design has come with a compact volume 30 mm X 15 mm x 8 mm, while covering
the required operating frequency bands. The simulated model then has been fabri-
cated and tested, in which its measured results were compared to the computed
results obtained from the EM simulators. Both the experimental and calculated find-
ings prove that the present antenna structure may be seen as a promising candidate
for smart and future mobile applications.
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Chapter 3

Double-Monopole Crescent-Shaped Antennas
with High Isolation for WLAN and WIMAX
Applications

Khalil H. Sayidmarie and Likaa S. Yahya

3.1 Introduction

In many applications, two or more antennas are needed to be closely placed. These
antennas either operate in the same band as in the MIMO systems or in different
bands depending on the application. When the antenna separation is electrically
small, then some of the energy fed to one antenna will be coupled or radiated to the
other one. As the antennas are reciprocal, the coupling is encountered in both trans-
mission and reception modes and is called mutual coupling. The antenna proximity
results in a mutual coupling problem that is exacerbated by the limited size allo-
cated for the antennas as in portable devices. Closer antennas produce stronger cou-
pling [1, 2]. It is also known that the mutual coupling between the antennas results
in degraded performance of the MIMO system. Reduction of the mutual coupling
leads to higher antenna efficiencies and lower envelope correlation coefficients [3].
In [4], it was shown that the separation between adjacent antenna elements should
be at least half wavelength to obtain minimum coupling. Therefore, efficient mutual
coupling reduction techniques are necessarily required in the design of closely
placed antennas. The desirable properties of MIMO antennas in small devices are
compact size, good radiation efficiency, proper radiation patterns, low envelope cor-
relation, and minimum coupling between the antennas. The additional requirement
of a multiband operation makes the design of such high-performance antennas a
challenging task [5].

When two antennas are closely deployed as in MIMO systems, then the power
supplied to antenna-1 is radiated by the antenna toward the receiver. Part of the
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Fig. 3.1 The two paths of
coupling between two
closely spaced antennas

Substrate
Near-field

coupling

—
—

Port1 Port 2

radiated power will be coupled or received by the other antenna (antenna-2) which
is closely placed to antenna-1 as shown in Fig. 3.1. The path through which the
power is coupled is usually very short, and the power transfer is a process of cou-
pling rather than transmit/receive mechanism since the far-field distance of either
antenna is in general much larger than the separation between the two antennas. If
antenna-2 is not perfectly matched, then a fraction of the incident energy on
antenna-2 is reflected and transmitted back to antenna-1. Optimum antenna match-
ing was proposed as a solution to minimize the signal correlation in a two-port
antenna diversity system [6]. The above situation makes the mathematical analysis
of the coupling due to transmit/receive processes a difficult job.

Printed antennas have a conducting surface called the ground plane (GP) which
is usually shared by the two closely spaced MIMO antennas. When an antenna is in
transmission or reception mode, then there is a current flowing in the GP with cer-
tain density distribution (see Fig. 3.1). The shape of the distribution depends on the
shape and size of the radiating element, shape of the GP, and the type of the feeding
line, as well as the separation between the radiating element and GP. Due to the
close placement of the MIMO antennas, the current distribution due to one antenna
extends to that of the other antenna. This means another coupling mechanism is
generated. Therefore, the two coupled signals (through radiation and GP coupling)
will add constructively or destructively depending on the phase shift between them.

Various techniques have been proposed to minimize the mutual coupling between
closely spaced antennas. These techniques try to minimize one or both of the coupling
mechanisms described in the above paragraphs. In the following section, the various
techniques that have been presented to reduce antenna coupling are summarized.

3.2 Techniques of Coupling Reduction

The various techniques that have been proposed to reduce the coupling between two
closely spaced antennas can be categorized into the following.
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3.2.1 Reduction of the Coupling Due to the Current
in the Ground Plane

This approach has been implemented through one or more of the following designs:

1. Using slots or slits in the GP that modify the current distribution such that cur-
rent due to one antenna is prevented from, or highly reduced before, reaching the
vicinity of the other antenna. Examples of this approach can be found in [7-14].
A defected ground plane structure was also used in [15] for the coupling
reduction.

2. Placing the two antennas at larger spacing so that the current density in the
ground plane decays to adequately smaller value at the position of the other
antenna [11]. This technique which will also reduce the coupling through radia-
tion is eventually limited by either the limited available space as in the case of
using two antennas in the mobile handset devices or the necessity to place array
elements at about half wavelength to avoid the grating lobes.

3.2.2 Placing of Conducting Structures Between the Two
Antennas

A variety of conducting structures have been placed between the two antennas in
attempts to modify the current in the ground plane or reduce the radiation coupling.
Placing a metamaterial strip between the two antennas has been found to reduce the
coupling between the two antennas [16]. Placing of conducting strips or lines
between the two antennas will modify the current distribution resulting in lower
coupling [17, 18]. The ground plane has also been extended into the spacing between
the two antennas [17].

3.2.3 Neutralization of the Coupled Signal

An innovative technique treats the combined signal due radiation coupling and cur-
rent leakage as a composite signal in antenna-1 that should be eliminated by adding
another signal. The added signal to achieve the required neutralization is derived
from the other antenna by connecting the feed lines of the two antennas by a trans-
mission line known as neutralization line. This line has to supply a signal of proper
magnitude and phase that when added to the coupled signal in antenna-1 results in
a minimal sum. The length of the neutralization line, its width as well as where it
should be connected to the feed lines of the two antennas must be found to attain the
required neutralization. The design is rather complex because many interdependent
parameters have to be selected simultaneously to achieve the required goal.
Therefore, an optimization technique has to be used to find the parameters of the
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neutralization line [19-21]. The addition of the neutralization line may change the
matching at the feed line where the neutralization line is connected. The matching
can be fulfilled by adding lumped elements at both ends of the added line [22-24].

Another point of view considers the composite neutralization line and added
lumped elements as a compensating circuit that works to reduce the coupling [22].
Parasitic elements between the two antennas were also added for reducing the cou-

pling [25].

3.2.4 Using Combined Techniques

Various combinations of more than one of the foregoing approaches were imple-
mented for the reduction of the coupling between the two antennas. A T-shaped line
joining the two radiating patches, in addition to two slots on the ground plane, was
used for the coupling reduction in [26]. Two meandered-line PIFA antennas were
arranged in a MIMO configuration in [27] where a number of decoupling tech-
niques were used to reduce the coupling between the two MIMO antennas working
at the LTE (Band-Class-13) [27]. The fabricated prototype has a volume of
110 x 65 x 1.6 mm?, that is (0.275 x 0.1625 x 0.004) in wavelengths, and has
achieved an isolation better than 12 dB [27].

A Tri-band MIMO antennae for Wi-Fi/WiMAX applications with separation dis-
tance between the two elements of 3 mm (0.024 wavelengths) has been recently
proposed [28]. The coupling is reduced by inserting a neutralization line between
the ground planes of the two antennas as well as using a beveled ground plane. The
prototype MIMO antenna achieved isolations of nearly 25 dB at 5.5 GHz, 20 dB at
3.5 GHz and 18 dB at 2.4 GHz.

A low-profile double antenna was proposed in [29] where the first antenna is
designed for the 2.45GHz WLAN while the second antenna is intended for the
3.5 GHz WIMAX. Each antenna consists of a crescent-shaped monopole following
the design of [30]. A new technique was proposed to reduce the mutual coupling
between the two antennas with a fractional wavelength spacing [29]. In the feed line
of each antenna, an S-shaped slot is incorporated, and it is made to resonate at the
frequency on which the other antenna is working. Adequate reduction of the cou-
pling was obtained by using the slots in spite of the very small antenna separation
of 9 mm (0.0735 wavelengths at 2.45 GHz frequency).

3.3 Antenna Design

The geometry of the proposed double-antenna configuration is shown in Fig. 3.2.
The proposed antenna configuration consists of two monopole radiating elements
having crescent shape of equal radii printed on the same ground plane. The used
substrate is FR4 of 1.5 mm thickness, relative permittivity of 4.3, and dielectric loss
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Fig. 3.2 Geometry of the proposed two-antenna configurations; (a) antenna-1 and (b) antenna-2
using S-slots at both feed lines [29]

tangent of 0.025. Each monopole is fed by an independent 50 Q microstrip line. The
two feed lines are separated by center-to-center distance of 9 mm (0.0735 free-space
wavelengths at 2.45 GHz).

In the design process, the length of each monopole is set equal to a quarter of the
effective wavelength (1.) at the operating frequency [29]. Initially, the lengths of the
monopoles can be empirically predicted from the operating frequencies using the
procedure described in [30]. Therefore, the long monopole should have a total
length of 26 mm to excite the f;; = 2.45 GHz frequency, and the short monopole
must have a total length of 18.31 mm, in order to excite the upper band at
f2=3.5GHz.

A technique is proposed here for the reduction of the mutual coupling arising
from the closely spaced antennas without sacrificing their desirable performance. A
slot with a length of half the guided wavelength (4,) at the frequency of the signal to
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be isolated is introduced in the feed line of each antenna. Each slot is made to reso-
nate at the operation frequency of the other antenna; thus, it can suppress the cou-
pled signal at the other frequency. The narrow slot can be treated as a transmission
line with short circuits at its two ends. Therefore, to set the slot in resonance at a
certain frequency, the physical length of the slot L must be equal to A,/2. Thus, for
an isolation frequency (f,), the length of the slot is given by [30]:

L=2,/2 3.1)
where

C

A, = 3.2)
(e, +1) 1 2n)

6 —

R 14+—2 3.3)
2 2 w

where L is the length of the slot, W is the width of the slot or the strip line, c is the
speed of the light, ¢, is the effective dielectric constant, €, is the relative permittivity
of the substrate, and % is the substrate thickness. To isolate the signal at the fre-
quency (3.5 GHz) of the upper band, the total length of the slot line is calculated to
be 21.47 mm, and this slot is placed in the feed line of the antenna operating at the
2.45 GHz frequency. The slot for the feed line of the other antenna, which is operat-
ing at 3.5GHz, has to be 30.67 mm long. Equations 3.1, 3.2 and 3.3 were found to
give good estimates for the slot lengths. However, in the CST simulation, the length,
width and positions of the slots can be carefully adjusted to get the desired frequen-
cies and bandwidths to cover the bands which have to be isolated. The design
parameters of the two proposed double antennas are listed in Table 3.1. In the fol-
lowing sections, the antennas are analyzed through various simulations using the
CST Microwave Studio. The antenna parameters such as reflection coefficients Sy,
or Sy, and couplings S}, and S,; are used to assess and optimize the performance of
the proposed antenna configurations. The words isolation and coupling can refer to
the same phenomenon, where reduced coupling means increased isolation.

3.3.1 Effects of Slots Parameters on the Performance

For further insight into the behavior of the added A,/2 slots, the antenna in Fig. 3.3b
was analyzed using CST simulations. In order to comply with the limited size of the
antenna, each slot is folded into the shape of the letter S, so that it can be engraved
in the corresponding feed line as shown in Fig. 3.3b. Figure 3.3 demonstrates the
effect of the slot position d, along the feed line for the short monopole (port2). The
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Table 3.1 Parameters of the Antenna/

two proposed antennas parameter Antenna-1 | Antenna-2
I 11.5 11.5
I 10.5 10.5
L; 17.1 17.1
Wi 32 32
D 9 9
W, 34 34
L, 15.5 16.5
L 35 37
I 7.55
I 1.37
Wy 0.25
by 11
by 1.4
Wo 0.29

All dimensions are in millimeters

a
)
<
5

& 25 3 35 4 45 5

Frequency (GHz)

b
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Fig. 3.3 Variation of the reflection coefficient S,, (a) and coupling (b) S,, in antenna-2 with fre-
quency for various slot positions (d,) [31]
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results of the four investigated positions along the feed line are presented in
Fig. 3.3a, while other parameters were kept constant. The impedance matching is
improved as the slot is shifted toward the antenna port. The slot position has an obvi-
ous effect on the coupling parameter S,, at both of the frequency bands. The position
(d, = 4 mm) was found to give a compromise between better matching at 3.5 GHz
and lower coupling at both frequencies.

The effect of the slot width wy, on the coupling between the two antennas is pre-
sented in Fig. 3.4, which shows a very little influence on S,, and little impact on S5,
at upper frequency. However, at the lower band of the WLAN, the frequency at
which maximum isolation is obtained changes as the slot width is varied. The simu-
lations show that wy, = 0.25 mm gives the best results (better matching at the upper
band and lowest coupling at the lower 2.45 GHz band).

Figure 3.5 shows the influence of the slot length on the mutual coupling from
portl to port2 (S,;). As shown in Fig. 3.5a, variation of the slot length hardly affects
the antenna matching which is a desired property. However, variation of the slot
length /,; leads to varying the resonance frequency of the slot as can be concluded
from Eq. 3.1. Minimum coupling at the 2.45 GHz band was obtained for /;;_11 mm.
The parametric studies performed on the long arc antenna showed similar trends to
those shown in Figs. 3.3, 3.4, and 3.5. The best results were obtained for d; = —7 mm,
wg = 0.25 mm, and /;; = 7.5 mm.

[S22/(dB)
=

-15 - (—ws2=0.25/

LY 4 -=-ws2=0.45
20 _ i _ | ws2=0.65
i 2.5 3 35 4 4.5 5
Frequency (GHz)
b
&g
<
T35 —ws2=0.25
40 -=-ws2=0.45
= ws2=0.65
-452 25 3 35 4 4.5 5

Frcqueng}' (GHz)

Fig. 3.4 Variation of the reflection coefficient S,, (a) and coupling (b) S,; in antenna-2 with fre-
quency for various slot widths wy, [31]
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Fig. 3.5 Variation of the reflection coefficient S,, (a) and coupling (b) S,; in antenna-2 with fre-
quency for various slot lengths /,, [31]

3.3.2 Reflection Coefficient and Isolation

The performances of the two proposed antenna configurations were investigated
thoroughly using the commercial software CST Microwave Studio and the results
are summarized in the following. The two antennas in Fig. 3.2 were simulated to
obtain the performance of matching, coupling, and bandwidth. The two-port
S-parameters of the antennas before and after deploying the two slots are shown in
Fig. 3.6. Figure 3.6a displays variation of the S-parameters with frequency for the
reference antenna-1. Each of the two antennas is properly matched across its opera-
tion band, while it shows high reflection coefficient at the other band. The —10 dB
impedance relative bandwidth is found to be 18.22% at the lower band of 2.45 GHz
center frequency and 24.48% at the upper band (3.5 GHz center frequency). The
values of mutual couplings across the two bands are lower than —12.08 and
—16.26 dB at the frequency of 2.45 and 3.5 GHz, respectively.

For comparison purposes, Fig. 3.6 b presents the S-parameters for the proposed
antenna-2 having the two folded slots. The mutual coupling between the two antennas
has been significantly reduced down to the level of —26.227 and —38.673 dB at 2.45
and 3.5 GHz, respectively. A minimum mutual coupling of —38.67 dB was achieved
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Fig. 3.6 Variation of the reflection coefficients and coupling of (a) antenna-1 and (b) antenna-2

with the frequency

Table 3.2 Comparison of the frequency response parameters of the proposed double-antenna

configurations
Antenna/feature Antenna- 1 Antenna-2
Frequency range (GHz)
1st band 2.267-2.713 2.235-2.648
2nd band 3.0835-3.94 3.05-3.997
BW (MHz) (%)
Ist band 446.2 (18.22%) 412.8 (16.8%)
2nd band 856.8 (24.48%) 944.4 (26.98%)
S & S1, (dB) —-17.84 —23.82
for 1st band —12.087 —26.22
Sy & S, (dB) —31.58 —-19.87
for 2nd band —-16.25 —38.673
Dimensions (mm) 34x36x%x1.5 34x37x%x1.5
Area (mm?) 1224 1258

at 3.5 GHz, which represents an improvement of 22.42 dB compared to that of anten-
nas (antennas-1), i.e., before using the slots. The obtained performances of the two
proposed antennas are presented in Table 3.2. It is obvious that the addition of the two
slots has highly improved the performance, especially the mutual coupling.
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3.3.3 The Envelope Correlation Coefficients

The correlations between the signals received by the antennas in MIMO and diver-
sity applications are figures of merit for evaluating the performance of the system.
In general, the envelope correlation coefficients (ECC) can be calculated for the
evaluation of some of the diversity capabilities of the system. Such diversity evalu-
ations for a two-antenna system were presented in [32]. An alternative quick method
consists of calculating the correlation coefficients using the scattering parameters of
the tested antenna [33]. For example, the envelope correlation coefficient p;, for a
double-antenna system is given by [34]:

* * 2
SiSia +512S22|

1_|Sn|2 —|S21|2)(1 _|522|2 _|Slz|2)

The above equation can be applied under the assumptions that the antenna sys-
tem is lossless and operates in an environment having uniform scattering. Figure 3.7
presents the variations of the envelope correlation coefficients with frequency,
which are calculated for the two proposed double-antenna configurations. It is obvi-
ous that the introduction of the two slots has significantly reduced the values of the
ECC at the two operation bands. Table 3.3 shows a comparison between the obtained
values of the correlation coefficients for the two investigated antennas. It can be
concluded from Table 3.3 and Fig. 3.7 that with the introduction of the slots, the
envelope correlation coefficient p;, has been reduced by 35-fold at the 2.45 GHz and
by 21-fold at the 3.5 GHz.

P = (3.4)
(

3.3.4 Current Distribution at the Antennas

The operation of the added slots in the feed lines of the two antennas can be
explained by observing the surface current distributions across the antenna struc-
ture. Figure 3.8 shows the current distributions with and without slots when a
2.45 GHz signal is applied at port-1, while port-2 is terminated by a 50 € load. The
left antenna is thus in transmission mode while the right antenna is receiving. Before
adding the slots, the right antenna has certain current distribution due to coupled and
leaked signal from the other antenna which is fed by the 2.45 GHz signal. After
addition of the slots, the current density at the short arc shows a lower density as
well as the current at the ground plane between the two feed lines. Moreover, the

Table 3.3 Comparison of the obtained correlation coefficients of the proposed antennas

ECC at Antenna-1 Antenna-2 ECCI1/ECC2
2.45 GHz 0.1233 0.00345 35.8
3.5 GHz 0.009024 0.0004138 21.8
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Fig. 3.7 Variation of the envelope correlation coefficient with frequency for the two double-
antenna configurations
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Fig. 3.8 Current distributions at the surface of antenna-2 when a 2.45 GHz signal is applied to
port-1 (long arc) while port-2 (short arc) is connected to a 50 Ohm load

resonating slot at the feed line of the short arc has trapped the 2.45 GHz signal from
reaching the output (port-2). The resonance in the slot at the feed line of the right
antenna has resulted in high current density along the slot.

Figure 3.9 demonstrates a similar trend where a signal of 3.5 GHz frequency is
applied at port-2, while port-1 is terminated by a 50 Q load. The short arc is thus in
a transmission mode, while the long arc is in a receiving mode. Before adding the
slots, the antenna at left has certain current distribution due to coupled and leaked
signal from the operating antenna at the right. After addition of the slots, the current
at the left antenna has been reduced, while the resonating slot at its feedline has
trapped the 3.5 GHz signal from reaching the output (port-1) of the long arc. The
resonance in this slot has produced the high current density observed along the slot.
When a signal of the proper frequency is applied to one port, then the slot at the
other antenna will prevent the coupled signal from reaching the other port. Each of
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Fig. 3.9 Current distributions at the surface of antenna-2 when a 3.5 GHz signal is applied to
port-2 (short arc) while port-1 (long arc) is connected to a 50 Ohm load

the used slots can be considered as a series filter that prevents the signal to be iso-
lated from reaching the port in operation. The filters need no extra size since they
are implemented in the feed lines.

3.4 Comparison with Published Works

The performances of the proposed antennas are compared with those of the anten-
nas reported in [6, 7, 10, 11, 14, 16, 17, 19, 25, 26, 28, 33, 35]. Table 3.4 shows the
parameters of frequency range, separating distance, maximum isolation at reso-
nance frequency, as well as antenna dimension and volume that are considered in
the comparison. The results in the table show a reasonably superior band isolation
performance of the proposed technique (antenna-2) as compared to those of most of
the reported antennas.

3.5 Experimental Validations

Based on the results listed in Table 3.1, two prototypes representing antenna-1 and
antenna-2 were fabricated and experimentally investigated [31]. Measurements of
the S-parameters of the antennas were performed using a vector network analyzer
(VNA). The measurement results of the proposed double antenna-1 and antenna-2
are presented in Fig. 3.10. Figure 3.10a shows the measured reflection coefficient
and coupling of the double antenna-1. The measured —10 dB bandwidth extends
across the range from 2.136 to 2.55 GHz (i.e. 17.1%), and the isolation is better than
5.885 dB for the lower band. The upper band extends from 3.3 to 3.859 GHz (i.e.
15.97%) at an isolation of 11.9 dB. As shown in Fig. 3.2b, the two S-slots were
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Table 3.4 Performance comparison of the proposed antennas with previous published work found
in the literature

Center to
Frequency | center Frequency
range separation | (GHz) /isolation Volume
Reference (GHz) (mm) (dB) Dimensions (mm) (mm3)
[6] 5-6 28 5.2/33.3 48 x255x%x 1 1224
5.8/21.1
[7] 2.26-2.5 10 2.4/27 30x 65 % 1.5 2925
5.41-5.79 5.6/40
[10] 1.5-2.8 14 1.5-2.8/15 50%x63x0.8 2520
4.7-8.5 4.7-8.5/20
[11] 1.7-2.9 2.45/30 55x99x 1.6 8712
[14] 2.4-2.48 12 2.4-2.48/35 17.3x22x 7.7 2931
5.15-5.725 5.15-5.72/24
[16] 5.22-5.38 |34 5.36/20 36 x 68 x 1.6 3917
[17] 2.39-3.75 |21 3.07/20 40 x 30 x 1 1200
5.03-7 6/25
[19] 24-4.2 26.8 3.3/17 40x90x 0.8 2880
[25] 24-2.5 8 2.45/18 28 x22x 1.6 986
5.15-5.825 5.5/36
[26] 2.34-255 |16 2.45/27 38x43x 1.6 2614
5.13-5.85 5.8/30
[28] 24-2.6 25 2.5/18 47 x36x 1.6 2707
33344 3.86/20
4.8-6 5.4/25
[34] 2.23-2.535 |10 2.4,3.5,5.8/22 40x75x 1.6 4800
3.34-3.8
5.49-7.176
[35] 5-6.5 10.4 5.7/120 35 x 61 x0.76 1627
Antenna-1 | 2.267— 9 2.45/12.09 344x42x 1.5 2167
2.713 3.5/16.25
3.0835-
3.94
Antenna-2 | 2.235— 9 2.45/26.22 304 x42x%x 1.5 1915
2.648 3.5/38.673
3.05-3.997

added in antenna-2 to reduce the coupling between the two antennas. The measured
S-parameters for antenna-2 are presented in Fig. 3.10b. The isolation becomes 16.8
and 28.2 dB at 2.45 and 3.5 GHz, respectively. This shows more than 10 dB increase
in the isolation for the lower band and an 11 dB increase in the isolation for the
upper band when the slots were deployed. The —10 dB impedance bandwidth covers
each of the bands of WLAN and WIMAX. The isolation at 2.45 GHz is 15.1 dB and
increases to 26.63 dB at 3.5 GHz. As shown in Fig. 3.10a, b, there is a general shift
to higher frequencies in the responses of Sy, and S,;. The shift is 0.05 GHz (2.05%)
for the first band and 0.15 GHz (4.29%) for the second band. This difference is
attributed to the fabrication errors.



3 Double-Monopole Crescent-Shaped Antennas with High Isolation for WLAN... 67

S-Parameters(dB)

25 3 35 4 45 5
Frequency (GHz)

S-Parameters(dB)

35 4 45 5
Frequency (GHz)

Fig. 3.10 Variation of the measured S-parameters with frequency for: (a) double antenna-1 and
(b) double antenna-2

Figure 3.11 shows the calculated correlation coefficients from the measured
S-parameters with and without using the slots. It can be observed that, when adding
the slots, the correlation coefficient is improved from 0.2581 to 0.004125 at
2.45 GHz and from 0.4284 to 0.0002031 at 3.5 GHz.

3.6 Conclusions

Two low-profile dual-port antenna configurations for WLAN and WIMAX appli-
cations have been presented. In each configuration, the two antennas were found to
be capable of supporting two separate frequency bands at their two ports. The
proposed two S-slots in the feed lines proved to achieve higher isolation. The para-
metric study was applied to tune the position, length, and width of the inserted slots
for the control of the position of the notched bands and obtain lower mutual cou-
pling. The simulated results showed that the double antenna with S-slots provides
low mutual coupling of less than —26 dB at 2.45 GHz and -38 dB at 3.5 GHz.
These results also enhanced the envelope correlation coefficients values to 0.00345
at 2.45 GHz and 0.0004138 at 3.5 GHz. This is a 35-fold reduction at the 2.45 GHz
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Fig. 3.11 The calculated envelope correlation coefficients from the measured S-parameters for the
two double-antenna configurations

and 21-fold at the 3.5 GHz frequency in comparison with the case before using the
two slots. The measured results showed quite reasonable agreement with the simu-
lation results.
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Chapter 4
Electrically Small Planar Antennas Based
on Metamaterial

Mohamed Lashab, Naeem Ahmad Jan, Fatiha Benbdelaziz,
and Chems Eddine Zebiri

4.1 Introduction

Many research works have focused on planar antennas for terrestrial digital video
broadcasting or, more recently, mobile networks, which need high performances
such as low cross-polarization, an omnidirectional beam, an ultrawide band, and low
side lobes of the radiation pattern. Electrically small antennas (ESAs) can offer most
of these performances [1-4]. ESAs are widely used in electromagnetic scattering for
their interesting applications, especially when loaded with different types of dielec-
tric materials [5-9], ferrite, chiral materials, or artificial materials to enhance the
bandwidth and the radiation pattern [10]. Metamaterial is one of the most used arti-
ficial materials, known for absorption of undesirable wave effects in antenna design
and also used for antenna miniaturization purposes [11-13]. Some applications
already employing this technology can be listed as NFC (near field communication)
systems, including RFID (radiofrequency identification), UWB (ultrawideband), and
wireless broadband systems such as WLANs (wireless local area networks) and
WiMAX (Worldwide Interoperability for Microwave Access) [14].
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Metamaterial is known as an artificial material. In the literature, it is defined as
left handed. Antennas of high absorption are usually based on metamaterial; also,
antennas loaded with metamaterial can exhibit miniaturization effects. Many
research studies have been carried out recently on metamaterial and have attracted
great interest, both for theoretical development [15] and for experimental works
[16, 17]. For more than a decade, many research workers have studied the effects of
dielectric, chiral, or ferrite items inside planar antennas or even aperture antennas
such as horn antennas in the taper (efficeint part of the horn antenna just beyond the
feed) many research work have been investigated on horn antenna loaded with arti-
ficial dielectrics [18—20]. In this chapter, we are interested in the latest development
concerning planar antennas loaded with metamaterials. We are looking for advan-
tages, applications, and limitations in broadband and terrestrial applications.

4.2 Small Antenna Limitations

An electrically small antenna can be defined as an antenna with physically small
dimensions relative to its wavelength. Another definition is an antenna with a very
low resonant frequency relative to its physical dimensions. Many definitions have
been given for ESAs, but probably the most suitable one was given by King [21],
who defined small antennas as antennas with dimensions bounded by the relation of
(k.a <0.5), where a is the radius of a sphere circumscribing the maximum dimen-
sions of the antenna, and (k = 2z /A), where A is the wavelength of the antenna [22].

Limitations of ESAs have been discussed by many researchers [23]. They could
have almost the same performance as an ordinary antenna. The problem is that the
smaller the antenna is, the antenna it is to get impedance matching. Usually ESAs
have a narrow bandwidth and high Q compared to ordinary antenna. Some practical
solutions could improve the bandwidth and the Q [24]; this could be done, for
instance, just by insertion of network circuits as was proposed in reference [25], or
by adding a non-Foster circuit based on negative differential resistance [26]. That is
why many researchers have confirmed that there are no limitations of ESAs; it is
just a matter of finding better adaptations of the antenna to the environment by add-
ing some techniques, as listed above.

4.3 Fundamentals of Metamaterials

4.3.1 Physical Properties

For more than a decade, many researchers have carried out work looking for more
than ordinary materials, starting from anisotropic to bianisotropic and chiral struc-
tures, where the electric and magnetic constitutive parameters of the material are con-
figured differently in the optical axis [27]. In addition to the difficulties or complicated
fabrication of these materials, they are actually very limited in their application in the
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very narrow frequency band where these materials can exhibit their artificial proper-
ties. Actually, photonic and electromagnetic band gap (EBG) materials [28] are much
easier to fabricate and can yield more interesting antenna designs. Unfortunately EBG
structures lose their interesting properties for antenna design when the wavelength is
much smaller than its intrinsic period [29]. Nevertheless, these structures can find
applications in many antenna designs simply for their basic configurations.

Nowadays there is a new type of artificial material that can go beyond some of the
previous limitations. The so-called electromagnetic metamaterials (MTMs) are gen-
erally defined as efficiently homogeneous electromagnetic structures with unusual
properties and peculiar behavior not available in nature [30]. An efficient homoge-
neous structure is one whose structural average size of the unit cell p (p is the size of
the cell) is much smaller than the guided wavelength; p <4 (4 is the wavelength)
[31]. Once this condition is satisfied, the relationship that relates the effective param-
eters—the effective relative electric permittivity e and the effective magnetic per-
meability u.—to the index of refraction n is given by:

N =€ g Mgy .1

The value of the constitutive parameters, i.e., permittivity and permeability,
depend on the geometric shape of the unit cell (inclusion) or on the mutual space
between cells. Thus, one can choose the cells’ shape or spacing to obtain desired
constitutive parameters; the cells could be implemented on a planar substrate in a 2D
or 3D configuration [32]. Metamaterials can be classified or categorized by the graph
in Fig. 4.1, where the permeability and the permittivity are both negative. With regard

T | Rew)

e<0u>0

Metals at optical
frequencies,

e>0pu>0

Isotropic dielectrics
Right hand (RH),

Plasma forward propagation
Evanescent waves DPS
ENG Re(e)
e<0,u<0 e>0,u<0
Ferromagnetic materials,
Veselago, Meta Ferrite
Left hand (LH), backward Evanescent waves
Propagation MNG
DNG

Fig. 4.1 Materials classification

vww.ebook3000.con)



http://www.ebook3000.org

74 M. Lashab et al.

to double negative parameters (DNG), this type of material has interested many
researchers. In 1968, Veselago started working on media with double negative per-
meability and obtained remarkable results. Other regions considered as metamaterial
ones are the regions near the zero axes, ENZ (e near zero) and MNZ (u near zero);
both regions lead to ZIM (zero index metamaterial) [32].

Double positive (DPS) permittivity and permeability are isotropic dielectrics
known as right hand propagation of electromagnetic waves in the forward sense.
The ENG (e negative) region is also a metamaterial region, realized with parallel
plate or wire inclusion, and a great variety of shapes can be suggested. The last
region, MNG (¢ negative), is for ferromagnetic and ferrite materials.

4.3.2 Theoretical Aspects

A metamaterial is an artificial material whose permittivity and permeability are not
known and vary with respect to the operating frequency. The extraction of the con-
stitutive parameters needs experimental tests or analytical models. The Drude—
Lorentz model [33, 35], known as the dispersion model, is a very accurate analytical
method used to extract the constitutive parameters for unknown structures, for the
split ring resonator (SRR), or for the complementary SRR (CSRR), as shown in
Fig. 4.2. Using the Drude-Lorentz model, the magnetic permeability and electric
permittivity are described below:

F f?
= [ — 4.2
u, ﬂo[ fz—fofﬁjyfj (4.2)
and:
2
N (1 +L] “3)
T =retirf

L) jl=

a b

Fig. 4.2 Metamaterial structures: (a) SRR; (b) CSRR
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where 1, and p, are the background permeability and the background permittivity,
respectively; F,and F, are the magnetic resonant intensity and the electric resonant
intensity, respectively; f,, is the magnetic resonant frequency and f,, is the electric
resonant frequency; and y is the damping factor of the resonance. All of these
parameters have to be found analytically for several frequencies, and appropriate
codes or programs have to be used [34].

Another much easier method of constitutive parameter extraction is known as the
standard retrieval procedure [35, 36]. In this method, the effective permittivity and
effective permeability are extracted from the transmission and reflection coeffi-
cients, provided by commercial software or experimental results, although the
microscopic and macroscopic delivered values of the constrictive parameters are not
in good agreement [37].

4.3.3 CRLH-TL Resonator

The transmission line (TL) structure is essential to realize a resonant planar antenna with
no dependence on its physical dimensions. This structure supports an infinite wave-
length at its fundamental mode which is denoted by ZOR [38]. A practical realization of
an LH-TL, which includes the essential part as described above for RH effects, is known
as a CRLH-TL,; this technology can produce an infinite wavelength (=0, with w#0).
By this fact, and based on the advantage of this resonator, this was used to realize the
proposed antenna [39]. The electric equivalent circuit of the homogeneous resonator
CRLH-TL unit cell is presented in Fig. 4.3, as a “T”” shape. The resonance condition of
such an open-ended resonator is given by the dispersion relation [40]:

B =" (Ot Lo (N 1)) @

Regarding Eq. 4.4, we denote by [ the physical length of the resonator; 7 is the
mode number, and N is the number of unit cells, for n equal to zero, the fundamental
mode of the compensated right/left hand (CRLH-TL) resonator is obtained.

Fig. 43 CRLH-TL Lx C.

resonator, electric circuit
o_(YY\_| ’_—o

Cr L
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The impedance Z and the admittance Y given below can be electrically implemented
on the antenna, so as to obtain a compensated effect of the right hand and left hand:

1
Z=jloL, ——— 4.5
J[wR wCLJ (4.5)
=il oc, ——— (4.6)
-/ K oL, '

The unit cell of zero order resonators (ZORs) is inserted into the proposed
antenna. Thus, the size of the antenna can be compact. In the case of open boundary
conditions, the infinite wavelength resonance depends on the shunt parameters of
the unit cell, L; and Crand the resonant frequencies are given by:

=;And o, = !
LC L,C

L~R R™L

wsh

“4.7)

where @y, is the shunt resonant frequency and w,. is the serial resonant frequency
[32]. A different combination of zero order can be designed, more complicated than
that given in Fig. 4.3, like a “pi” shape for instance, where the input and output have
symmetrically the same components as in references [41-43], or a combined “T”
shape and “pi” shape such as in references [44—46], where more than two resonant
frequencies are obtained.

A dispersion diagram of the CRLH structure is given in Fig. 4.4. In contrast to
ordinary materials where the constant of propagation is positive >0, the composite

Compensated CRLH structure

Left hand structure

Fig. 4.4 Dispersion diagram of the CRLH structure
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CRLH structure can have a constant of propagation that is null =0, or even nega-
tive #<0. The CRLH structure is generally called compensated left hand/right hand
when there is only one frequency w, for which f=0.

4.4 Monopole Antenna Loaded with SRR

4.4.1 Introduction

For a two band antenna realized by a monopole bowtie type, this is loaded with one
unit cell SRR as a metamaterial at the bottom of the antenna; this is designed simi-
larly to reference [39]. The aim of this work is to exhibit the improvement of the
gain and the notched bandwidth by metamaterial inclusion. The proposed antenna
has geometric dimensions of 60 mm x 40 mm.

The obtained results from the HFSS simulation dealing with the constitutive
parameters of the SRR show that there is an ENG (permittivity negative) caused by
the unit cell. In this work, the operating bandwidth of the proposed antenna is in the
range of 0.75-0.95 GHz as the DVB-T band, and 1.18-3.5 GHz as Wi-Fi, WLAN,
and WiMAX applications. Here in this work, the inserted unit cell of the SRR has a
significant effect in the second band of the antenna [39].

4.4.2 Unit Cell Design

The unit cell is fabricated on FR4 epoxy substrate; it is composed of four split rings,
and the metamaterial unit cell has dimensions of 30 mm x 30 mm. Here in this
work, the inclusion of one unit cell of SRR is considered in this design in order to
show the benefit of the effect of metamaterial placement on the bottom side of the
antenna. The antenna is simulated with and without metamaterial just to exhibit the
antenna’s performance. The unit cell is realized using the well-developed printed
circuit board (PCB) technology. Figure 4.5 presents the geometric dimensions of
the unit cell SRR metamaterial.

The SRR dimensions are given as follows: the first square is 30 mm x 30 mm, the
second one is 25 mm x 25 mm, the third one is 19 mm x 19 mm, the fourth one is
13 mm x 13 mm, the gap between the squares is given as 2 mm, the thickness of all
of the square rings is 2 mm, and the spacing between rings is 1 mm. In this design,
the substrate is the epoxy FR4 with relative permittivity ¢, = 4.4 and a dielectric loss
tangent 6 = 0.02; the thickness of the chosen substrate is 1.6 mm. The unit cell is
designed by HFSS, and the “S” parameters are explored for eventual extraction of
the constitutive parameters.

The transmission and reflection coefficients of the unit cell of the SRR as a meta-
material are presented in Fig. 4.6a, where four resonant frequencies are observed.
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Fig. 4.5 SRR
metamaterial unit cell

S11,821 50 Effective Permittivity

Real (¢)
------- Imag (¢)|
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Transmission & Reflection Coefficients(dB)

1 15 2 25 3 35
Frequency (GHz) Frequency (GHz)
a b

Fig. 4.6 (a) Transmission and reflection coefficient; (b) effective permittivity

The first one is at 1.25 GHz, the second one is at 1.75 GHz, the third one is at
2.75 GHz, and the last one is at 3.5 GHz. The simulated unit cell on HFSS has
shown very interesting results. Figs. 4.6b and 4.7a present the imaginary and real
parts of the permittivity and the permeability, respectively.

As can be seen from Figs. 4.6b there are negative values of the permittivity
(ENG), from 1.07 to 1.18 GHz in the DVB-T band, and from 1.62 GHz to
1.75 GHz. In figure 4.7a, it can be observed negative values of the permeability
(MNG), starting from 3.0 GHz to 3.15 GHz and from 3.4 GHz to 3.5 GHz.
Figure 4.7b shows the index of refraction with respect to the frequency, zero
index metamaterial (ZIM) is observed at 1.25 GHz and 1.75 GHz. All of these
metamaterial behaviors cover the following applications: Wi-Fi, WLAN, and
WiMAX.
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Effective Permeability Effective Refraction Index, n
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Fig. 4.7 (a) Effective permeability; (b) effective index of refraction

4.5 Antenna Design

The monopole bowtie type antenna used in this work is constituted by a set of two
triangular shaped patches related together by a thin wire of 0.5 mm thickness and
6 mm in length. The two patches are fed by a monopole slot of 2 mm thickness and
23 mm in length, as shown in Fig. 4.8a. The SRR metamaterial cell is placed on the
ground plane on the bottom side of the antenna, as shown in Fig. 4.8b. The total gain
shown in Fig. 4.9 is recorded for three frequencies—2.5 GHz, 3.0 GHz, and
3.5 GHz——considered the main frequencies contained in both antenna bandwidths
(with and without SRR).

Figure 4.9a presents the gain in the radiation pattern in the case of an antenna
without SRR in the yoz plane for three frequencies: 3.5 GHz, 3.0 GHz, and
2.5 GHz. The maximum value of the radiation pattern is obtained at 3.0 GHz as
—4.35 dBi. Figure 4.9b presents the case of an antenna without SRR in the xoz
plane; almost all of the frequencies present the same maximum value as
—6.68 dBi.

The radiation pattern in Fig. 4.10 is recorded also for three frequencies, given as
2.5 GHz, 3.0 GHz, and 3.5 GHz. This is the case of the monopole antenna loaded with
one unit cell previously presented in Fig. 4.8. Figure 4.10a is concerned with the yoz
plane; the maximum gain is obtained at the frequency of 3.0 GHz, which is precisely
—0.95 dBi. Compared to the case of the antenna without SRR, there is an increase of
47%. Concerning the radiation pattern in the xoz plane presented in Fig. 4.10b, the
maximum gain value is observed at the frequency of 2.5 GHz, which is —1.25 dBj;
compared to the case of the antenna without SRR, there is an increase of 86.9%,
which is really very important. The results obtained by simulation concerning the unit
cell justify the gain enhancement in the frequency range from 2 to 3.5 GHz.
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Fig. 4.8 (a) Top view of the bowtie monopole antenna; (b) bottom view of the bowtie monopole
antenna; m =23 mm, g = 17.5 mm, f=40 mm, d = 7 mm, & = 60 mm

b

a Radiation Pattern yoz-plane.original antenna

Radiation pattern xoz-plane, orginal antenna

3.0 GHz
3.5GHz
2.5 GHz

Fig. 4.9 Total gain in the radiation pattern without SRR for three frequencies: (a) yoz plane;
(b) xoz plane

In summary, Fig. 4.11 shows the total gain of the antenna with and without SRR. A
brief comparison between the two antennas gives a clear idea about the effect of the
metamaterial unit cell. The SRR unit cell exhibits its phenomena starting from 2 to
4 GHz, but the great effect is observed in the frequency range from 2.5 to 3.5 GHz.

Figure 4.12 shows the coefficient of reflection with and without SRR. Although
the bandwidth is reduced about 10%, two important things are shown in this figure:
first, the return loss at 1.5 GHz is very small; second, a new resonant frequency
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Radiation Pattern yoz-plane, antenna with SRR

Radiation pattern xoz-plane, antenna with SRR

3.0GHz
3.5GHz
2.5GHz

Fig. 4.10 Total gain in the radiation pattern in the antenna with SRR for three frequencies: (a) yoz

plane; (b) xoz plane
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Fig. 4.11 Gain comparison with and without SRR
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S11,Monopole Antenna with and without SRR
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Fig. 4.12 Return loss with and without SRR metamaterial

appears at 0.85 GHz. The inclusion of SRR metamaterial has produced two important
behaviors that mainly characterize the metamaterials, especially the appearance of
lower frequencies. This can suggest the idea of miniaturization.

4.6 Metamaterial-Inspired Antenna

In this work, an electrically small planar metamaterial-inspired coplanar fed
waveguide (CPW-Fed) antenna is applied for WLAN and ultrawideband applica-
tions [40]. The antenna is based on a simple slot (very thin) loaded onto a rectan-
gular patch and a zigzag shaped metamaterial-inspired unit cell. The idea behind
the proposed antenna is to enable a miniaturization effect. The proposed antenna
can provide a multipurpose dual band application. The first one is a Wi-Fi band
at a frequency of 2.45 GHz with an impedance bandwidth of 150 MHz; the sec-
ond one is an ultrawide band extending from 4.2 GHz to 6.5 GHz. Two antennas
are designed and fabricated with and without metamaterial-inspired loading. The
simulated and measured results regarding the return loss (S11), gain, and radia-
tion pattern are discussed. The metamaterial-inspired antenna seems to have bet-
ter performance.
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4.6.1 Antenna Design

In this design, a novel coplanar waveguide MTM-inspired antenna is designed, fab-
ricated, and tested [40]. The lower Wi-Fi frequency at 2.45 GHz is the result of the
zigzag E-shaped MTM loading. The second resonant frequency is obtained because
of the CPW-Fed antenna, which is from 4.2 GHz to 6.5 GHz, an ultrawide band with
the help of a small rectangular patch of 4 mm x 3.25 mm, and a gap to help maintain
this band steady throughout at S11 <= -10 dB. The geometric configuration of the
metamaterial-inspired antenna is shown in Fig. 4.13, and the photographic proto-
type of the antenna is shown in Fig. 4.14. The antenna is simulated in HFSS using
an FEM technique. The substrate is the epoxy FR4 with relative permittivity of 4.4,
tangential loss of 0.02, and thickness of 1.6 mm. The strip antenna is loaded at the
top edge on the right side with a zigzag E-shaped metamaterial unit cell. This small
metamaterial-inspired structure gives rise to the left handed media characteristic,
and it resonates at a frequency of 2.45 GHz. The antenna is fed by a CPW of a
50 ohm transmission line with a width of 3 mm.

The overall size of the antenna is 28 x 24 x 1.6 mm?. The upper ground is
12 x 10 mm? with a gap of 0.5 mm between the transmission line and the ground on
each side. The dimensions of the strip antenna are 10.75 x 7 mm?, which appears as

M

4

i .
< »

Fig. 4.13 Geometry of proposed metamaterial-inspired antenna. L = 28, w = 24, LF = 10.75,
WM="7ht=4,T2=12, We=10, WO=3,h=2,Gl =5
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Fig. 4.14 Photograph of the proposed antenna

two patches connected by a small loading on the top right side. There is a small
metallic wire 4 x 0.15 mm? in size placed in the vicinity of the zigzag unit cell. The
width of the metamaterial unit cell is taken as 0.15 mm, and the gap between the
metallic wire and the unit cell is 0.35 mm. The gap between the antenna and the
ground is taken as 2 mm. The gap on each side of the antenna is 8.5 mm. The antenna
is a single layer type and it is also compact and easy to fabricate.

4.6.2 Results and Discussion

The experimental results were interesting. Figure 4.15 shows the comparison of the
simulated return loss (S11) of the conventional coplanar waveguide and metamaterial-
inspired coplanar antenna. The graph clearly indicates a negative order resonance
(NOR) at 2.45 GHz for the metamaterial-inspired antenna; that is because of the
negative characteristics (permittivity and permeability) produced by the zigzag
E-shaped metamaterial-inspired unit cell. There is a clear shift in the first order reso-
nance for the lower frequency band from 4 to 2.45 GHz, and the second order reso-
nance for the metamaterial-inspired antenna is a UWB from 4.2 to 6.5 GHz without
any discontinuity. Regarding the effect of the wire width, Fig. 4.16 shows the para-
metric study of the metamaterial-inspired antenna for different n sizes, where 7 is the
width of the zigzag unit cell on the top right side of the coplanar waveguide. The best
result is obtained for the wire width n = 0.15 mm.

In Fig. 4.17a, b, the radiation pattern and the gain of the metamaterial-inspired
antenna are given, respectively, in the yoz plane and xoz plane, which are 0.85 dBi,
2.6 dBi, and 2.77 dBi at 2.45 GHz, 5.2 GHz, and 5.8 GHz, respectively. When the
small wire in front of the zigzag unit cell is removed, the gain is enhanced from
0.85 dBi to 0.91 dBi, but the resonant frequency is also moved from 2.4 to 2.2 GHz.
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Measured and simulated Reflection coefficient
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Fig. 4.15 Reflection coefficient of conventional and metamaterial-inspired antenna: simulated
and measured results
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Fig. 4.16 Reflection coefficient of metamaterial-inspired antenna, for different thickness of n
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Radiation Pattern vz-plane 2.;05 GHz, 5.2 GHz nd 5.8 GHz

Radiation Pattern total gain xz-plane 2 45GHz , 5.2 GHz and 5.8GHz
90

2.45 GHz
5.20 GHz
5.8 GHz

Fig. 4.17 Simulated yoz plane (a) and xoz plane (b) at 2.4 GHz, 5.2 GHz, and 5.8 GHz

The metamaterial-inspired antenna can be improved by choosing a suitable size for
the wire in the zigzag shape or by choosing the shape of a zigzag.

4.7 Antenna Loaded with CRLH

In this work, a CRLH-TL resonator and EBG are implemented in a coplanar wave-
guide fed antenna for multiband, gain improvement, and a miniaturization effect.
All of these can find many applications in industry and in daily life.

The antenna is built up with a monopole antenna with two grounded plates on
the top side. The CRLH is loaded with a TL set, as inductors and capacitors, and
this work is presented similarly to that in reference [47]. The plan of this work is
to provide the miniaturization of the antenna and to exhibit the gain improvement.
The antenna dimensions are 25 mm x 30 mm. When loaded with a CRLH resona-
tor, it presents the first resonant frequency at 1.5 GHz. The results obtained by
simulation from HFSS give a clear idea about the antenna operating frequencies,
with a triband frequency: from 2.65 to 2.75 GHz as the LTE band; from 3.35 to
3.55 GHz as WiMAX; and from 4.35 to 5.45 GHz as WLAN. The maximum gain
in the radiation pattern is recorded as 4.4 dBi at 6 GHz; this is achieved in the last
band as WLAN.
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4.7.1 Antenna Design

In this design of a coplanar waveguide antenna, based on a CLRH-TL resonator
with EBG squares implemented in the antenna, the objective is to produce a multi-
band frequency. Lower band frequencies can find great applications, and this
antenna is simulated by HFSS. The obtained results show that a lower resonant
frequency can be generated independently of the antenna size. In addition, the gain
can be improved considerably, particularly by the inclusion of EBG squares, as
shown in Fig. 4.18. A photograph of the proposed antenna is given in Fig. 4.19.

In order to observe the advantage of EBG inclusion or CRLH insertion, three
types of antenna are designed by HFSS. The obtained results are explored and com-
pared in order to see the advantage of each inclusion separately. Figure 4.19 shows
these three antennas, presented as the original antenna in Fig. 4.20a, the antenna
loaded with a CRLH resonator in Fig. 4.20b, and the antenna loaded with both the
CRLH resonator and EBG squares in Fig. 4.20c.

The three antennas are simulated and their reflection coefficients are presented in
Fig. 4.21. The first antenna, as the original one, shows one resonant frequency at
5.15 GHz with a bandwidth range from 4.45 to 6.35 GHz. The antenna loaded with
CRLH provides three resonant frequencies: the first one is located at 2.75 GHz, cor-
responding to the zero mode (n = 0), with a frequency bandwidth range from 2.65 to

[P
-

- -
-

Fig. 4.18 Proposed antenna dimensions in mm: Lo =30, Wk=25,Lp=12, Wp=8, We=5,ht=17,
Le=8, We=5WI=2,m=2,hc=2,gm=0.5

vww.ebook3000.con)



http://www.ebook3000.org

88 M. Lashab et al.

Fig. 4.19 Photograph of
the proposed antenna

Fig. 4.20 Three types of antenna: (a) original; (b) CRLH; (¢) CRLH + EBG

2.75 GHz; the second resonant frequency is located at 3.4 GHz, which is related to
the first mode (n = 1), with a frequency bandwidth range from 3.25 to 3.55 GHz; the
third resonant frequency is located at 5.15 GHz, with a frequency bandwidth range
from 4.25 to 5.5 GHz.

The antenna is equipped with 16 EBG squares simply presented as small patches
of 1.5 mm on each side. The spacing is set to 0.5 mm between squares; this value is
optimized in order to improve the radiation pattern, as the dimensions of these
squares can provide the frequency leading to an optimized radiation pattern.

Figure 4.22a presents the radiation pattern in the yoz plane. This figure shows
that the original antenna has a total gain greater than the antenna loaded with a
CRLH resonator and the combined case of the antenna loaded with CRLH plus
EBG, at the frequency of 6 GHz; the maximum gain reached by the original antenna
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S11 of the CPW Antenna Loaded with CRLH & EBG
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Fig. 4.21 Reflection coefficients for the three types of antenna
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Fig. 4.22 Total gains in radiation patterns: (a) xoz plane; (b) yoz plane. F = 6 GHz
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is 2.34 dBi. The radiation pattern in the xoz plane of the three antenna types is given
in Fig. 4.22b. The very important improvement in the gain at the frequency of 6 GHz
is remarkable, particularly for the combined case of the antenna loaded with a
CRLH resonator plus EBG squares. In this figure, the gain has reached 4.45 dBi,
whereas the case of the CRLH has reached a gain of 3.65 dBi.

In summary, the radiation pattern in the xoz plane has obtained an improvement
of 26% for the combined case antenna with CRLH plus EBG and an improvement
of 17% for the case of the antenna loaded with a CRLH resonator, but in the yoz
plane the radiation pattern has decreased for both antennas (CRLH and CRLH plus
EBG) by 15%. Also, it can be seen that the antenna loaded with CRLH plus EBG
has improved the bandwidth of the three bands compared to the CRLH antenna by
almost 12%.

The evolution of the total gain versus the frequency is presented in Fig. 4.23.
This figure presents a comparison of the total gain provided by the three antennas.
The figure shows that the gain of the CRLH antenna is much better than the original
antenna—from 2.5 to 7.5 GHz—and the antenna loaded with CRLH plus EBG has
enhanced the gain, starting from 4.5 to 7.5 GHz. Unfortunately the bandwidth of
this antenna ends at 5.6 GHz. In future work, one could choose CRLH plus EBG to
operate at a lower frequency.

In the literature regarding similar work, antennas loaded with ZORs [48, 49] and
other research work based on EBG [50] could also have remarkable effects on the
miniaturization of antennas. When combining the two structures, the effect is more
explicit and more important.

Total gain of the CPW Antenna Loaded with CRLH-TL and EBG
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Fig. 4.23 Total gain comparison of the three antennas
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4.8 Moon Shaped Antenna with Defected Ground and EBG

In this work, the designed antenna is a coplanar waveguide fed type, in which the
ground is defected on the top, by cutting a triangular piece from each ground
plate. The antenna is supplied with an EBG, configured as a grid, with three verti-
cal slots and five horizontal slots. The insertion of EBG enhances the bandwidth
by 31%, and the gain is improved by 29%. The designed antenna contains two
bandwidths: the first one operates in the frequency range of 3.34 to 4.82 GHz, and
the second one operates at 5.6 to 6.1 GHz. The maximum gain in the radiation
pattern obtained is 2.95 dBi, obtained at the frequency of 4.5 GHz. The applica-
tions of this antenna are mainly WiMAX and WLAN. In the literature, similar
work can be found concerning the inclusion of EBG in antennas [51-54].

4.8.1 Antenna Design

The coplanar waveguide antenna, loaded with an EBG grid, is based on small squares
implemented in the antenna. The aim of this work is to enhance the bandwidth and
make improvements in the gain in radiation. This antenna is simulated by HESS. The
obtained results show that the bandwidth has increased considerably and the gain has
improved, especially in the frequency range from 3.0 to 4.5 GHz. The EBG squares’
dimensions are optimized to 1.25 mm on each side. These squares are placed on the
top side of the antenna on the left hand side of the moon shape, as shown in Fig. 4.24.

In order to observe the effect of the defected ground (DG), regarding the pro-
posed antenna, three types of antenna are simulated by HFSS. Fig. 4.25 shows the
three types of antenna.

The first antenna is without defection, as the original antenna Fig. 4.25a, the sec-
ond antenna with a small defection Fig. 4.25b, and the third antenna with a big defec-
tion in Fig. 4.25¢. The aim of making different types of defection is to look for better
reflection coefficients with enhanced bandwidth. The reflection coefficients of these
three antennas are presented in Fig. 4.26. The original antenna without ground defec-
tion has only one resonant frequency at at 2.8 GHz, with bandwidth of 0.9 GHz. The
second simulated antenna has a small ground defection. This antenna has two reso-
nant frequencies: the first one is at 2.4 GHz with very narrow band width, ideally
suitable for Wi-Fi applications, the second resonant frequency at 3.9 GHz with band-
width of 1.01 GHz.This antenna is ideally applied for WiMAX and WLAN.

The third simulated antenna has a big ground defection. This antenna has also
two resonant frequencies: the first one is at 3.0 GHz with a bandwidth of 0.8 GHz;
the second one is at 5.7 GHz with a bandwidth of 0.31 GHz. This antenna can find
applications in LTE and WiMAX.

The antenna with a small ground defection is chosen as ideal for the given applica-
tion. The inclusion of the EBG grid on the top side of the antenna has produced two
resonant frequencies different from the previous antenna: the first resonant frequency
is at 4.05 GHz with a bandwidth of 1.48 GHz; the second resonant frequency is at
5.8 GHz with a bandwidth of 0.41 GHz. This is observed in Fig. 4.27, which presents
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Fig. 4.24 Proposed antenna dimensions in mm: Lm = 29, Wm = 22, Lc = 14, Rl = 4.5, ht = 1,
hm=12, We=8,R2=6,hc=1,gm=2

a b

Fig. 4.25 Three types of antenna: (a) without defection; (b) with a small defection; (¢) with a big
defection

the reflection coefficients of the two antennas with and without EBG. It shows clearly
that the bandwidth has improved from 0.9 to 1.48 GHz, considered as a 31% increase
in the bandwidth of the antenna. Figure 4.28a presents the radiation pattern in the yoz
plane. The figure shows the case of the moon shaped antenna without the EBG grid.
Three frequencies are recorded, given as 3.0 GHz, 3.8 GHz, and 4.5 GHz. It seems
that the maximum value of the gain is recorded at 4.5 GHz, which is 2.25 dBi.
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S11,Moon Shape Antenna, Effect of the Ground Defection
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Fig. 4.26 Reflection coefficients and the effect of the defected ground

S11,Moon Shape Antenna with and without EBG
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Fig. 4.27 Reflection coefficients of the moon shaped antenna with and without EBG
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Radiation Pattern yoz-plane, antenna without EBG ~ Radiation pattern xoz-plane, antenna without EBG

a) b)

v 3.0 GHz
—>€—| 38GHz
—Q— | 45GHz

Fig. 4.28 Total gain in the radiation pattern in the antenna without EBG, for three frequencies:
(a) yoz plane; (b) xoz plane

Figure 4.28b presents the gain in the radiation pattern in the xoz plane in the case
of the antenna without EBG, recorded for three frequencies—3.0 GHz, 3.8 GHz,
and 4.5 GHz—and again the maximum value of the radiation pattern is obtained at
4.5 GHz as 2.35 dBi.

Figure 4.29a presents the case of the moon shaped antenna with EBG in the yoz
plane, recorded for the same three frequencies as given above. The maximum gain in
the radiation pattern is obtained at the frequency of 4.5 GHz as 2.40 dBi. The radiation
pattern in Fig. 4.29b is recorded also for three frequencies given as 3.0 GHz, 3.8 GHz,
and 4.5 GHz in the case of the antenna loaded with EBG. Here, also, the maximum
gain in the radiation pattern is obtained at the frequency of 4.5 GHz as 2.75 dBi.

In order to observe the effect of the EBG inclusion, a comparison of the total gain of
the moon shaped monopole antenna, with and without the EBG grid, is given in Fig. 4.30.
The figure presents the total gain versus the frequency. It is very clear that that the effect
of the EBG grid starts from 2.5 GHz and ends beyond 6 GHz; the remarkable effect is
between 4 and 5 GHz. At exactly 4.5 GHz, the maximum total gain is 3.0 dBi for the
loaded antenna with the EBG grid, alongside 2.2 dBi for the antenna without EBG.
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Radiation Pattern yoz-plane, antenna with EBG
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Radiation pattern xoz-plane, antenna with EBG
90

a) b)
—%— | 3.0 GHz
—>¢— | 38 GHz
—O— | 45GHz
Fig. 4.29 Total gain in the radiation pattern in the antenna with EBG, for three frequencies:

(a) yoz plane; (b) xoz plane
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4.9 Summary

In this chapter, the applications and limitations of electrically small antennas (ESAs)
have been presented, and the fundamentals and different aspects of metamaterial
have been clearly discussed. An emphasis on zero order resonators or so-called
compensated right/left handedness (CRLH) based on transmission line theory (TL)
is presented, showing how zero order can be obtained and how the metamaterial
parts can affect the performance of the antenna.

Three types of electrically small antenna have been presented and studied in this
chapter, in the scope of metamaterial applications. The antennas had different forms
of metamaterial, with inclusion of SRRs, metamaterial-inspired, and finally a zero
order resonator. All of these types of antenna have shown that the presence of meta-
material and EBG in the antenna can produce a miniaturization effect from 10% to
25%, and can produce a gain in radiation pattern enhancement from 47% to 68.9%
(in the case of SRR inclusion). The last design concerning the moon shaped antenna
loaded with EBG shows first that the defected ground can greatly modify the band-
width of the antenna; a lower resonant frequency can be obtained, which enables a
miniaturization effect. Also, the inclusion of EBG has produced an improvement in
the gains in the radiation pattern and the bandwidth. An electrically small antenna
can be realized also by other structures that are not mentioned in this chapter but are
available in the literature, such as defected ground, fractal structures and a high
impedance surface (HIS), and also a surface integrated waveguide (SIW). This can
be studied and discussed with real applications in future work.
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Chapter 5

Impact of Microstrip-Line Defected Ground
Plane on Aperture-Coupled Asymmetric DRA
for Ultra-Wideband Applications

Chemseddine Zebiri, Djamel Sayad, Fatiha Benabelaziz,
Mohamed Lashab, and Ammar Ali

5.1 Introduction

Although it was mainly used for military and radar applications since the early
1960s, ultra-wideband (UWB) technology has received tremendous attention from
academia and industry. It has been widely utilized in recent years for the prolifera-
tion of short-range high-throughput wireless communications, medical imaging, ad
hoc networking, and other wireless sensing and monitoring applications [1]. The
widespread use of UWB technology is due to its prime advantages, such as high-
resolution reliable data, low transmission-power consumption, high immunity to
multipath interferences, high channel capacity, and high security measures [2, 3].

By definition, a UWB signal should have more than 25% fractional bandwidth or
occupy a bandwidth greater than 500 MHz [4]. The Federal Communication
Commission allowed a frequency band from 3.1 to 10.6GHz for low-power UWB
communications. Other bands of operation are also defined in lower frequencies for
some other pertinent UWB applications [5].
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Wideband and broadband characteristics can be obtained by considering different
configurations: slotted apertures and defected ground structures (DGS) [6—10] and
DRA structures [11-13].

The defected ground plane has taken much attention in the microwave field and
millimeter wave applications where the defected ground is realized by etching the
ground plane with a certain lattice shape that disturbs the current distribution of the
antenna. There exist different shapes of DGS in literature, such as concentric ring,
circle, spiral, dumbbell, elliptical, and U and V slots [14].

DGS configurations are used in [15, 16] to achieve a desired band-notched cir-
cuit performance, whereas in our study they are used to enhance the impedance
bandwidth of the patch antennas [17, 18]. Furthermore, this technique can reduce
the structure size and give rise to excitation of additional resonance bands [19],
where with a simple compact structure with defected ground plane [20], we have a
multifrequency microstrip antenna with a single feed [21]. Moreover, large slots and
defected grounds can excite other modes such as in [12, 13] and [22, 23].

5.2 History of Dielectric Resonator Antenna

Dielectric resonator antenna applications were first proposed in the early 1980s
(rectangular or cylindrical form) [24, 25]. The first experimental research for wide-
band DRA was carried out in 1989 by Kishk et al. Since then, dielectric resonators
are used to realize the miniaturization of active and passive microwave components,
such as oscillators and filters [26, 27]. When a dielectric resonator is not entirely
enclosed by a conductive boundary, it can radiate and form an antenna. Full DRA
was successfully built and described in [28].

DRAs exhibit a relatively large bandwidth (~10% for er ~10), whereas in their
basic form, patch antennas have a typical bandwidth of only 1-3%. Systematic
experimental investigations on dielectric resonator antennas were first carried out
by Long et al. in 1983 [28-30].

Many studies have concentrated on the cylindrical DRA structures [31], for
which the TM and quasi-TM modes may be excited by having the dielectric disk
situated on a ground plane [32]. In [33], a brief discussion is given for some charac-
teristics of the DRASs related to the HEM 116 and the HEM 126 modes compared to
the more commonly studied TM016 mode and TEO16 mode.

DRAs of diverse shapes have also been widely investigated. Long et al. brought
forward and investigated the cylindrical [12, 13, 22, 25], rectangular [34], and an
equivalent rectangular DRA to two cylindrical DRAs have been studied in [13], and
hemispheric DRA in [30], which has provided a good foundation for the develop-
ment of the DRA structures. Other configurations including triangular, cylindrical-
ring DRAs [35] were studied as well.

Subsequent to the cylindrical DRA, Long and his research group investigated the
rectangular [36] and hemispherical [30] DRAs. This work created the foundation
for future investigations of the DRA. Kishk et al. studied the radiation characteristics
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of cylindrical DRA with new applications [37]. Many other shapes such as triangular
[38], spherical-cap [39], cylindrical ring [40, 41], conical [42], and tetrahedron [43]
were also studied. Section-spherical [44], flipped staired pyramid [45], stepped
[46], stacked double annular ring [47], elliptical [48], two-layer hemispherical [49],
and Sierpinski carpet fractal patterned cylindrical [50] were also used recently for
the enhancement of various antenna properties. The basic principles and mode
nomenclatures of the DRA were discussed in detail in the review paper [51]. In [52],
the input impedance of stacked cylindrical dielectric resonator antennas is investi-
gated experimentally and the dielectric resonators are made up of different materials
and bandwidth of 25% has been achieved [52].

The quarter volume of cylindrical DRA (QVCDRA) was first designed and pro-
posed in [53]. QVCDRA can work stably at HEM11-like mode by proper settings
of boundaries and exciting mechanism.

The inner field distribution of the dielectric resonator antenna (DRA) depends on
the boundary conditions [35] and the dimensions and dielectric constant of the DRA
are the main factors that influence the antenna performance [53]. Professor Long
brought forward, in [25], the magnetic wall model to validate that the resonance
frequency decreases with the increase of the antenna volume. In [53], three
QVCDRASs are placed on a circular floor and arranged together around Z-axis to
form a novel three-port DRA centered at 5.2GHz.

Two rectangle DRAs have been integrated to implement reconfigurable pattern
on three frequency bands in [54]. A slot-fed DRA is studied in [55], where it is
stated that by varying the slot length, the frequency of the DRA can be controlled,
which in turn could help achieve reconfigurable radiation patterns.

Recently, many investigations have been reported on dielectric resonator anten-
nas (DRAs) with dual-frequency or wideband operation using various approaches,
such as two mode excitation, or two stacking DRAs [56, 57]. When a single-shaped
DRA operates in a fundamental mode, its bandwidth is typically below 10%. Kishk
et al. in 1989 [58] stacked two different DRAs on top of one another to obtain a
dual-resonance operation. Since then, other wideband DRAs using stacking meth-
ods have been utilized [57, 59-61].

Over the last decades, several studies have been reported on DRAs for bandwidth
enhancement techniques in multiband frequency and wideband operations using
various approaches, such as different coupling Schemes [62, 63], hybrid structures
[64], external matching networks and combining multiple DRs with and without
segment [65-67], choice of the position of DRA [66, 67], modified DR structures
[43, 68], compact circular/annular sector [69], stacking two or more dielectric reso-
nators (DRs) [58] with different permittivity materials and its aspect ratios and
DRA with air gap, and the multilayer multipermittivity DRA [65, 70].

In [71], a two-segment rectangular dielectric resonator antenna (DRA) for broad-
ening the impedance bandwidth is discussed. In this study [71], two rectangular
dielectrics with different sizes and permittivities separated by a perfect E plate sec-
tion are used [71, 72]. With this configuration, it is possible to excite two adjacent
resonant frequencies, and can use the frequency band 3.32-7.46GHz.
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Formerly, the overlap multi-segment DRA was developed to enhance coupling
from the microstrip lines [73, 74]. By using an extra metallic plate in a conventional
DRA, which acts as an electric wall, the size of the DRA has been reduced approxi-
mately by one half [75].

The main objective of the study in [66] is to improve the bandwidth of the DRA
using three-element multilayer cylindrical dielectric resonator antenna (MCDRA)
array above the ground plane. MCDRA is easy to design and excite with HE119
mode excited in each MCDRA by a centrally placed dielectric resonator in which
TMOI18 mode is excited. The effect of design parameters such as probe height,
arrangement of dielectric layers, and permittivity of materials are studied, and the
excited modes (i.e., TMO018 and HE119) are also confirmed by simulations.

The proposed multilayer cylindrical dielectric resonator antenna (MCDRA) can
offer an impedance bandwidth of ~47% for a —10 dB return loss where frequency
range is from 4.5 to 6.8 GHz and resonance frequency is 4.91 GHz [66].

The bandwidth enhancement in DRA has been introduced by Guha et al., by
employing three-element cylindrical dielectric resonator array as a wideband low-
profile monopole-like antenna [67]. Using this approach, nearly 29% impedance
bandwidth (S11 < —10 dB) with uniform monopole-like radiation pattern over the
entire band is achieved. The multilayer multipermittivity approach has been studied
for higher mode separation in dielectric resonator in microwave integrated circuit
(MIC) environment [70].

In [76], multiband cylindrical DRAs having a permittivity variation in ¢-direction
(required to have a definite position) fed by coaxial probe are analyzed, fabricated,
and measured. A dual-band response is obtained by the combination of two half-
split cylindrical DRs of different permittivities, whereas triple-band is also obtained
by considering three equal sectors of split DRs. A hybrid DRA with radiating slot
for dual-band operation is proposed in [64], and the objective in [76] was to design
anew, low-profile and compact-size hybrid structure antenna that can operate at two
different frequencies with stable radiation characteristics. On the other hand, axial
and radial directions do not influence a lot the mode profile in the working fre-
quency band, hence they provide wideband performance in CDRA [76-78].

5.3 Proposed Antenna Geometry and Summarized Results

The proposed asymmetric UWB antenna is designed and simulated using Ansoft
HFSS V.14 software. The final antenna configuration with an FR4 substrate of
thickness 0.8 mm is shown in Fig. 5.1. A microstrip feed is utilized for the proper
impedance matching and other important features [13], with two modifications
(ly=20.5 mm in [13], I, d; in this case). The proposed asymmetric slot with seven
DRAs ultra-wideband antenna with a defected ground plane was designed and sim-
ulated using Ansoft HFSS [79] based on finite element method.

The prototype was fabricated on an FR4 substrate with a relative permittivity
of &, = 4.4, a loss tangent of 0.017, and a thickness # = 0.8 mm. The microstrip
feed line was placed symmetrically with respect to the coupling aperture [11-13].
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Fig. 5.1 Aperture-coupled
asymmetric five DRAs, (a)
without DRAS top view,
(b) with DRASs top view,
and (c) side view

Wg Wd

Sl
Ground |

Microstrip line Is+ds
(c)

The microstrip line dimensions were calculated using empirical formulas given in
[11-13, 80], resulting in length 20.5 mm, and in this work the length is /;=21.5 mm
and the width is w; = 1.5 mm. Two rectangular apertures (large slots) of length / and
width w, were etched on the ground plane, shifted from the center of the feed line
by a distance d. The values of all the parameters in the final antenna configuration
of Fig. 5.1 are: w,=16.25 mm, [, = 16.5 mm, wy =25 mm, /=30 mm, w;= 1.5 mm,
[;=21.5mm, x,=12.95 mm, w,=3.5 mm, [,=6.6 mm, d,=3.95 mm, d =0.05 mm,
x; = 13.5mm, y, =8.75 mm, x, = 6.5 mm, and y, = 8.75 mm. The five-DRA structure
consists of a central DRA located at x, = 13.85 mm, y, = 21.6 mm and surrounded
by four DRAs.

Building on previous works [11-13, 80], the originality of this work resides in
the creation of a defected ground plane to excite more modes [11] and the use of five
DRAs to enhance both the bandwidth and gain. The steps established in our model
are shown in Fig. 5.3. This original antenna presents an enhancement of S;;, as
illustrated in Fig. 5.2. All antennas, (ii—v), have a bandwidth greater than that for
case (i). The modeled antenna with defected ground technology, large slot, and five
DRAs results in a bandwidth of 2.92-11.97GHz; we can note that this technique has
a more important effect on the frequencies below 7GHz.



106 C. Zebiri et al.

=
|

a b
4004
——Real(Z,) [13]
3004 ——Imag(Z,) [13]
2004
= G 1004
T - £ 1
= N ok
2] - A
-100 i ‘ 7 dl /
4 |
[ ——pReal(Z,) of our antenna
—— The proposed antenna without DRAs 2004 N‘ Zy)
12 - - - The studied antenna without DRAs in [13] . ',“ . - '{’ h'“ag(vzm) ?f 0u1: a"te'nna i
2 3 4 5 6 7 8 9 10 11 12 2 3 4 5 6 7 8 9 10 1 12
Freq (GHz) Freq (GHz)
c d

Fig. 5.2 (a) Realized antenna without DRA published in [13]. (b) Present work antenna without
DRA. (¢) Compared S;; of our proposed antenna without DRA with the realized antenna in [13].
(d) Compared Z;, of our proposed antenna without DRA with the realized antenna in [13]

5.3.1 Antenna Without the DRAs

We notice that the set of components of the antenna (the defected ground plane and
the microstrip line) has as effect the excitation of three modes at 3.35GHz, 5.85GHz,
and 10.05GHz.

In [13], a rectangular slot of length L, which is short-circuited at both ends, can
have a first mode resonance when the slot length is equal to half the guided wave-
length Ag:

L =052, 5.1)

The guided wavelength is given by

A =

b € (5.2)
&

N

where f; is the resonance frequency, and ¢, is the effective dielectric constant for the
wave inside the slot given by
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g = (5.3)

where €, is the dielectric constant of the substrate material. Combining Eqgs. 5.4,
5.5, and 5.6, we get

c
S 54
. L, 2(grs+1) o

For the used slot length, L, = 6.6 mm, the obtained f; is 13.7 GHz. This frequency
value is very near (within 7%) to the resonance frequency of 12.7 GHz that is seen
in the presented results. The shift in the estimated frequency can be attributed to the
following: Eq. 5.6 assumes an average dielectric constant that is the mean of air and
the substrate values, but when the DR is placed adjacently to the slot, the average
value ¢, will be higher, leading to a lower value of the frequency as compared to that
given by Eq. 5.4.

In this study, a rectangular slot configuration is assumed. With the use of two
adjacent rectangular slots, one can assume the existence of two cases of resonance
as explained, where the electric field of the resonating modes is indicated by arrows.
The first case assumes two independent slots each of length L, resonating at the
frequency given by Eq. 5.6. The second case is represented by an equivalent slot
comprising the two merged slots. This longer slot has an equivalent length value
between L, and 2L, depending on the overlap of the two slots. In the built prototype,
the slot length is about 6.6 mm, and the combined slots have 9.6 mm. This equiva-
lent length leads to a resonance frequency of 9.4 GHz. Of course, this value will be
affected by the proximity of the DR leading to a slightly lower frequency value.

The lower band of frequencies results from the combined effects of the slot,
single DR, or two DRs. The other element that may be considered in resonance
calculations is the microstrip feed line. This line is connected between the 50 Q
input impedance connector and a combination of open-end, slots, and two DRs. In
the lower frequency band, the feed line can be considered to work as a 1/4 wave-
length transformer. Thus, a dip in the input reflection coefficient is noticed when the
line length is equal to 1/4 or 3/4 of the guided wavelength. For the used substrate,
the thickness 4 = 0.8 mm and line width w = 1.5 mm, so that the effective dielectric
constant is given by [25]

1 &-1
g =b 5 [1+12£j (5.5)
2 2 w

and found to be 3.393. For a feed line length of 21 mm, the resonance frequen-
cies are 1.94 GHz for the 1/4 wave length case, and 5.82 GHz for the 3/4 wave
length case. The second frequency value is very near to the lower band frequencies
(Fig. 5.2), thus verifying the existence of the lower band [13]. We can notice that the
defected ground enhances S;; and increases the input impedance as well.
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5.3.2 Antenna with Two DRAs

Building on the previous work [11-13, 80], the originality of the current work
resides in the creation of two adjacent large slots combined with two, three, four,
and five cylindrical DRA to excite further modes.

An alumina material, alumina-96pct, with &4 = 9.4, diameter D = 6 mm, and
height 2 = 9 mm, was used for the DR structure (Fig. 5.1). The resonant frequency
in gigahertz of a single segment CDRA excited in HEM, ;5 mode can be derived
from [11-13, 80]:

GH 1.71 0.1578 5.6
f( Z 27ra\/7( + i [2th (56)

where @ = D/2 (in cm), ¢ is the velocity of light, with the other values given earlier.
For these dimensions and with the DRA properties, the calculated resonance fre-
quency is 10.63 GHz [11, 80].

In this section, different shapes of the aperture with different number of DRA
elements are examined in order to observe their effect on the reflection coefficient
and bandwidth. Figure 5.2 presents five configurations of the aperture starting from
the very basic one, the rectangular shape shown in Fig. 5.2a. This figure shows that
the slot length has the most important effect on the reflection coefficient and the
resonant frequency; however, it also affects, to some extent, the impedance band-
width of the antenna [80].

Our research orientation, which allows us to publish several works, is based on
the same structure presented in [80]. The difference is articulated around the tech-
niques of the antenna properties improvement by the creation of a slot in the
microstrip line [11], which is also combined with a reduced ground plane [12]. As
such, we could improve the bandwidth by enlarging the slot, which has never been
treated before, by a 100% ratio. In our recent work, the ground plane is cut out [13].
The slot coupled with DRAs in [13] is very large compared to those studied in the
literature, so we are interested in structure 4 simulated in [13], and we have changed
the DRA pair position in order to shift the operating frequency to about 3.1 GHz.

The objective of the first step is to find the best position and thus the best coupling
of the two DRAs with such a large slot. Several displacements are made until
achieving the frequency band 3.25-12 GHz. These movements of the two DRAs are
shown in Figs. 5.3a and 5.4 and the related S, are shown in Fig. 5.3b and Fig. 5.4b,
respectively. These positions allowed us to move the bandwidth from 5.9 GHz for
antenna (i) to 3.67 GHz for antenna (ii), to reach 3.45 GHz for the antenna (iii), and
3.25-12 GHz for the last position of the two DRAS in antenna (iv).

The positioning of the two DRAs of the last antenna (iv) was carried out accord-
ing to the following figures (Fig. 5.4a, b), which indicate the important effects of the
positions of the DRAs with such a large slot and defective ground plane.

In Fig. 5.4a, b, it can be seen that such a structure (the broad slot and the defected
ground plane) contributes perfectly to the DRAs. According to [13], these DRAs
can excite the frequencies of TES11, TE1381, and TE11d and are: 7.1926, 10.2248,
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Fig. 5.3 (a) Aperture-coupled asymmetric DRA with defected ground plane top view with steps
of the designed antenna with different positions of the two DRAs. (i) Antenna published in [13],
(i) (/= 20.5 mm), (iii) proposed antenna with /; = 21.5 mm, and (iv) our first proposed antenna
(ly=21.5 mm). (b) Simulated reflection coefficient of the antenna with the four positions of the two
DRAs shown in Fig. 5.3a

and 10.5091 GHz, respectively. We may conclude that both DRAs can generate and
excite other modes less than 10.5 GHz (as in a single DRA). In addition, the pres-
ence of defected ground could reach a bandwidth of 3.25—-12 GHz. In this case, the
resonant mode generated by the defected ground at 5.85 GHz (Fig. 5.2b) reacted
completely with these DRAs and slightly with the first mode at 3.35 GHz.

5.4 Antenna with Various (3, 4, and 5) DRAs

This section consists in adding DRAs and varying their positions around the two
DRASs. The results show an improvement of S;;. According to Fig. 5.5a, we notice that
the effect of the third DRA is considerable in the bands 3.07—4.5 GHz and 7-12 GHz,
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N
)

S,,(dB)

N}
o

Freq (GHz)

(a) (b)

Fig. 5.4 (a) Aperture-coupled asymmetric two DRAs with defected ground plane top view with
steps of the designed antenna. (i—iii) Design steps of the proposed antenna. (b) Simulated reflection
coefficient of the antenna with the three different positions of the asymmetric DRAs with defected
ground plane top view with steps of the designed antenna. (i—iii) Steps of the proposed antenna
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Fig. 5.5 S, of aperture-coupled asymmetric DRA with defected ground plane top view with steps
of the designed antenna. (i) Antenna proposed with three DRAs, (ii) antenna proposed with four

DRAs, and (iii) antenna proposed with five DRAs
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Fig. 5.7 (a) Compared S, of the proposed antenna without and with five DRAs. (b) Input imped-
ance of the proposed antenna without and with five DRAs

and that the other mode is generated by all the three DRAs, as explained in [13]. In
this case, the achieved bandwidth is from 3.07 to 12 GHz. Now, we add the fourth and
the fifth DRAs, respectively, and we try to vary the position around the DRAs to find
the best position. Thus, according to Fig. 5.5b, c, the effect of the fourth and fifth
DRASs leads to a slight improvement in S;; and bandwidth. With four DRAs, the band-
width reaches 2.96 GHz and with five DRAs we have 2.92-12 GHz.

The obtained results of the different steps are recapitulated in Fig. 5.6, and the
comparison of the Sy is illustrated in Fig. 5.7a, where it is clearly seen that the
effect of the DRAs, in terms of number or position, is very important in the coupling
of the large slot and defected ground.
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Fig. 5.8 Simulated radiation patterns at frequencies of 3.1, 6.5, and 10.6 GHz

According to the input impedance shown in Fig. 5.7b and the magnitude of the
electric field shown in Fig. 5.8, we find that the DRAS first shift the resonant mode
of the slot with the defective ground plane and we notice the appearance of three
resonator modes in addition to the DRAs, which makes a total of six frequencies,
which are: 2.85, 3.4, 5.05, 6.8, 8.75, and 10.05 GHz.

This shows that the antenna has a wide radiation pattern with maximum radiation
along the normal to the substrate covering half-space, and in xy-plane (due to the
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Fig. 5.9 Simulated radiation patterns: (a) xz-plane, (b) yz-plane, and (c) xy-plane

cross-polarization) an almost omnidirectional radiation pattern is obtained, as shown
in Fig. 5.9. This depends, of course, on the shape and the dimensions of the slot.

The simulated gain values are shown in Fig. 5.10. This figure reveals that the
shape of the defected ground plane makes a difference in the gain bandwidth per-
formance (especially with the increase in number of DRs, a significant increase
around 2.8 GHz and a decrease of more than 8§ GHz). Note that the defected ground
technique can actually improve the gain and bandwidth of the antenna. In our case,
there are three proposed structures (case of 3, 4, and 5 DRAs) that all show an
increase in gain and an improvement in bandwidth (>3.1-10.6 GHz).

5.5 Conclusion

A five-element compact dielectric resonator antenna with a defected ground plane
microstrip line feeding for wideband applications has been analyzed. The proposed
design is a result of a comprehensive parametric simulation study using HFSS 2014.
The investigations showed the effect of various DRA parameters, positions and
numbers, of the microstrip fed antenna on the resulting performance. Simulation
results show that the proposed DRA has a -10 dB impedance bandwidth of 121.2%,
covering the frequency range from 2.92 to 12 GHz, and a maximum gain of 9.1dBi.
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Fig. 5.10 Simulated antenna gain of the proposed antenna versus the number of DRAs
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Chapter 6
Simple and Compact Planar Ultra-Wideband
Antenna with Band-Notched Characteristics

Issa Elfergani, Pedro Lopes, Jonathan Rodriguez, and Dominique Lo Hine Tong

6.1 Introduction

Ultra-wideband (UWB) is a radio technology, which has seen an increase in popu-
larity in the past years due to its appealing properties. This technology finds applica-
tions such as medical imaging [1], indoor position systems [2] and communications
systems. With the allocation of a band, from 3.1 to 10.6 GHz, for unlicensed UWB
communications systems by the FCC in 2002 [3], there has been a special interest
by the research community in those systems since then, as it allows for high data
transmission rates. However, in order not to interfere with other systems within the
allocated band, they are limited in power transmission, finding its use for short-
range communications.

For UWB communications to be feasible, antennas with attractive characteristics
over the working bandwidth are necessary. Printed monopole UWB antennas come
as a solution, as they provide attractive features such as low cost, small size and ease
of fabrication. This type of antennas simply consists of a planar radiator and a
ground plane printed over the same plane of a substrate or on opposite planes.
Printed monopole antennas are quite popular in the research community. Several
printed monopole UWB designs have been reported in the literature [4—6].
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Some of the most used feeding techniques for printed monopole antennas are
coplanar waveguide (CPW) and microstrip line. In the CPW feeding technique, the
conductor and the ground plane are place on the same plane of the substrate. There
is a variant of this technique known as conductor-backed coplanar waveguide
(CBCPW), where another ground plane is added at the opposite side of the sub-
strate. This technique has good broadband performance, low dispersion and cheap
fabrication costs, since it only needs to be printed on one side of the substrate.
Numerous antennas using this kind of feeding technique have been studied. Some
of those include printed monopole antennas as in [7] where their usable bandwidth
covers the 2.44-2.58 and 3.5-9.85 GHz bands, or with UWB characteristic as in
[8—11]. On the other hand, in the microstrip feeding technique, the conductor strip
line is located on the top side, while the ground plane is on the opposite of the sub-
strate. One variation of this technique is inset feeding, which gives the possibility to
control the impedance of the antenna. Microstrip feeding is very popular due to its
simplicity. An example of a normal microstrip and inset microstrip lines was seen in
[12, 13]. Other examples of UWB antennas with microstrip feeding can easily be
found in the literature [14—16].

Since the UWB has to coexist with other systems that operate in the frequency
bands within its bandwidth, the ability to filter those interferences is quite desirable.
One common example is the interference by the wireless local area network
(WLAN) communication system, which operates from 5.15 to 5.35 GHz and 5.725
to 5.825 GHz. Printed monopole antennas designing with effective techniques to
filter these unwanted frequency bands have been developed [17-24]. These notch
creating techniques make the use of filters dispensable, decreasing the fabrication
cost and size of the whole system. Two popular techniques for notch creation make
use of slots and stubs. In the first technique, either a strip from the patch, feeding
line or ground plane is taken off to create a resonance at a desired frequency. An
example in [25] can explain how a dual notch is achieved by doing a slot in the patch
and feeding line. In the stub technique, an extra strip if the conductor is added to
either the patch, feeding line or ground plane. By doing this, it’s possible to produce
aresonance at a certain frequency, and therefore as seen in [26], a notch is generated
by adding a stub to the ground plane.

A printed monopole UWB antenna with dual band-notch characteristics is pre-
sented in this chapter. The antenna configuration employs a combination of
hexagonal-shaped structure together with approaches of defected ground structure
(DFG) and a stub added in the feeding strip to achieve a larger bandwidth. The tech-
nique of embedded a half and full hexagonal slots was applied to accomplish both a
single and dual rejected bands, respectively.

To prove the concept, three versions were designed. The first version operates in
the UWB frequency range from 3.2 to 14 GHz, while in the second design, a half
hexagonal slot was embedded on the radiator to present a UWB antenna including
a single band notch at WLAN 5.2 GHz. Finally, a full hexagonal slot was introduced
on the same antenna structure; however, dual-band notches were simultaneously
achieved, i.e. at the lower WLAN 5.2 and 10 GHz.
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6.2 First Version: Main UWB Antenna Design and Concept

The full configuration of the initial version of the antenna is illustrated in Fig. 6.1.
The design for the printed monopole UWB antenna consists of a hexagonal patch
structure with a small stub along the feeding strip and a truncated ground plane, as
shown in Fig. 6.1. The antenna is printed over a FR-4 (Loss-free) substrate with a
0.8 mm thickness and relative permittivity ¢ = 4.3. The proposed antenna occupies
a compact volume of 30 x 30 x 0.8 mm?. A 50-Ohm microstrip line is used as feed-
ing method within this work. The antenna associated ground plane with an appro-
priate length is printed on the other side of the substrate. The ground plane is
virtually shared by both the radiator and its feed line.

The full dimensions of the radiator together with its feeding line and the trape-
zoidal DGS are stated in Table 6.1.

A
v

Ls

(b)

fe)

Fig. 6.1 Design of the first version of the proposed antenna. (a) Front view, (b) bottom view, (c)
stub close-up
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Table 6.1 Physical Parameter Value (mm)

dimensions of the antenna Ws 30
Ls 30
Wp 18
Lp 15.6
Wi 1.5
Lf 13
Wg 23
Lg 12
Wt 0.5
Lt 7
Ltl 1
Lt2 1.5

= Antenna with square DGS
= Antenna with trapezoidal DGS
= Antenna with trapezoidal DGS & Stub

Frequency (GHz)

Fig. 6.2 The S11 variations of the antenna with square DGS, with trapezoidal DGS and joining
both trapezoidal DGS with the stub in the feeding line

6.2.1 The Approaches of Improved Bandwidth

To realise the effectiveness of both truncated ground plane and the stub in improv-
ing the bandwidth, the S11 of the antenna with square DGD, with trapezoidal DGS
and joining the trapezoidal DGS together with the stub in the feeding line, was
demonstrated in Fig. 6.2. It should be noted that the proposed antenna with square
defected ground plane is capable of covering the whole range of UWB spectrum,
d.e. 3.3-11.75 GHz. However, by truncating the defected ground plane to form a
trapezoidal shape, this has shown a significant effect on the higher mode and also
slightly influenced the lower band of UWB spectrum. This improvement made this
antenna version operating from 3.2 to 13 GHz. The final approach of joining both
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the trapezoidal ground and stub over the strip line further improved the antenna
operational from 3.2 to 14 GHz as indicated in Fig. 6.2.

6.2.2 The Analysis of Ground Plan

Prior to obtaining the final and optimal UWB antenna design, a parametric analysis
of the defected ground structure length was carried out to ensure that the antenna
has a stable performance and an improved bandwidth, which makes it seamlessly
incorporated into today’s portable wireless devices. The size of the defected ground
plane length was studied and investigated. This investigation and optimisation study
was generated with help of CST simulator [27].

The outcomes of the variation length of ground plane size on the reflection coef-
ficient IS, are shown in Fig. 6.3. The length of ground plane varies from 11 to
13 mm. When the length (Lg) set at 11 and 11.5 mm, the antenna accomplishes
dual-band features of the band of 3.85 and 11.8 GHz. On the other hand, when Lg
fixed at 12.5 mm, a wide band from 3.3 to 10.3 GHz and another relatively narrow
band from 12.5 to 14 GHz were obtained. Another dual band at 4 and 14 GHz fea-
ture was met, while the Lg set at 13 mm. All the above achievements do not satisfy
the goal of this work to obtain an extreme UWB range. Surprisingly, the impedance
matching for the entire desired UWB frequency range of the antenna improved as
the ground plane length was set at 12 mm. Therefore, the length dimension of
12 mm was selected to meet this target.

0
-5
-10
@ -15
)
o 20
—Lg=11
-25 —Lg=115/]
Lg=12
=30 —Lg=125
—Lg=13
_35 1 1 1 | | | | | | | 1

3 4 5 6 7 8 9 10 M1 12 13 14
Frequency (GHz)

Fig. 6.3 Simulated return loss (S,,) for different heights of the ground plane on the first version of
the proposed antenna



124 I. Elfergani et al.

a b

Fig. 6.4 Design of the second version of the proposed antenna with half hexagonal slot. (a) Front
view and (b) bottom view

6.3 Second Version: UWB Antenna Design with Single
Notched Band

The proposed printed monopole UWB antenna with a half hexagonal slot is illus-
trated in Fig. 6.4. This antenna still maintains exactly same geometry size and struc-
tures with the antenna presented in Fig. 6.1, but a half hexagonal slit was embedded
over the hexagonal radiating shape. The given dimensions and specification of the
slot was shown in Fig. 6.4. This has same UWB spectrum range achieved by the
antenna in Fig. 6.2, except at the resonant frequency around 5.2 GHz, in which the
band-notched was created. Thanks to the etched slot, it was very sufficient to create
the first rejected band. The dimensions and position of the embedded slot were
wisely selected and optimised to meet the first desired rejected band at higher band
of WLAN 5.2GHz.

6.3.1 Results Analysis for Single Band-Notched Design

The S11 of the proposed UWB antenna with and without including the half hexago-
nal slot is depicted in Fig. 6.5. From Fig. 6.5, one can realise that the proposed
structure without adding any slot operates over a wide frequency range from 3.2 to
14 GHz. However, this proposed UWB antenna share part of its frequency spectrum
with several services such as WLAN, Hyperlan/2 and WiMax systems. This will
make this antenna to most likely cause interferences with those existing services.
Thus, to address this, a slot of half hexagonal shape was generated over the proper
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S, (dB)

——antenna without hexagon slot
— antenna with half hexagon slot

45 L ; L 1 : L ! : L 1 !
3 4 5 6 i 8 9 10 11 12 13 14

Frequency (GHz)

Fig. 6.5 The S11 of the proposed antenna with a half hexagonal slot

location over the antenna surface as indicated in Fig. 6.4. This simple and effective
approach has led to suppressing the unwanted frequency band at WLAN 5.2 GHz,
where the rejected band is created. As shown in Fig. 6.5, the proposed design with
the embedded slot covers the UWB spectrum from 3.2 to 14 GHz with return loss
of less than —10 dB, with filtering frequency at 5.2 GHz. Having such type of
antenna functioning, as a radiator and stop-band filter at the same time and within
one structure, will lead to a huge reduction in terms of the weight and complexity,
and the economical factor should be taken into consideration since the need of filter
is neglected.

To further understand the operation of the proposed antenna with and without
slot, the input impedance of both versions is investigated and analysed. Figure 6.6
represents the real and imaginary parts of both versions of the antenna. As expected,
the reactance of the antenna without slot maintains around 3 ohm over the entire
UWRB range, while the resistance varies from 46 to 51 €. This response satisfies the
good impedance matching condition to a 50-€ load. On the other hand, the reac-
tance of the antenna with the incorporated slot keeps more or less same response
compared to the first antenna; however, there is tremendous decrease of the reac-
tance value at the band of 5.2 GHz, where the notched band is produced, while the
resistance curve of the slotted design shows a smooth response around 50 Q from
3.2 to 4.8 GHz, then faced a significant increase up to 800 Q at 5.2 GHz, and then
dropped again to be around 50 2 from 5.5 GHz up to 14 GHz. This is a typical anti-
resonance behaviour and it occurs at around 5.2 GHz resulting in a high input resis-
tance value of around 800 Q. This response exhibits a typical band suppression
characteristic.

The current surfaces of antennas 1 and 2 are illustrated in Fig. 6.7. Three reso-
nant frequencies were selected for the aggregated bandwidth, i.e. 3.5, 5.2 and
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Fig. 6.6 The input impedance of the second antenna version with hexagonal slot

3.5GHz 5.2GHz 10GHz
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b

Fig. 6.7 Current surface for: (a) the un-slotted antenna and (b) half hexagonal slot antenna at 3.5,
5.2 and 10 GHz
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Fig. 6.8 The power gains and efficiencies of the half hexagonal slot design

10 GHz. Looking at the currents of the UWB antenna design in Fig. 6.7a, one can
conclude that most of the currents exist mainly on the feeding line at the three
bands, while they gradually taper as we head further towards the radiator and ground
plane. However, by examining the current distributions for the second design
(antenna with a single notched band), it is undoubtedly seen that the currents at the
band of 3.1 GHz are induced over the strip lines, with a small value which flowed of
the patch due to the embedded slot. Also, the proposed design at 10 GHz shows
most of its currents represent mainly on the feeding line as shown in Fig. 6.7b.
However, at 5.1 GHz, as can easily be discerned in Fig. 6.6b, strong electric currents
are concentrated in the half hexagonal slot and marginally over the feeding strip of
the radiator, in comparison to those realised at 3.5 GHz and 10 GHz. This is due to
the fact that the proposed antenna with half hexagonal slot is being considered as a
stop-band filter to suppress the undesirable frequency at WLAN 5.2 GHz. This
proves the claim in the previous section for the antenna to simultaneously function
as a radiator and stop-band filter within a single system device.

From the above investigation, the present antenna with an embedded slot does
not operate at the upper band of WLAN 5.2 GHz. To verify this finding, both the
gain and efficiency of slotted antenna were studied. Figure 6.8 displays the power
again and efficiencies of the single notch UWB antenna. It should be noted that the
achieved band suppression design (with slot) shows a gradual improved gain start-
ing from 2.2 dBi at the frequency of 3.5 GHz up to around 6 dBi at 14 GHz, except
at the created notch, when the gain was extremely dropped to —1.8 dBi at the
5.2 GHz as indicated in Fig. 6.8. The antenna efficiencies also as expected agreed
with the obtained gain. To be more explicit, the proposed slotted design exhibited
good radiation efficiencies varied from 78% to 86% over the completely desired
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a b

Fig. 6.9 Design of the third version of the proposed antenna with full hexagonal slot (a) Front
view and (b) bottom view

frequency range, except at the suppressed band at 5.2 GHz, when the antenna effi-
ciency was hugely decreased to reach a low level of 23% as depicted in Fig. 6.8.

6.4 Third Version: UWB Antenna Design with Dual
Band-Notched

Although the filtering feature at the upper WLAN of 5.2 GHz was successfully
accomplished, the useable spectrum from 5.5 to 14 GHz, in which the proposed
antenna operates, is still very wide and may coexist with other systems that operate
within the same frequency range, in which interferences are foreseen. Thus, another
filtering is required to avoid other common interferences. To this end, another half
hexagonal slot was also printed and combined with the previous half hexagonal slot
on the antenna surface. This has finally made a shape of full hexagonal slot as indi-
cated in Fig. 6.9. This dual band-notched design can be realised as follow-on to the
foregoing single notched band antenna structure by providing an additional half
hexagonal slot. The position of the second slot is placed at the top side of the radia-
tor and then was easily joint with the down slot as depicted in Fig. 6.9. This newly
added slot can work independently to achieve another notched band.

In this study, the dimensions and positions of both hexagonal slots should be
adjusted in correspondence to the central frequency of lower WLAN at 5.2 GHz and
the 10 GHz. Figure 6.9 presents the final layout of the UWB antenna with dual
rejected band’s features. One can note that the geometry of the radiator remains the
same after adding the second slot. In fact, these two hexagonal slots act as two reso-
nators that can be controlled independently for the desired notched frequency.
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Fig. 6.10 The S11 of the proposed antenna with full hexagonal slot
6.4.1 Analysis of Dual Band-Notched Design

Performance of the dual band-notched design is predicted and analysed using CST
simulator. Figure 6.10 presented the S11 of the proposed antenna. The antenna
design with a full hexagonal slot shape exhibits two individual band-notcheds at the
expected notched frequencies with excellent band-notch phenomenon. The effect
on the rejection level of the proposed designs, including dual band-notched, is illus-
trated in Fig. 6.10. It is clearly seen that the rejection level of the first notched band
design at 5.2 GHz outperforms the single notched band level at 10 GHz in terms of
antenna S11. This antenna has come up with the advantage of having two filtering
notches within the same antenna structure and size compared to previous design
with single rejected band. This leads to not implement another filter to suppress the
resonant frequencies and may accordingly result in less complexity, low cost and
seamless circuit integration.

The input impedance of the proposed antenna with the inclusion of full hexago-
nal slot can be seen in Fig. 6.11. The antenna shows a resistance that oscillates to be
around 50 Q, except at the dual created rejected bands at 5.2 and 10 GHz, with
resistance value at 800 and 150 Q, respectively, and the reactance value that fluctu-
ates from —3 to 2 Q over the entire bandwidth, with the exception of the two filter-
ing bands, whereby the values of —354 and 75 Q correspondingly occurred. This
again verifies the exploitation of the embedded slots as effective filtering approach.

To prove the usage of the embedded slot as an operational filtering method, the
surface current distribution of the full hexagonal slot antenna at each notch fre-
quency (5.2 GHz and 10 GHz) is analysed in Fig. 6.12. The surface currents mainly
concentrate at the surrounding area of the corresponding slot at the each notch
frequency in both cases. This implies that the neighbouring slit has little mutual
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Fig. 6.11 The input impedance of the third antenna version with full hexagonal slot
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Fig. 6.12 Current surface for the full hexagonal slot antenna at 5.2 and 10 GHz

effect to the other in band-notch performance, which also confirms the correspond-
ing behaviour of the other performances such as the S11 and input impedance in
Fig. 6.12.

Figure 6.13 demonstrates the antenna gain and radiation efficiency. It can be
noted that the gain increases gradually from 2.1 dBi to more than 5.6 dBi within the
pass band, with a significant drop of —3.8 dBi and —2.4 dBi at the notch frequencies
of 5.2 GHz and 10 GHz, respectively. The radiation efficient can also be seen falling
down at the notch frequencies to be around 10% and 17%, while the antenna
achieves a good efficiency ranges from 78% to 90% at the pass band as indicated in
Fig. 6.13.
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Fig. 6.13 The power gains and efficiencies of the full hexagonal slot design

The radiation pattern performances of dual notched antenna are shown in
Fig. 6.14. The radiation patterns were produced at three bands, i.e. 3.5, 7.5 and 13
GHz, in which all the aggregated UWB spectrum ranges would be covered.
Figure 6.14 displays the far-field radiation patterns in the two principal-plane pat-
tern cuts, .i.e. E plane (xz plane) and H plane (yz plane) for the above-mentioned
three bands. It should be noted that the proposed antenna accomplishes a relatively
omnidirectional radiation in both xz and yz planes at these frequencies.

6.5 Conclusion

A new compact printed monopole antenna with a frequency band-notched function
for UWB systems has been studied and investigated. Three antenna designs have
been designed and analysed: firstly, a monopole antenna design with hexagon radiat-
ing shape with defected trapezoidal ground and stub on the feeding line was proposed
to cover the UWB range from 3.2 to 14 GHz. Secondly, an etched half hexagonal slot
was printed on the down side of the radiator, in which its main objective was to create
a single rejected band at the upper WLAN of 5.2 GHz; thirdly, another half hexago-
nal slot was introduced at the top of the radiator to be joined together with the down
slot and finally form a full hexagonal slot. This final antenna design with the full
hexagonal slot was able to keep the same frequency range from 3.2 to 14 GHz, while
dual band-notched at 5.2 and 10 GHz were sufficiently made. The three versions of
the proposed antennas have demonstrated good performance and results in terms of
S11, input impedance, current distribution, radiation pattern, gain and efficiency. The
measured results agreed well with the simulation results. The proposed designs are
shown to be able to achieve desired band-notched characteristics, making the design
an attractive candidate for the UWB system applications.
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xzplane 13 GHz yzplane 13 GHz

Fig. 6.14 Normalised antenna radiation patterns for two planes (left, x—z plane; right, y—z plane)
at 3.5, 7.5, and 13 GHz. “00000” co-polarisation; “xxxxxx”’ cross-polarisation
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Chapter 7

Miniaturized Monopole Wideband Antenna
with Tunable Notch for WLAN/WiMAX
Applications

Issa Elfergani, Abubakar Sadiq Hussaini, Jonathan Rodriguez,
Abdelgader Abdalla, Ifiok Otung, Charles Nche, Mathias Fonkam,
and Babagana M. Mustapha

7.1 Introduction

The rapid evolution in advanced multimedia communications has created the need
for wideband or multiband antennas. These antennas would need to have a low pro-
file, be compact, and be wideband in nature in order to be aligned with the require-
ments of new handsets and devices. Although wideband antenna technologies have
undergone many significant developments, there are still a lot of challenges to solve

in terms of practical design.

The structure of a planar monopole antenna is a promising applicant for wireless
communication services due to several benefits such as compact volume, simplicity
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during the design/fabrication process, a broad frequency range, and an omnidirec-
tional radiation pattern [1]. The printed monopole antenna is regarded as a special
case of the microstrip antenna configuration, but with an infinite ground plane.

A printed monopole antenna (PMA) is basically produced by replacing the radia-
tor above the ground plane with a planar sheet. Numerous different shapes and
geometries of planar monopoles have been recently reported for use in many appli-
cations. To be more explicit, PMAs have been developed with significant features
such as a broad bandwidth along with great ability to control the envisaged impaired
radiation pattern and power gain [2, 3]. Moreover, the feature of low group delay
deviation obtained with PMAs may make them an appropriate choice for use in
pulse-based systems such as ultrawideband (UWB), which has recently received
great attention from both academia and industry.

7.1.1 Techniques to Enhance the Monopole Antenna
Bandwidth

Owing to the above-mentioned advantages of printed antennas, several interesting
designs of printed monopoles with a wide bandwidth have been recently demon-
strated [4—20]. Numerous procedures have been proposed to improve the bandwidth
of planar monopole antennas, which include embedding slots [7-11]; a truncated
ground plane approach [12]; a monopole antenna with a T-shape [5, 13]; employing
a defected ground structure (DGS) [14, 15]; exploiting PGK and CPGK fractal
shapes [16] with a notched ground plane and a new arc-shaped strip [17]; and
employing a radiator of different shapes such as rectangles, circles, triangles,
squares, annual rings, ellipses (both horizontal and vertical), pentagons, and hexa-
gons [18]. The bandwidth may improve by introducing tapered transitions and an
inset feed [19], with addition of a chordal strip to the outer crescent shape [20].

7.1.2 Techniques to Mitigate Interference in UWB Systems

In spite of the fact that the above-mentioned PMA designs accomplish a broader
bandwidth, the defined frequency band for UWB) systems [1-20] may still cause
interference with the existing narrow wireless communication systems, such as the
wireless local area network (WLAN) IEEE802.11b/g and IEEE802.11a standards
(2.4-2.485 GHz), the Worldwide Interoperability for Microwave Access (WiMAX)
IEEE802.16 bands (2.5-2.69 GHz, 3.3-3.7 GHz), the IEEE 802.11j WLAN band
operating at 4.9-5.0 GHz and 5.03-5.091 GHz, and the IEEE 802.11a WLAN band
operating at 5.15-5.35 GHz and 5.47-5.725 GHz.

To solve this problem, several designs of printed monopole UWB antennas
incorporating rejected frequency bands have been proposed and designed [11, 21—
35]. Numerous approaches were used to mitigate such interference within the spec-
trum of UWB systems—for example, inserting various shapes of slots into the
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radiating elements [11, 21-24], generating slots in the ground plane [25, 26],
embedding slots into the feeding strip [27], parasitic elements, electromagnetic
band gap (EBG) structures [28], using a DGS [29, 30], employing the EBG and
DGS techniques simultaneously [31, 32] and adopting frequency selective surfaces
(FSS) [33]. Another popular method) is to use various types of resonators on the
other side of the substrate [34, 35].

7.1.3 Tuning the Created Reject Bands

The antenna designs in references [11, 21-35] have dealt with the issue of interfer-
ence within the UWB spectrum, caused by coexisting WLAN, WiMAX, and Long-
Term Evolution (LTE) systems. Moreover, such antenna designs, along with the
created band notches, have contributed significantly to the market share of the leg-
acy antenna devices and will continue to play a role as we head toward 5G and
beyond, which will require antenna characteristics that are low in power and support
high data rate communications.

However, these antennas [11, 21-35] have fixed rejected frequency bands, which in
turn will not allow their geometry structures to be modified once fabricated. Thus, one
way to overcome this issue is to tune/reconfigure the created notches, while keeping the
frequency range as well as the antenna geometry without changing/modifying it.

Recently, there has been a significant drive toward designing a UWB antenna
with tunable/reconfigurable rejected frequency bands. The most common method to
tune the antenna is discrete tuning by using a PIN diode [36-38] and/or continuous
tuning by employing varactor diode [39—41] techniques.

This has allowed the antenna to adaptively switch to the notched band of the precise
resonant frequency whenever interference from other systems takes place. Regardless
of the issue of interference within the UWB antenna performance, the filtering feature
will be initiated. Thus, the functionally of the UWB antenna with a created notch will
be enhanced when the possibility of a tuning mechanism is exploited.

7.2 Comparison with Previous Work

Surveying the previous published work on relevant antenna designs in references [2,
4,5,7-10, 12, 13, 15], it was concluded that these were engineered for the universal
mobile telecommunications system (UMTS) band (1.92-2.17 GHz), IEEE 802.11
a/b/g (2.4-2.485 GHz, 5.15-5.35 GHz), and lower band UWB (3.1-4.8 GHz). In this
work, a compact monopole antenna is presented, where the impedance bandwidth can
be improved to cover frequency bands from 1.5 to 5.5 GHz. This gives the proposed
antenna a significant advantage over the previously mentioned work [2, 5, 7-10, 12,
13, 15], with the capability to operate over additional wireless standards such as GPS/
L1 (1.565-1.585 GHz), the Iridium satellite band (1.616—1.6265 GHz), the personal
communications service (PCS) band (1.85-1.99 GHz), the digital cellular service
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(DCS) band (1.71-1.88 GHz), the UMTS band (1.92-2.17 GHz), IEEE 802.11 a/b/g
(2.4-2.485 GHz, 5.15-5.35 GHz), and lower band UWB (3.1-4.8 GHz).

Moreover, the antenna designs in references [11, 17-35] cannot concurrently
cover mobile and UWB applications; in fact, the results in references [7-20] are
only capable of operating in UWB applications. Thus, the proposed antenna design
has the additional benefit of covering both mobile and UWB applications, unlike the
work described in references [7-20].

On the other hand, the work described in references [11, 21-35] shows several
UWB antenna designs with rejected frequency bands either in the WiMAX
IEEE802.16 bands (2.5-2.69 GHz, 3.3-3.7 GHz), the IEEE 802.11j WLAN band
operating at 4.9-5.0 GHz and 5.03-5.091 GHz, or the IEEE 802.11a WLAN band
operating at 5.15-5.35 GHz and 5.47-5.725 GHz. For instance, references [11, 22]
show UWB antenna structures including the rejected frequency bands in the
WiMAX spectrum (2.5-2.69 GHz, 3.3-3.7 GHz), while references [23, 26, 28, 29,
32-34] demonstrate UWB antenna designs with frequency notches in the WLAN
band operating at 5.15-5.35 GHz and 5.47-5.725 GHz and/or joining both the
WiMAX IEEE802.16 bands (2.5-2.69 GHz, 3.3-3.7 GHz) and the IEEE 802.11a
WLAN band operating at 5.15-5.35 GHz and 5.47-5.725 GHz, as in references [21,
25,27, 30, 31, 35].

However, one can note that none of the antenna designs in references [11, 21—
35] can mitigate the interference that may take place at the (2.4-2.485 GHz)
WLAN standard. To this end, this chapter documents a compact reconfigurable
rejected band monopole antenna that accomplishes size miniaturization as well as
having the capability to operate over the mobile part of the UWB spectrum at the
same time, except in the 2.4-2.485 GHz band of WLAN and the 3.3-3.7 MHz
band of WiMAX.

From the tuning perspective, unlike the results reported in references [36—41],
the present antenna design has the additional feature of covering mobile and
UWRB applications with a wider continued rejected band tuning range compared
to references [36—40] and operating in other existing wireless bands such as
GPS/L1 (1.565-1.585 GHz), the Iridium satellite band (1.616—1.6265 GHz), the
PCS band (1.85-1.99 GHz), and the DCS band (1.71-1.88 GHz), in contrast to
references [36, 41].

To sum up, designing a compact antenna that is capable of covering both mobile
and UWB applications with the targeted and desired notch is the preferred engi-
neering design aligned with market interests. However, in viewing the work
described in references [4—41], it should be noted that none of those antenna
designs have met these criteria, as they can only offer either mobile or UWB spec-
trum bandwidth. To this end, a compact monopole antenna with a tunable notch is
studied and investigated in this chapter. This work is the improved version of the
design proposed in references [11, 15]. In contrast to reference [11], the idea of
electronically switching the created rejected band has been realized. This has been
implemented by simply allocating a varactor device in the optimum location
exactly between the two chorded crescent shapes. By means of altering the capaci-
tance value of the varactor from 0.25 to 10.5 pF, the rejected band can be shifted
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downward over a broad frequency range from 3.5 to 2.4 GHz to cover the WLAN
IEEE802.11b/g and IEEE802.11a standards (2.4-2.485 GHz) and the WiMAX
IEEE802.16 bands (3.3-3.7 MHz).

7.3 Antenna Design Structure and Procedure

The configuration and geometry of the proposed antenna is depicted in Fig. 7.1. It
consists of two chorded crescent shapes, and it has some similarities to our previous
work [11, 15]. Both shapes are directly printed over an FR4 dielectric substrate with
relative permittivity of ¢, = 4.4 and a loss tangent of 0.017, with no ground plane
directly underneath it. The substrate thickness is 0.8 mm. A microstrip line with
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Fig. 7.1 Basic antenna structure: (a) top view; (b) bottom view [42]
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dimensions of 17.95 x 1 mm was utilized to feed the printed patch. It should be
noted that the defected area size of 24.75 mm x 26.25 mm located on the top of the
ground plane was introduced for improving impedance matching at the input port of
the antenna.

7.3.1 Methods to Improve the Bandwidth of the Proposed
Monopole Antenna

In order to enhance the bandwidth of the proposed antenna, several techniques
were exploited in this study. Initially, the ground plane of the proposed antenna
with only crescent shapes was cut, as shown in Fig. 7.2. The technique of the
defected ground plane effectively contributed to improving impedance matching
across the operating frequency band from 1.7 to 3.1 GHz, as shown in Fig. 7.2.
Secondly, introducing a chordal strip to the crescent shape to form the full outer
chorded shape also helped in enhancing the antenna bandwidth, which, in turn,
makes the proposed band operate over a broad bandwidth range from 1.5 to
5.5 GHz, as depicted in Fig. 7.2.

The full dimensions of the present antenna are 57 mm x 37.5 mm, which are
ideal for applications in mobile devices. As can be seen from Fig. 7.2, the broad
impedance bandwidth features of the proposed structure were accomplished by
two procedures: firstly by cutting a square part of the antenna PCB exactly under-
neath the radiator, and secondly by introducing a chordal strip to the outer cres-
cent shape.
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Fig. 7.2 Simulated VSWR of the crescent and chorded crescent-shaped proposed antenna with
and without a defected ground plane
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7.3.2 Avenue to Create the Rejected Band of the Proposed
Monopole Antenna

The notched band was generated by printing an inner chorded crescent shape together
with an outer chorded crescent shape over the RF4 substrate, as indicted in Fig. 7.3.
To conclude this, the printed parasitic inner chorded crescent shape had a length of
36.5 mm, which is equivalent to half a wavelength at 4.25 GHz. Consequently, this
design structure performs as a band stop filter to reject the resonant frequency around
4.25 GHz, as indicated in Fig. 7.3. Figure 7.3 demonstrates the simulated VSWR for
the proposed antenna with only the outer chorded crescent shape as a stand-alone and
also with both inner and outer shapes together. It can be clearly seen that the proposed
antenna is capable of operating over a wide frequency range from 1.5 to 5 GHz, while
rejecting the frequency at 4.25 GHz. This enables the antenna to work over several
mobile services such as GPS, DCS, PCS, UMTS, WLAN, LTE, and WIMAX.

7.4 Current Surface of the Unloaded Printed Monopole Antenna

To suggest the best possible location for the varactor, the surface currents of the
unloaded antenna with only the outer chorded crescent shape, and with both the
outer and inner chorded crescent shapes, were studied and verified, as depicted in
Fig. 7.4. Three particular operating frequencies—namely 1.6, 2.7, and 4.25 GHz,
covering the aggregate bandwidth—were selected.
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Fig. 7.3 Simulated VSWR with the inner and outer chorded crescent shapes
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Fig. 7.4 Current surface for the outer chorded crescent shape and both chorded crescent shapes at
(a) 1.6 GHz; (b) 2.7 GHz; and (¢) 4.25 GHz

As can be clearly realized, the currents for the designated resonant frequencies
of 1.6, 2.7, and 4.25 GHz for the outer chorded crescent-shaped proposed antenna
are predominantly induced in the feed strip and almost negligible over the PCB.
This agrees well with the investigation of the antenna ground plane size in the previ-
ous section. In addition, this is an indication to prove that extending the ground
plane size does not affect impedance matching. By doing the current surface exami-
nation of the antenna with the inner and outer chorded crescent shapes together, it
was observed that the inducing currents are almost the same at 1.6 and 2.7, which
indicates that both proposed antennas maintain the same performance, as depicted
in Fig. 7.4a, b. It was certainly noted that the maximum currents take place mainly
near the antenna feed line.
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However, at 4.25 GHz, as presented in Fig. 7.4c, the second version of the present
antenna displays strong electric currents concentrated in the inner and outer chorded
crescent shapes and feed line areas of the radiator compared with those seen at other
operating frequencies; this again verifies the finding of adding the inner chorded
crescent shape to create the rejected band. Moreover, it is recommended that the
varactor be positioned in the part where less current is induced. This will help in not
impairing the antenna performance in the desired operating frequency band.

7.5 Tuning Methods for the Rejected Bands

Reconfigurable rejected bands exhibit various advantages over their conventional
counterparts of fixed rejected bands. The antenna with the tuned notched frequencies
can be used to mitigate interference over multiple frequency bands. This will signifi-
cantly contribute to size reduction and minimizing the cost of the hardware. The
needs for reconfigurable notched band antennas are becoming ever more widespread
to match the increasing demand for channel interference mitigation approaches over
a wide frequency range spectrum. In recent years, novel communication architec-
tures have been developed (software defined radio, MIMO, and cognitive radio) that
will alleviate the stress on the wireless networks and open up new opportunities for
drastic improvements in the bandwidth and efficiency of the wireless network. Thus,
in order for such architectures to be implemented, antennas capable of wideband
operation are required. However, the defined frequency band for UWB systems may
cause interference with the existing narrow wireless communication systems, as
mentioned in previous sections. Therefore, wideband antennas with a fixed rejected
band can be tuned to operate over a larger range of frequencies while reconfiguring
the notched band over a desired range, thus effectively enhancing the antenna perfor-
mance. Generally, frequency reconfigurability of antenna can be achieved using the
following techniques.

7.6 Continuous Tuning

In this kind of tuning, the antenna is capable of achieving a wide frequency range of
operation. In order to achieve continuous tuning, a frequency reconfigurable antenna
usually employs structural changes, material changes, or reactive loading. The
switching mechanism most commonly used to achieve reactive loading is a varactor
diode. Since varactors are voltage devices, they have very low power consumption,
but they sometimes require relatively high DC voltages.

Varactor Diode: This diode operates with a reverse bias that corresponds to the
capacitance variation. With a change in bias, the capacitance induced at the radiat-
ing edge is changed, resulting in a change in the effective electrical length of the
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patch. This allows for continuous tuning of the operating frequency. On the other
hand, increasing the reverse bias voltage decreases the resultant capacitance and
shifts the frequency band.

7.6.1 Discrete Tuning

By utilizing this type of reconfigurability, the antenna is capable of a finite number
of states or operating bands. With the purpose of achieving discrete tuning, a fre-
quency reconfigurable antenna typically employs some sort of switching mecha-
nism. The switching mechanism most commonly used to accomplish discrete tuning
is a PIN diode.

PIN Diode Switching: A PIN diode is situated on the appropriate place over the
patch to alter the current paths on the patch. When the diode is OFF, currents travel
around the slot and the antenna operates at a lower frequency, whereas when the
diode is ON, the effective length of the patch is shorter and the antenna operates in
a higher frequency band.

The varactor diode was chosen to be used as a tuning device to tune the created
rejected bands in this study. Note that the tunability of the antenna is achieved in the
simulation by tuning the diode. By checking the current surface of the present
design, the location of the varactor is optimally chosen in order to accomplish maxi-
mum reconfigurability with less perturbation of the antenna matching. The junction
capacitance of the varactor varies against the reverse bias voltage applied, and these
different capacitive loadings correspond to different electrical lengths and thus dif-
ferent resonant frequencies.

In the simulation model, the varactor diode was modeled with an RLC boundary
sheet with varying capacitance values over the desired range. Tellingly, the varactor
diode has a variable capacitance. Depending on the capacitance range of the practi-
cal diode, the diode can be simulated with these values.

7.7 Parametric Studies

Prior to the fabrication process—and to obtain a sufficient and ideal antenna size,
and to maintain good impedance matching over the desired wide frequency range
defined within this study, including the targeted rejected bands—a comprehensive
parametric analysis was carried out. Three parameters were selected for this
study: the ground plane size, the strip feed position, and the varactor location
between the two chorded crescent shapes. These parameters are deemed the most
sensitive parameters in determining the targeted frequency bands along with the
desired notches. Each simulation was run with only one parameter varied, while
the other parameters stayed unchanged. Both fixed and variable parameters are
shown in Fig. 7.1.
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7.8 Influence of the Ground Plane Size

The effect of the ground plane was examined by checking the variations in the
VSWR against the size of the ground plane for the selected capacitance values
(0.5 and 10 pF). Figure 7.5 shows the effect of a ground plane with four selected
sizes together with the mentioned capacitance values: 21 x 37.5 mm?
(0.252 % 0.3854), 42 x 42 mm? (0.5 X .54¢), 57 x 37.5 mm? (0.681, x 0.3851),
and 84 x 84 mm? (4, X A). As can be noted in Fig. 7.5, the target frequency range
and notched band cannot be achieved when the ground plane is set to 21 x 37.5 mm?
and 42 x 42 mm? for these capacitance values. On the other hand, the entire fre-
quency range with a target notched band is obtained when the ground plane is set
at 57 x 37.5 mm? and 84 x 84 mm?. Even when the ground plane is 84 x 84 mm?,
the desired frequency range with tunable notches can be accomplished for both
capacitance values (0.5, 10.5 pF), but this is at the cost of the antenna size. It
should be noted that the DGS plays a significant role in improving impedance
matching across the desired operating bands, but the actual ground plane dimen-
sions are minimized as far as possible to fit the space available inside a transceiver
casing. Therefore, the 57 x 37.5 mm? (0.68), x 0.385),) ground plane size was
selected as optimal, since it satisfies the entire tuned frequency range with the
required rejection bands of WLAN (2.4-2.485 GHz) and WiMAX (3.2-3.6 GHz)
for all capacitance values.

7.8.1 Effect of the Feed Line Position

The influences of the feeding position are depicted in Fig. 7.6. In this study, the
feeding position is initially set to the edge of the antenna structure, which corre-
sponds to 5.15 mm, then it is moved in steps of 1 mm closer to the center of the
crescent structure, which is at 9.15 mm. As can be seen for the lower resonant mode
(1.5-3.5 GHz), the impedance bandwidth remains essentially the same for 0.5 and
10.5 pF. At the higher resonant mode (3.5-5 GHz), an unacceptable mismatch will
occur when the feeding position is set closer to the edge, which is below 8.75 mm.
Therefore, this feeding position at 8.75 mm can be taken as the best value for both
capacitance ranges (0.5 and 10.5 pF) to obtain the desired frequency range with the
targeted notch.

7.9 Effect of the Varactor Location Between the Two Shapes

The varactor position is one of the most sensitive parameters in this study. Its
variation can significantly impair impedance matching over the desired operat-
ing frequency band with a tunable notch for both 0.5 and 10 pF, as illustrated in
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Fig. 7.5 Simulated VSWR corresponding to the variation parameters of the ground plane with a
loaded capacitor: (a) 0.5 pF; (b) 10.5 pF

Fig. 7.7. This parameter is investigated by starting from 6.75 mm and increasing
to 11.75 mm in 1 mm increments. It is clear that when it is at 9.75, 10.75, and
11.75 mm, the antenna does not satisfy the frequency band with the notch of
interest. As it is decreased further (vp = 8.75 mm), good impedance matching
can be achieved over the band at VSWR <2 for both capacitance values (0.5 and
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Fig. 7.6 Simulated VSWR corresponding to the variation parameters of the feeding position with
a loaded capacitor: (a) 0.5 pF; (b) 10.5 pF

10.5 pF). By further decreasing it to 7.75 and 6.75 mm, an impedance mismatch
will occur in the upper frequency resonance mode. This leads to the conclusion
that for the best impedance matching, the varactor position should be kept at

8.75 mm.
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Fig.7.7 Simulated VSWR corresponding to the variation parameters of the varactor location with
a loaded capacitor: (a) 0.5 pF; (b) 10.5 pF

7.10 Simulation and Measurement Results

As previously mentioned in Sect. 2.2, by adding a parasitic inner chorded crescent
shape with a length of 36.5 mm (equivalent to half the wavelength of 4.25 GHz),
this enables the structure to perform as a resonator to reject the frequencies around
the 4.25 GHz band. However, the rejected frequencies do not meet the objective of
this study; as a result, a varactor is needed to shift the created notch downward to
meet the goal of this work. With the proposed geometry, as shown in Fig. 7.1, the
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outer and inner shapes are completely separated and no short circuit point exists in
order to generate a DC potential difference across the varactor diode for tuning
purposes. This also helps to accommodate the varactor at a fixed location between
the two chorded crescent shapes for tuning the created rejection band at 4.25 GHz.

Figure 7.8 illustrates the simulated VSWR for the full assembly of the proposed
antenna (inner and outer shapes). It is worth observing that when the capacitance
value of the attached capacitor was varied from 0.25 to 10.5 pF, this made the
rejected band shift down from 3.87 GHz to 2.38 GHz. All of the simulations
described were performed using Ansoft HFSS [43]. For more explanation, Fig. 7.8
clearly displays a notched band from 3.28 to 3.65 GHz when the antenna is loaded
with 0.5 pF, and from 2.42 to 2.55 GHz when it is loaded with 10 pF. This is effec-
tive to omit undesirable signals from WLAN standards employing the band of 2.4—
2.485 GHz and WiMAX standards in the band of 3.3-3.7 GHz.

For validation purposes, the created rejection band was tuned by using a varactor
diode with a suitable DC bias circuit. The tuning circuit utilizes the varactor diode
BBY52-02 W, with a wide tuning capacitance from 0.25 to 10.5 pF over a 0-15 V
reverse bias voltage range. It should be noted that the DC bias components are fitted
on the back side of the ground plane, as indicated in Fig. 7.9. A 100 nH radiofre-
quency choke (RFC) was utilized to isolate the DC voltage from the RF signal. This
kind of inductor has some promising features such as a high Q (>40) at high fre-
quency, a tolerance of +5%, and chip inductors featuring a monolithic body made of
low loss ceramic, wound with wire to achieve an optimal high frequency perfor-
mance. Two chip capacitors with a value of 100 pF were also used in order to pro-
vide DC blocking in the microstrip feed line and DC isolation of the short-circuited
back strip, as shown in Fig. 7.9. These capacitors also have several good properties,
including being small in size and multilayer, with a high Q (>40), a tolerance of
+0.25%, and an ultralow ESR. The fabricated antenna model, along with the varac-
tor diode and other passive components, is depicted in Fig. 7.9.

35
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Fig. 7.8 Simulated VSWR with variable capacitor (from 0.25 to 10.5 pF) loading
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Fig. 7.9 Antenna prototype with a DC bias circuit: (a) top view; (b) bottom view

One can note that by changing the DC bias of the exploited varactor over the
values of 5 V and 11V, the rejected frequency band is reconfigured to suppress the
bands of WLAN (2.4-2.485 GHz) and WiMAX (3.3-3.7 MHz), as presented in
Fig. 7.10. A satisfactory continuously tunable rejected band occurs at all intermedi-
ate bias voltages.

The measured power gains in both scenarios of the proposed design (with and
without the varactor) are illustrated in Fig. 7.11. From Fig. 7.11, it is noticeable that in
the case of the loaded varactor, the notches are shifted downward when the DC values
are varied from 5 and 11 V, while the power gain does not alter substantially. The
antenna without inclusion of the varactor demonstrates a power gain of 2.8 dBi at the
notch band center frequency of 3.5 GHz and 1.9 dBi at 2.48 GHz. On the other hand,
when the antenna is loaded with a varactor, the peak antenna gain at 5 V DC excitation
is reduced to —9 dBi and to —7.5 dBi at 11 V. This indicates that there is approxi-
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Fig. 7.11 Measured peak gain and radiation efficiency of the proposed antenna

mately 11.8 and 9.4 dB of gain suppression for the DC of 5 V and 11 V, corresponding
to equivalent fixed lumped element capacitors of 0.5 and 10 pF, respectively.

The radiation efficiency of the proposed antenna is shown in Fig. 7.11. The
Wheeler cap method is exploited here to investigate the antenna radiation efficiency.
This method is considered the most common method to measure efficiency in prac-
tice [44-46]. From Fig. 7.11, it can be seen that the proposed antenna has achieved
acceptable efficiency values, which are more or less around 80% over the aggre-
gated bandwidth, namely from 1.5 to 5 GHz, except in the notch bands at 4.25 GHz
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in the case of the unloaded antenna and 3.5 GHz/2.4 GHz in the loaded antenna
paradigm, where the efficiencies dropped to below 22%.

Figure 7.12 shows the simulated and measured far-field radiation patterns. The
simulated radiation patterns were generated with the aid of HFSS software, while
the measured ones were carried out in a far-field anechoic chamber. In the measure-

1.6 GHz

2.7 GHz

o S0(+x)

3.8GHz

Fig. 7.12 Simulated against measured normalized antenna radiation patterns for two planes (left: x—z
plane, right: y—z plane) at (a) 1.6; (b) 2.7; and (¢) 3.8 GHz. “~——" simulated co-polarization, “+++++"
simulated cross-polarization, “——" measured co-polarization, “00000”” measured cross-polarization
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ment scenario, the reference antenna was a broadband horn (EMCO type 3115)
positioned at 4 m from the antenna under test. Two pattern cuts (i.e. the x—z and y—z
planes) were selected at three selected operating frequencies, namely 1.6, 2.7, and
3.8 GHz. The radiation patterns of the prototype antenna at 1.6, 2.7, and 3.8 GHz
when the varactor diode was excited by 5 and 11 V were measured, and the corre-
sponding results were cross-validated with the simulation data, as shown in
Fig. 7.12. Both computed and measured radiation patterns display nearly omnidi-
rectionally, with distorted short-dipole characteristics, and are said to be in close
agreement one with the another.

7.11 Conclusion

A printed crescent-shaped monopole antenna geometry with reconfigurable band
rejection characteristics has been modeled, designed, and implemented. The pro-
posed antenna occupies a compact envelope with dimensions of 57 x 37.5 x 0.8 mm?
while covering the required wide band with a sufficiently tunable rejection fre-
quency band ranging from WLAN (2.4-2.485 GHz) to WiMAX (3.3-3.7 GHz). The
notch center frequency shift was quite stable and consistent over the selected spec-
trum without a serious change in the notch bandwidth. The proposed antenna struc-
ture is optimized for best results through simulation. The computed results are in
good agreement with the measured results. The antenna can satisfy typical require-
ments of bandwidth and interference reduction arising from current market trends in
legacy and future emerging wireless communications.
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Chapter 8
Miniature EBG Two U-Shaped Slot PIFA
MIMO Antennas for WLAN Applications

Z.7. Abidin, S.M. Shah, and Y. Ma

8.1 Introduction

At present, electromagnetic band gap (EBG) materials are rapidly advancing in
electromagnetic (EM) research area. The EBG structures are broadly categorized
as metamaterials with attractive properties that unavailable in nature. The materials
have attracted much consideration and are widely used for improving the electro-
magnetic performance. EBG materials belong to the unique class of artificially
fabricated structures that have the ability to control and manipulate the propagation
of EM waves to produce forbidden frequency gaps where the propagation is pro-
hibited [1, 2], hence resulting in improving the gain and reducing mutual coupling
of antennas in an array configuration. The EBG structures are typically realized by
a periodic arrangement of dielectric materials and metallic conductors either in
one-, two-, or three-dimensional manners which can be characterized by stop band
and pass band.

EBG structure can be considered as the perfect magnetic conductor (PMC),
which means that the distance between the antenna and the EBG can be less than 1/4
(Fig. 8.1) which makes it possible to be implemented on the low profile antenna [3].
Compared to the antennas with the perfect electric conductor (PEC), the separation
between it should be greater than /4 (Fig. 8.2) for the antenna to radiate efficiently.
This is due to the fact that the EBG surface reflects all power just like a PEC, but it
reflects in-phase, rather than out-of-phase and thus, allowing the radiating element
to be directly adjacent to the surface.
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8.2 Uniplanar Compact Electromagnetic Band Gap
(UC-EBG)

In this work, we focus on the uniplanar compact EBG (UC-EBG) structure which is
one type of the EBG planar surfaces. The development of a planar EBG structure is
via-less and further reduces the complexities in the fabrication process. By observ-
ing the current trends, there is a requirement to design low-cost and compact size
planar EBG structures that operate below the 6 GHz to meet the demands of several
applications, such as mobile phone, WLAN, WiMAX, etc., as reported in [4-10].

In this chapter, the properties of the proposed UC-EBG structure are examined
and tested, with a smaller unit cell of 9.7 x 9.7 mm?, operating at 2.4 GHz on a rela-
tively low dielectric constant material. In addition, to corroborate the performances
of the UC-EBG, a compact dual U-shaped slot Planar Inverted-F Antenna (PIFA)
antenna integrated with the proposed EBG structures is also presented. A compari-
son between the simulated and measured scattering parameters for proposed antenna
with and without EBG structures is analysed. In addition, an assessment and analy-
sis on few MIMO antenna parameters has also been conducted.
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8.3 Design Concept Based on Sievenpiper’s Equations

The geometrical parameters and dimensions of the proposed EBG are summarized
in Fig. 8.3 and Table 8.1, respectively. The centre frequency of a band gap is based
on the approximation by the surface equivalent capacitance C and inductance L as
follows:

o =L (8.1)

* JLC

The corresponding relative bandwidth of the band gap is given by:

szA_wle (8.2)
o n\C

where 1) is the free space wave impedance.

Fig. 8.3 Proposed

UC-EBG [11]
Table 8.1 Parameters of the Parameters | Dimensions (mm)
proposed UC-EBG [11]

a 9.7

b 0.2

c 4.0

g 0.2

w 0.2
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Based on Eq. (8.1), it is necessary to increase the value of inductance, L, and
capacitance, C, per unit cell in order to produce a more compact EBG structure with
a lower frequency band gap. Hence, in this design, we could summarize that the trian-
gular metal plates and meander line elements will produce the necessary equivalent
inductance, and the additional conductor edges are used adequately to increase the
fringe capacitance. In addition, these elements contribute in enhancing the value of
inductance and capacitance of the unit cell with a smaller unit cell EBG is realized.

8.4 EBG Characterization Results

There are two outstanding EBG characteristics that can be realized in this proposed
design. The first characteristic is to prevent the propagation of the electromagnetic
fields within a band gap. The second is based on a high impedance surface (HIS)
within a specifically limited frequency range which is generally known as in-phase
reflection band. Therefore, to get these two characteristics, two techniques are
presented in this chapter: (a) reflection phase and (b) suspended microstrip line
technique [12].

8.4.1 Reflection Phase

Generally, reflection phase can be defined as the phase of the reflected electric field
which is normalized to the phase of the incident electric field at the reflecting sur-
face. It can be identified as in-phase reflection or out-of-phase reflection. The EBG
structures demonstrate a frequency-dependent reflection phase which is fluctuating
between +180° and —180° compared to 0° for the perfect magnetic conductor
(PMC), which does not exist in nature, and 180° for the perfect electric conductor
(PEC) for a normally incident plane wave. Based on Finite Integration Technique
(FIT) in CST Microwave Studio® [13], the proposed EBG structure for reflection
phase technique is analysed. The model configuration for the reflection phase
response of the proposed EBG structures is presented in Fig. 8.4. The boundaries of
a single unit cell model are defined as a pair of PEC and PMC walls and a de-
embedded waveguide port is placed on the top to evaluate the reflection phase data
directly at the EBG surface.

8.4.2 Suspended Microstrip Line

In order to comprehend the design process and to get the target performances, the
EBG structure is realized from 3 x 9 periodic array. The periodic EBG arrays are
constructed on a low dielectric material with a relative permittivity of 4.5, and a
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Fig. 8.4 Reflection phase
configuration for compact De-embedded
EBG unit cell in CST waveguide port
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Fig. 8.5 Example of
suspended line technique

Suspended Line

Matched Load

50-Q microstrip line with dielectric thickness of 1.6 mm is directly placed above the
EBG. Figure 8.5 illustrates the example of the suspended line technique models.

Figure 8.6 depicts the simulated results for both techniques. It can be observed that
from the reflection phase technique, the proposed EBG structures can reflect normally
incident electromagnetic wave with a zero phase shift at a frequency of 2.4 GHz (red
colour), while based on the suspended line technique, it is examined that a band gap
in the range of 2.0 GHz-2.6 GHz (blue colour) is achieved as showed in Fig. 8.6.

8.5 MIMO Antenna Parameters

Multiple-Input Multiple-Output (MIMO) technology is revolutionary in communi-
cation system design. MIMO exploits space dimensions to improve wireless systems
capacity, range and reliability. A few MIMO antenna parameters need to be consid-
ered to improve the performance of the MIMO antenna. In this section, empirical
equations related to the performances of the MIMO antennas are discussed.
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Fig. 8.6 Simulated S,, and reflection phase parameters of the EBG

8.5.1 Total Active Reflection Coefficient (TARC)

M. Manteghi et al. in [14] defined that TARC (I) is ‘the ratio of the square root of
total reflected power divided by the square root of the total incident power’:

i1 i1
I, :\}Z|bi|2 /\/Z|ai|2
N N

where ¢, is incident signal and b, is reflected signal.
By assuming the antenna is lossless, the TARC for the N x N port antennas can
be calculated using a scattering matrix defined as follows:

(8.3)

=l (8.4)

8.5.2 Correlation Coefficient

The correlation coefficient, p, of an antenna array demonstrates the influence of dif-
ferent propagation paths of the radio frequency (RF) signals that reach the antenna
elements. It can be calculated in two different ways either by using a far-field radia-
tion pattern (3D) [15] or by scattering parameters (S-parameters) obtained at the
antenna terminals [16]. Due to the complexity of the 3D far-field measurement and
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calculation, the S-parameter method of computing the correlation coefficient of the
two antennas is used based on a simple closed-form equation that relates the
S-parameters of the elements in an array configuration. The correlation coefficient,
p, of an N x N antenna system represented by the S-parameters can be determined
as follows [17]:

2

n=1
% S l,nSw.

(8.5)

p(i.N)= p
m,_, [1— z S*k,nsn,k}

8.5.3 Capacity Loss

Theoretically, the channel capacity of the MIMO system can be improved by
increasing the number of antennas. However, the existence of uncorrelated Rayleigh-
fading MIMO channels will induce the loss of channel capacity. The loss can be
calculated from the correlation matrices given in [18-20]. In the case of high signal-
to-noise ratio (SNR), the capacity loss is given by [19]:

Closs == 10g2 det (WR ) (86)
where y® is the receiving antenna correlation matrix.

P Py
pr=| ¢ (8.7)
Pnvi " Pww

8.5.4 Channel Capacity

Channel capacity is related to the information handling capacity of a given channel.
Based on the channel transfer matrix, H, the Shannon capacity, C, for the MIMO
system channel with an assumption that the received signals obey the Gaussian
distribution independently, is given by [21]:

c =log, (det(I+SN7RHH*D (8.8)
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where H' is the Hermitian matrix and H with the ‘™ is the conjugate transpose
operation. M is the number of receivers, SNR is the estimated channel signal-to-
noise ratio, / is the identity and det is the determinant.

8.6 Antenna Design and Consideration

To validate the performances of the EBG, a compact dual U-shaped slot PIFA antenna
operating at 2.4 GHz is integrated with the proposed EBG structures. As demon-
strated in [22], the existence of the U-shaped slot can improve the impedance band-
width of the antenna. The antenna is mounted on a 45 x 85 mm? ground plane. The
antenna is assembled from a 0.5 mm thick metal plate, with a dimension of
15 x 15 mm?, and shorted to the ground plane by a metallic strip and fed by a stan-
dard 50 € SubMiniature version A (SMA) connector. The shorting plate is added in
order to minimize the size of the PIFA. The width of the plate is carefully optimized
to obtain the required operating frequency. The antenna is fabricated on the same
substrate type as EBG structures with the distance (centre-to-centre) between the
antenna elements is kept at 30 mm. The geometries and dimensions of the PIFAs
alone and PIFAs with EBG are shown in Fig. 8.7. The photo of the proposed designs
can be viewed in Fig. 8.8 [23].

15 mm

54 mm

iv)

(i)

Fig. 8.7 Geometry and dimensions: U-shaped PIFA (i) top view, (ii) side view, (iii) 2-D sche-
matic; U-shaped PIFAs with EBG, (iv) 2-D schematic, (v) EBG unit cell [11], (vi) side view
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Fig. 8.8 Antenna
prototype: PIFAs alone
(left) and PIFAs with EBG
(right)

Table 8.2 S-parameters and gain for different heights of antenna [24]

PIFAs Return loss (dB) | Mutual coupling (dB) Antenna gain (dB)
Alone (as reference) -16.23 —-16.28 3.78

With EBG —19.09 -20.92 4.10

(h =4 mm)

With EBG —17.86 —-21.90 4.15

(h =3 mm)

With EBG —18.02 —23.30 4.42

(h =2 mm)

8.6.1 Results and Discussions

As stated earlier, the height of the antenna between the ground planes could be
reduced due to the existence of the EBG as a ground plane. Therefore, the paramet-
ric studies on the performance of the PIFAs with EBG for three different heights of
the antenna are presented in Table 8.2 as the PIFAs alone act as a reference antenna.
It is discovered that the optimum height of 2.0 mm gave a better improvement in the
S-parameters and gain. As mentioned in [16], it is worth noting that, at optimum
height, the proposed PIFAs with the EBG material are shown to alleviate the effects
of mutual coupling, and thus improves the antenna efficiency. The prototype of the
proposed PIFAs with EBG is then fabricated for measure purposes, with the height
of the antenna from the EBG surface at 2 mm.

Figures 8.9 and 8.10 display the simulated and measured S-parameters of the
PIFAs alone and PIFAs with EBG structures, respectively. From the measured
results, it can be seen that for both PIFAs, the S-parameters are reasonably agreed
with the simulated, with the obtainable impedance bandwidth of 11.2% for both
designs. The inconsistencies are assumed to be due to the minor irregularities in
prototyping. From Fig. 8.11, it is observed that the mutual coupling, S,;, of the



168 7.7. Abidin et al.

S-parameters (dB)

----- S21, $12 PIFAs (measured)
—S811, S22 PIFAs (measured) -
<<<<<<<<<< S$21, $12 PIFAs (simulated)
—$811, S22 PIFAs (simulated)

2 2.2 24 2.6 2.8 3
Frequency (GHz)

Fig. 8.9 Simulated and measured S-parameters of PIFAs alone

. S$11 PIFAs with EBG (measured)
10 P 7 o 8§21, S12 PIFAs with EBG (measured)

N 71 S22 PIFAs with EBG (measured)

. P ——S11 PIFAs with EBG (simulated)

N ——$22 PIFAs with EBG (simulated)
—<—821, $12 PIFAs with EBG (simulated) -

S-parameters (dB)
b

2 2.2 24 2.6
Frequency (GHz)

Fig. 8.10 Simulated and measured S-parameters of PIFAs with EBG

PIFAs alone is —16.28 dB as compared to PIFAs with EBG with the value of
—23.3 dB and an isolation enhancement of 7.02 dB. Further, the existence of the
EBG structures caused the resonant frequency of the PIFAs with EBG to be shifted
down to 2.35 GHz, with an effective operating range of 2.25 GHz-2.43 GHz. In that
case, to prevent any frequency shifting, the dimensions of the antenna have to be
optimized. However, the dimensions of the antenna in this chapter remain the same.
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Fig. 8.11 Measured S-parameters of PIFAs with and without EBG

N W s Y@

Fig. 8.12 Contour plot surface current distributions for (a) PIFAs alone and (b) PIFAs with
EBG. Port 1 (left) is excited and port (2) is terminated with 50  loads

Figure 8.12 depicts the simulated surface currents generated from the CST
Microwave Studio®. It can be seen from the figure that, when port 1 is excited and
port 2 is terminated with 50-Q load, the electric field in the conventional PIFAs is
not as intense as the PIFAs with EBG structures. The electric field is mostly engaged
closer to the PIFAs when the EBG structure is employed. The effect of the surface
wave suppression shown appears to be a promising method to suppress the mutual
coupling in the antenna arrays.
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The measured radiation patterns of PIFAs alone and PIFAs with EBG at E-plane
and H-plane are shown in Fig. 8.13. The measurement has been performed in full-
anechoic chamber. It is noticeable that PIFAs with EBG reduce the back radiation
by at least 20 dB. It proved that the proposed EBG could be able to reduce the front-
back ratio of the antenna.

The improvement in the performance of the MIMO antenna is influenced by
the correlation between the signals at the antenna terminals. Table 8.3 presents a
measured outcome of the diversity performance of the PIFAs alone and PIFAs
with the EBG. The results show that the PIFAs with EBG material realized a bet-
ter performance compared to PIFAs alone with an improvement on correlation
coefficient, TARC and capacity loss. The channel capacity of PIFAs alone and
PIFAs with EBG is 5.62 bits/s/Hz and 5.64 bits/s/Hz, respectively, at 2.4 GHz as
can be viewed in Fig. 8.14. From the results, it can be summarized that good
impedance and isolation lead to low correlation coefficient which decreases the
capacity loss and improves the TARC performance. All the results for the MIMO
parameters are determined by using empirical equations (8.3), (8.4), (8.5), (8.6),
(8.7), (8.8).

(4 i
ff 15 - A A
&0 " =] ' ' 300
W “ I i
NS
~ A £7

-
£ 0 ;‘k’z?‘;h'-s-‘:"z?ﬁmls A0 &
’, "llu‘-?c- ] LY
' A
\
\

180 180
- PIFAs E-plane - PIFAs H-plane
- PIFAs w/Ebg E-plane e PIFAs w/Ebg H-plane

Fig. 8.13 Measured radiation pattern for PIFAs alone and with EBG at (a) E-plane; (b) H-plane

Table 8.3 Measured results for correlation coefficient, TARC and capacity loss

PIFAs PIFAs with Improvement between PIFAs alone and
alone EBG PIFAs with EBG

Correlation coefficient —43.99 -50.23 6.24

(dB)

TARC (dB) -5.74 —8.53 2.79

Capacity loss (bits/s/Hz) |0.55 0.39 0.16
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Fig. 8.14 Channel capacity of both PIFAs with and without EBG

8.7 Conclusion

A compact dual U-shaped PIFA antenna with miniaturized EBG structure is suc-
cessfully designed, simulated and measured. The EBG structure acts as PMC is
used to reduce the separation between the antenna and the ground plane. In addition,
the presence of the EBG structure resulting an improvement of the performances of
the MIMO antennas. Thus, it can be concluded that the proposed antenna with EBG
structure can be a good candidate for mobile handset applications.

References

1.

2.

C.M. Soukoulis, Photonic crystals and light localization in the 21st century. NATO ASI Series
C 563, 475-487 (2001)

S. Sundhakaran, Negative refraction from electromagnetic periodic structures and its applica-
tions, Ph.D. Dissertation, Department of Electronic Engineering, Queen Mary, University of
London, 2006

. D. Sievenpiper, L. Zhang, R.E.J. Broas, N.G. Alexopolus, E. Yablonovitch, High-impedance

electromagnetic surfaces with a forbidden frequency band. IEEE Trans. Microwave. Theory.
Tech 47, 2059-2074 (1999)

. S.D. Assimonis, T.V. Yioultsis, C.S. Antonopoulos, Design and optimization of uniplanar

EBG structures for low profile antenna applications and mutual coupling reduction. IEEE
Trans. Antennas Propag. 60, 4944-4949 (2012)

. L. Kurra, M.P. Abegaonkar, A. Basu, S.K. Koul, FSS properties of a uniplanar EBG and

its application in directivity enhancement of a microstrip antenna. IEEE Antennas Wireless
Propag Lett 15, 16061609 (2015)



172

6.

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

7.7. Abidin et al.

A.M. Soliman, D.M. Elsheakh, E.A. Abdallah, H. El-Hennawy, Design of planar inverted-F
antenna over uniplanar EBG structure for laptop MIMO applications. Microw. Opt. Technol.
Lett. 57,277-285 (2015)

. M. Luberto, W. G. Fano, in Microstrip antenna design using EBG (Electromagnetic Band

Gap) structures at 2.4GHz, XVI Workshop on Information Processing and Control (RPIC),
(Argentina, 2015), pp. 1-7

. MLE. Abedin, M.Z. Azad, M. Ali, Wideband smaller unit-cell planar EBG structures and their

application. IEEE Trans. Antennas Propag. 56, 903-908 (2008)

. B.-Q. Lin, X.-Y. Ye, X.-Y. Cao, F. Li, Uniplanar EBG structure with improved compact and

wideband characteristics. Electron. Lett. 44, 1362—-1363 (2008)

W. Wang, X.-y. Cao, W.-y. Zhou, T. Liu, A novel compact uni-planar electromagnetic band-gap
(UC-EBG) structure. Int. Conf. Microwave Millimeter Wave Technol 4, 1634—1636 (2008)
Z. Z. Abidin, R.A.Abd-Alhameed, N. J. McEwan, S. M. R. Jones, K. N. Ramli, and A. G.
Alhaddad, in “Design and Analysis of UC-EBG on Mutual Coupling Reduction”, Antennas &
Propagation Conference, (LAPC 2009), (Loughborough, 2009), pp. 693-696

A. Aminian, F. Yang, Y. Rahmat-Samii, In-phase reflection and EM wave suppression charac-
teristics of electromagnetic band gap ground planes. Antennas Propag Soc. Int. Symp. IEEE 4,
430-433 (2003)

CST Microwave Studio [Online]. Available: http/www.cst.com

M. Manteghi, Y. Rahmat-Samii, Multiport characteristics of a wide-band cavity backed annu-
lar patch antenna for multipolarization operations. IEEE Trans. Antennas Propag. 53, 466474
(2005)

R.G. Vaughan, J.B. Andersen, Antenna diversity in mobile communication. IEEE Trans. Veh.
Technol. 36, 149-172 (1987)

S. Blanch, J. Romeu, 1. Corbella, Exact representation of antenna system diversity perfor-
mance from input parameter description. Electron. Lett. 39, 705-707 (2003)

J. Thaysen, K.B. Jakobsen, Envelope correlation in (N, N) MIMO antenna array from scatter-
ing parameters. Microw. Opt. Technol. Lett. 48, 832-834 (2006)

. S.H. Chae, S.-k. Oh, S.-O. Park, Analysis of mutual coupling, correlations, and TARC in

WIBro MIMO array antenna. IEEE Antennas Wireless. Propag. Lett. 6, 122—-125 (2007)

H. Shin, J.H. Lee, Capacity of multiple-antenna fading channels: spatial fading correlation,
double scattering, and keyhole. IEEE Trans. Inform. Theory 49, 26362647 (2003)

D. Valderas, P. Crespo, C. Ling, UWB portable printed monopole array design for MIMO
communications. Mirowave. Opt. Technol. Lett 52, 889-895 (2010)

G.J. Foschini, M.J. Gans, On limits of wireless communications in a fading environment when
using multiple antennas. Wirel. Pers. Commun. 6, 311-335 (1998)

H.-T. Hu, E-C. Chen, Q.-X. Chu, A wideband U-shaped slot antenna and its application in
MIMO terminals. IEEE Antennas Wirel. Propag. Lett 15, 508-511 (2016)

Z. 7. Abidin, Y. Ma, R. A. Abd-Alhameed, K. N. Ramli, D. Zhou, M. S. Bin-Melha, J. M.
Noras, R. Halliwell, in Design of 2 x 2 U-shape MIMO slot antennas with EBG material for
mobile handset applications, Progress In Electromagnetics Research Symposium Proceedings,
(Marrakesh, Morocco, 2011), pp. 1275-1278

Z.Z. Abidin, Design, modeling, and implementation of antennas using electromagnetic band-
gap material and defected ground planes, Ph.D. Thesis, University of Bradford (2011)

vww.ebook3000.con)



http://www.cst.com
http://www.ebook3000.org

Chapter 9
Compact MIMO Antenna Array Design
for Wireless Applications

O. Arabi, N.T. Ali, B. Liu, R.A. Abd-Alhameed, and P.S. Excell

9.1 Introduction

Since the launch of the digital mobile phone system in the early 1990s (GSM or
2@G’), the rate of growth in mobile bandwidth per terminal has been faster than the
rate of growth in number of gates on an integrated circuit chip, as predicted by
Moore’s Law (Fig. 9.1). In the nature of the progression of digital businesses, both
customers and investors will come to expect this trend to continue and hence great
ingenuity will be needed to find ways of providing more and more bandwidth as
time advances. One way of achieving this is simply to embrace higher frequencies,
such as millimetre-wave bands, where large amounts of unused bandwidth exist.
Unfortunately, there are various problems in utilising these bands, not least the dif-
ficulties of propagation through walls and around obstacles. As an alternative strat-
egy, ways are being found to exploit the existing bands at lower frequencies more
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Fig. 9.1 Theoretical maximum data bandwidths (kilobits per second) for successive generations
of digital mobile phone technology (2G-2.5G-3G-4G-5G: 5G target is still aspirational)

and more efficiently. A key initiative that has moved from exotic research into
mainstream applications has been the exploitation of the ideas of multiple-input
multiple-output (MIMO) to get multiple data channels in the same frequency
spectrum allocation, by discriminating between the angle of arrival of scattered
waves. This has now been widely exploited in later versions of the IEEE 802.11
wireless data standard.

Another innovation that has progressed from government applications into an
offering in the commercial marketplace has been ultrawideband (UWB), which
enables wireless signals to be overlaid on traditional, relatively narrowband, signals
by conveying information in a form that appears simply to be underlying noise.
Attempts to crystallise this in a commercial standard were made under the aegis of
IEEE 802.15.3a, although work on this is currently stalled due to irreconcilable dif-
ferences between key proponents [1]. Nonetheless, the radical technical opportuni-
ties that this technology offers suggest that it cannot remain forever dormant.

MIMO systems were originally conceived to exploit spatial discrimination of the
angle of arrival of direct and scattered signal paths, but this requires the use of array
antennas that can become physically rather large in the context of the requirements
of a mobile handset, since the elements must be spaced a significant fraction of a
wavelength apart. An alternative approach is to exploit polarisation discrimination,
as was first propounded in a landmark paper in the journal Nature [2]: this enables
the antennas on the receiving array to be effectively co-located at a single point,
only differing in their relative orientations. Such an array is substantially smaller
than one using spatial discrimination and hence more amenable to incorporation
into a handset.
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Recently, ultrawideband (UWB) systems have attracted more attention because
they allow signal transmission over a large bandwidth with a low energy level [3-6].
In practical applications, planar antennas, such as microstrip patch antennas, are
good candidates for integration in compact electronic devices. However, they are
inherently narrowband in their basic form and hence advanced design techniques
are required to make them capable of meeting the demands of UWB operation.
However, in order to further increase data throughput and exploit multipath propa-
gation, MIMO has also been considered for UWB systems [7].

In this chapter, a UWB array antenna is presented, which consists of two ele-
ments, each with four electromagnetically coupled parasitic elements with a driven
patch, placed back to back in a stacked structure. The patch shape, feeding structure,
substrate properties and the antenna configuration are chosen to achieve the desired
performance in the UWB frequency band. The design achieves a bandwidth of
3.7 GHz while maintaining a satisfactory isolation between the channels.

9.2 Antenna Configuration, Underlying Mechanism
and Feeding Structure

9.2.1 Antenna Geometry and Configuration

The proposed stacked UWB MIMO antenna array had the dimensions
30 mm x 30 mm x 10 mm, with two feeding ports, as illustrated in Fig. 9.2, and with
design parameters as shown in Table 9.1: the precise design parameters shown in the
third column of this table are those that were found after use of the optimisation
procedure discussed later in this chapter.

In order to widen the impedance bandwidth, four parasitic elements were used
and stacked on top of the driven element, placed on the dielectric layer of Rogers
Corp. RO4003C laminate, having dielectric constant &, = 3.38 + 0.05, dissipation
factor tan 6 = 0.0027 and thickness of 3.048 mm (two laminates of 1.524 mm thick-
ness bonded together). The four top patches with size 8.4 mm x 8.4 mm (nearly 4/4)
are separated by the same gap, d3 = 0.0364, in both x and y directions and electro-
magnetically coupled to a driven patch (10 mm x 10 mm) etched on the second

Fig. 9.2 Antenna structure
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Table 9.1 Antenna design Parameters Specifications | Dimensions (mm)

parameters Antenna width Ly 30
Antenna length Lx 30
Parasitic patch width L3 8.4
Parasitic patch length w3 8.4
Main patch width L2 10
Main patch length w2 10
Separation b/w da3 1.68
parasitics
Feeding strip length x_port 20.45
1st layer thickness h3 3.048
2nd layer thickness h2 1.905
3rd layer thickness hl 0.813
Ports width control wl 1.1
Via wrt. main patch ctr. | x_via 3.5

Fig. 9.3 The UWB MIMO
antenna with the feeding
structure

dielectric layer. The second layer is Rogers Corp. RT/duroid 6006 laminate, with
dielectric constant ¢, = 6.15 + 0.15, dissipation factor tan § = 0.0027 and thickness
1.90 mm.

The feeding structure is a stripline of approximately A/2 in length and placed on
the 4003C layer, having the same characteristics as given earlier but with a reduced
thickness of 0.813 mm, under the radiating patch on the dielectric layer. Both the
stripline and the main patch are connected by means of vias on the RT/duroid 6006
layer, as shown in Fig. 9.3. This arrangement is placed in a back-to-back structure
in which a replicated version is placed on the opposing side. To achieve additional
polarisations, an orthogonal configuration can also be created, as shown in Fig. 9.4.
The antenna geometries can be efficiently optimised by adjusting the size of the
top patches, the separation of the patches on the top layer and the spacing between
the two dielectric substrates. However, the latter is restricted by the availability of
laminate thicknesses.
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Fig. 94 UWB MIMO
antenna with orthogonal
structure

A

9.2.2 Antenna Feeding Considerations

An exploded view of the feeding structure is shown in Fig. 9.5. In order to increase
the operational bandwidth of the patch antenna with the standard feeding technique
(edge-fed), the thickness of the radiating element must be increased. However, a
considerable increase in the size of the feeding line would occur, resulting in the
radiation pattern of the antenna being significantly affected [8, 9]. Using a thick
substrate is not an efficient alternative since it would be considerably more expen-
sive than standard versions and it would support the excitation of the surface wave,
leading to radiation losses and diffraction effects, resulting in antenna radiation pat-
tern perturbation [8, 9].

To eliminate these drawbacks, a practical solution is to use a via-coupled
microstrip patch with the stripline in which the patch substrate layer can be modi-
fied without affecting the feed layer. In this arrangement, a substrate of RT/duroid
6006 with thickness 1.90 mm is used for the patch layer, and a substrate of 4003C
with thickness 0.813 mm is applied for the feed layer. Thus, this arrangement pro-
vides structural rigidity and minimises the effects of air gaps [10].

Figure 9.6 shows the general structure of the basic corporate feed for operation
with a 50 Q transmission line. The feeding stripline with length of 0.444 (20.45 mm)
and width of 0.0241 (1.1 mm) is connected to the radiating patch by means of a stud
on a via in the layer between the main patch and the feeding line.

By precisely adjusting the location of the feeding point, impedance matching
between the microstrip line and the radiating patch will be achieved. The antenna
excited by this feeding structure usually features a wider impedance bandwidth and
high polarisation purity, although it has higher fabrication complexity and cost than
single-layered structures. Hence, feed structure design plays a substantial factor in
widening the impedance bandwidth and enhancing radiation performance.
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Fig. 9.5 The UWB MIMO
antenna feeding structure

Fig. 9.6 Feeding structure
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9.2.3 Antenna Design and Bandwidth Requirements

It is well known that basic microstrip patch antennas suffer from narrow bandwidth
due to the strongly resonant nature of the simple patch. Therefore, such an antenna
can be considered as a high-Q circuit; so, in order to alleviate the narrow bandwidth,
an approach is to decrease the Q. While the enhancement of the bandwidth is
relatively limited, different methods and techniques have been explored to reduce
the Q, such as choosing an appropriate radiator shape, increasing the losses, thick-
ening the substrate and lowering the dielectric constant [11-13]. On the other hand,
using impedance matching and introducing multiple resonances has been proved to
make significant enhancements to the microstrip bandwidth.

The four parasitic radiating patches are excited by the means of electromagnetic
coupling between them and the driven patch below: the parasitic patches are stacked
above the radiating patch with a slight offset from the centre and this small gap
allows the elements to be strongly coupled with the radiating patch. In this arrange-
ment, the combination of the coplanar and stacked structures achieves a low-profile
design with an ultrawide bandwidth and high gain. This allows the impedance band-
width to be significantly enlarged: typically, the bandwidth is in the order of
62-82%, with a voltage standing-wave ratio (VSWR) of less than two over the
operational frequency.

For the examination of the impedance matching and the radiation performance of
the antenna, the main key parameters of the design must be considered: the size of
the top four patches, the separation between the patches, the spacing between the
two dielectric substrate layers and the location of the via with respect to the radiat-
ing patch and the feeding stripline. By using the technique of “parameter, sweep”
available in the CST simulation software [14], it is possible to vary the patch and
stripline geometries so that the output S-parameters can be assessed, as will be
explained in the following paragraphs.

By initially considering the length and the width of the top patches w3 and L3
respectively, these are varied from 5 mm to 10 mm simultaneously, with
d3 =1.68 mm, 13 =3.048 mm and x_via = —3.5 (see Table 9.1). As seen in Fig. 9.7,
increasing the parasitic patch size results in excitation of the upper resonance at

S-Parameters [Magnitude n dB]

511 @ L3 = B.4w3=8.4
511 @ L3 =6.16 wi=8.4
511 @ L3 = 6.16 w3=9.52
511 @ L3 = 7.28 wi=6.16
511 @ L3 = 7.28 w3=7.28

Frequency / GHz

Fig. 9.7 Predicted S-parameters with varying parasitic patch size
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Fig. 9.8 Simulated S;; and S,, Smith charts for optimised UWB MIMO antenna
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Fig. 9.9 S-parameters with varying substrate height /3

frequencies higher than 8.48 GHz. Further increases in the size lead to the
disappearance of the lower resonance at around 4.45 GHz. Also, the S-parameter
results show that, in terms of S;, less than —10 dB, the two resonances are well
excited when the size of L3 and w3 is equal to 8.4 mm. This is demonstrated in
Fig. 9.8, showing that the minor loops encompass the centre of the Smith chart with
the size of the patches being 8.4 mm X 8.4 mm; hence, optimal impedance matching
is accomplished.

Further, the effect of variation of the separation distance 43 between the top layer
(4003C) and the middle layer (RT6006) was investigated. As mentioned earlier, this
parameter is restricted by the thicknesses of the standard dielectric laminates that
are commercially available, to avoid the considerable rises in cost and complexity
of the design if non-standard thicknesses were to be chosen. Thus, different stan-
dard thicknesses of Rogers Corp. RO4003C laminate were considered: 0.813 mm,
1.52 mm, 2.33 mm (two laminates of 1.52 mm and 0.813 mm bonded together) and
3.048 mm (two laminates of 1.52 mm bonded together). The S-parameter results are
shown in Fig. 9.9: it is noticeable that when /3 is around 0.813 mm, the resonances
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almost disappear, but with the increase in the height of the substrate the resonances
start to be manifested, until 43 reaches 3.048 mm, at which height a well-matched
bandwidth is achieved. From the graph, it is clear that any further increase in the
spacing #3 will result in degradation of the bandwidth as the lower resonance fades.

In Fig. 9.10, the effects of varying the separation d3 between the parasitic ele-
ments are illustrated. The separation distance is varied from 1.49 mm to 2.8 mm
with other parameters set at the best design values. It can be seen that, with increase
of the separation d3, the bandwidth starts to broaden until it reaches UWB perfor-
mance at d3 = 1.68 mm, after which the frequencies corresponding to the lower and
upper edges of the bandwidth are gradually shortened. As d3 increases, the upper
resonance disappears, leading to a considerable degradation in the bandwidth.

Finally, a crucial factor in the design is the location of the via, x_via, connecting
the radiating patch to the stripline through the layer RT6006. The variation in the via
location affects the stripline length (which is nearly 1/2), as well as the excitation of
the driven patch. For the geometry sweep, we consider the measured distance for the
via location with respect to the centre of the main patch: this distance was varied
arbitrarily with respect to the centre and the coordinates of the radiating patch, the
designated points for the sweep being —4.5 mm, —3.5 mm, 0 mm, 3.5 mm and
4.5 mm.

From Fig. 9.11, showing S, for the varying via locations, it is observed that, as
the via moves away from the centre, the stripline length will increase and the antenna
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Fig. 9.10. S-parameters with varying patch spacing distance d3
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Fig. 9.11 S-parameters with varying via locations x_via
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Fig. 9.12 The UWB MIMO antenna prototype

bandwidth increases until it is distorted at 4.5 mm. The optimum result was achieved
when the via was located at —3.5 mm with respect to the radiating patch centre and
in the specified direction.

From the results achieved and reviewed above, it is clear that, for an efficient and
effective design, an optimisation tool must be employed to select the best geometry
parameter values since there could be significant interactions between the parame-
ters that have been varied. However, the current optimisation tools have several
drawbacks that might not lead to accurate results within an acceptable time frame,
and for this problem a new technique was developed, based on the method presented
in [15], in which the multi-fidelity framework is proposed, with the design objective
of minimising maximum S, over the entire operational frequency band. However,
as mentioned earlier, this design has constraints that must be satisfied in order to
preserve the structure functionality. The results obtained from the multi-fidelity
framework have been used for the design of the antenna presented in the rest of this
chapter: the obtained best design parameters are shown in Table 9.1.

9.3 Tests of Physical Implementation

The optimised design of the compact UWB MIMO antenna was fabricated, as
shown in Fig. 9.12. However, the following issues arose during the design and fab-
rication. Firstly, the material duroid/RT6006 was not available with the required
size from the Rogers Corporation, and so it was replaced by Rogers 3006 with the
dielectric constant ¢, = 6.15 + 0.15, dissipation factor tan 6 = 0.0020 and thickness
1.28 mm. This thickness is less than the optimum simulated design thickness of
1.92 mm, and so obviously the bandwidth will be reduced, as demonstrated by the
parameter sweep for varying /3.

Secondly, due to unavailability of the 4003C laminate with a thickness of
3.048 mm, the parasitic element layer of this material has been made of two lami-
nates of thickness 1.52 mm bonded at the sides by screws. Finally, other fabrication
tolerance issues should be noted, such as the losses due to the soldering and soldering
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Fig. 9.13 The layers of
the physical
implementation of the
antenna

gaps, laminate cutting, cabling and the test chamber calibration tolerances. The
components of the measured antenna and the feeding structure are illustrated in
Fig. 9.13.

9.3.1 Return Loss and Impedance Bandwidth

In this section, the simulated and measured S-parameters of the prototype antenna
are presented. The simulation results were obtained using the time-domain solver of
CST Microwave Studio [14]. The bandwidth performance was measured with an
Agilent E3333B vector network analyser. Figure 9.14 compares the measured and
simulated results of §,,. From the simulation result, it is observed that the antenna
exhibits UWB behaviour, with the lower frequency band limit at 4.45 GHz and the
upper limit at 8.48 GHz, giving an overall bandwidth of 4.03 GHz. Moreover, it is
seen that both feeding ports have the same impedance bandwidth (determined from
—10 dB return loss), which is about 82% referenced to the resonant frequency at
4.9 GHz. On the other hand, the measured result exhibits a bandwidth of 3.66 GHz
(4.53-8.19 GHz), which is lower than the simulated one. As stated earlier, h3 is one
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Fig. 9.14 Measured and simulated S},
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Fig. 9.15 Full set of simulated S-parameters

of the critical parameters of the design, and the 43 variance between the simulated
and measured designs is 0.64 mm, which is sufficient to affect the impedance band-
width negatively.

Figure 9.15 shows the full set of simulated S-parameters, and Fig. 9.16 shows the
measured S, and S,,. Generally speaking, the measured and simulated S-parameters
are in reasonably good agreement, with tolerable discrepancies. It is noteworthy that,
across the entire required bandwidth, the simulated mutual coupling (S;) is below
—18 dB, while the measured results show mutual coupling below —30 dB. Hence,
the antenna satisfies the impedance matching requirement for the entire UWB fre-
quency band, as specified by the United States federal communications commission
(FCC) as well as mutual coupling of less than —15 dB that is sufficient for UWB
applications [16].

9.3.2 Orthogonal Configuration of Elements

For polarisation diversity, the orthogonal arrangement shown in Fig. 9.4 is needed.
The results are closely similar to the back-to-back configuration with some devia-
tions. The S-parameters are shown in Fig. 9.17: over a bandwidth of 3.7 GHz
(4.78 GHz-8.4 GHz), S}, and S, are better than —10 dB except for a small region at
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Fig. 9.17 S-parameters for antenna in orthogonal configuration

the top end of the band for S, (it is certain that this could be cured with some minor
tuning); the mutual coupling is better than —21 dB over the operational band, which
is more than adequate for UWB applications.

9.3.3 Radiation Patterns

Representative simulated and measured radiation patterns for the non-orthogonal
antenna are shown in Figs. 9.18 and 9.19. The simulation results were produced
using the CST simulation software. The radiation patterns of the antennas were
measured in an anechoic chamber. The measured patterns show reasonably good
agreement with the simulated ones. The discrepancies in the measured results are
caused by gain error of the standard antenna, mounting position of the test antenna,
and the mast of the positioner.
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a b Measured Co-Potar Radlation Pattem at 6 GHz -Port!
Farfield E-Pattern Abs (Phi=0) 30 - T ——_ 30
farfield (f=6) [1] i

Theta [/ Degree vs. dB .15.5

Fig. 9.18 (a) Simulated and (b) measured co-polar radiation patterns at 6 GHz for port 1

a b Measured Co-Polar Ra dln!a:m Pattem at 6 GHz -Port2
Farfield E-Field(r=1m) Abs (Phi=90)
farfield (f=6) [2]

Theta / Degree vs. dB

Fig. 9.19 (a) Simulated and (b) measured co-polar radiation patterns at 6 GHz for port 2

However, the simulated and measured results for cross-polar components
(Figs. 9.20 and 9.21) show values less than 15 dB lower than the co-polar compo-
nents. Cross-polar radiation is undesirable in many cases because it causes crosstalk
in polarisation diversity systems and hence it has to be suppressed; however, 15 dB
suppression is sufficient for most applications.

Simultaneous excitation of ports 1 and 2 demonstrated an approximately omni-
directional behaviour, as shown in Fig. 9.22.

vww.ebook3000.con)



http://www.ebook3000.org

9 Compact MIMO Antenna Array Design for Wireless Applications

a
Farfield E-Pattern Abs (Phi=90)

—— farfield (f=6) [1]

180

Theta / Degree vs. dB

187

b
Measured Cross-Polar Radiallon Pattem at 6GHz -Port1

Fig. 9.20 (a) Simulated and (b) measured cross-polar radiation pattern at 6 GHz for port 1
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Fig. 9.21 (a) Simulated and (b) measured cross-polar radiation pattern at 6 GHz for port 2
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Fig. 9.22 Simulated radiation patterns at 6 and 6.5 GHz for simultaneous excitation of ports 1 and 2
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9.3.4 Current Distributions

The simulated current distributions on the UWB MIMO antenna at a frequency of
6.5 GHz are presented in Fig. 9.23, as a typical example. On the parasitic patches,
the current is mainly distributed along the edges of the slots. The current patterns
indicate the existence of different resonance modes, confirming that the antenna is
capable of supporting multiple resonant modes, and the overlapping of these mul-
tiple modes leads to the UWB characteristic.

9.3.5 MIMO Diversity and Correlation Coefficient

Fading is one of the main reasons for signal degradation with single channels in
scattering-rich environments, due to multipath propagation. One way to overcome
this is to use diversity reception, so that weakness in one path can be compensated
by strength in another. The two feeds in the prototype antenna can be used in this
way. In order to confirm the diversity feature of the antenna, the diversity gain was
computed from the radiation pattern, as shown in Fig. 9.24. It can be noticed that the
diversity gain is on the average around 8.5 dB and reaches a maximum in the desired
band of 8.7 dB at 7 GHz, having adequate values over the entire operational fre-
quency band.

Another important factor for MIMO operation is the envelope correlation coef-
ficient. In order to obtain good diversity, the correlation between the antenna ele-
ments must be low. Antenna envelope correlation can be caused by small antenna
spacing but, as shown in Fig. 9.25, the coupling between the antenna elements has
been minimised, causing the envelope correlation coefficient to be almost zero over
the entire desired operational band. From the low correlation coefficient and high
diversity gain, it can be confirmed that the antenna is suitable for MIMO
applications.

16

current (1=6.5) [1] (peak)
Component; ™

0 Muamm [~ 08308
Fregquency: 65
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Fig. 9.23 Simulated current distribution at 6.5 GHz
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Fig. 9.24 Simulated diversity gain from E-field for antenna
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Fig. 9.25 Simulated envelope correlation coefficient from radiation pattern for antenna

9.4 Conclusions

The design of a compact ultrawideband two-element array antenna has been pre-
sented. The two elements are orthogonally polarised, giving excellent isolation
between them despite their close proximity. This permits them to form the basis of
a multiple-input multiple-output (MIMO) array exploiting the principle of multi-
polarisation MIMO, which permits much more compact antennas than for the more
widely known spatial discrimination approach. The antenna exploits a novel stacked
structure and special feeding mechanism, which enables it to operate over a very
wide bandwidth, corresponding to the UWB regime. From the parameter sweep
exercise, it was observed that, in order to achieve a high-quality design, an optimisa-
tion mechanism must be employed to achieve the desired output results efficiently:
an advanced approach based on evolutionary algorithms was applied to achieve this.
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Experimental tests of a physical realisation confirmed the UWB characteristics of
the proposed antenna. Nearly omnidirectional radiation properties of each element
into its own half-space over the majority of the bandwidth were demonstrated. The
isolation between the two element ports was better than —18 dB, confirming the
predicted decoupling required for MIMO. Ideally, at least three elements are needed
for full-scale multi-polarisation MIMO, but the third element can be constructed on
the same principles. Alternatively the two-element array can be used for diversity
reception, with a simpler receiver. The design is considered to be the basis of an
attractive candidate for future UWB MIMO applications.
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Chapter 10

Compact Wideband Printed MIMO/Diversity
Monopole Antenna for GSM/UMTS and LTE
Applications

Chan H. See, Adham Saleh, Ali A. Alabdullah, Khalid Hameed,
Raed A. Abd-Alhameed, S.M.R. Jones, and Asmaa H. Majeed

10.1 Introduction

With unprecedented use of the portable devices such as mobiles and tablets, the
existing capacity and bandwidth of current wireless communication systems have
become insufficient, in particular for the future mobile generations. Thus, new sys-
tems along with sufficient and adequate data rates have been recently come into the
market. These new systems include HSPA (3.5G), LTE (4G), WiFi, WiMAX and
UWB [1-3]. In addition, the new mobile handsets are foreseen not only to have
seamless inter-operation with the present systems such as second and third genera-
tions but also to be easily adopted to those new standards.

The technology of the multiple-input-multiple-output (MIMO), which uses
multiple antennas at both sides of the transmitter and receiver, is expected to offer
high data rates and low latency communication system, without the need to have an
additional or extra power and other requirements in the rich scattering environ-
ments [2, 4, 5].

However, antenna designers are still facing a prominent and recurring problem
when implementing the MIMO paradigm application. This problem is related to
strong coupling between the antenna elements and this results leakage current when
MIMO needs to be deployed in a limited space, such as mobile handsets. In this
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context, the correlation coefficients between MIMO antenna elements are very high
leading to a drastic drop in the antenna efficiency. Moreover, another challenge is
the tremendous demand to design an MIMO antenna, which operates in existing
services together with the new standards such as the Long Term Evolution (LTE),
the term that is given to 4G in mobile communication networks. For more clarifica-
tions, contemporary MIMO antennas should cope and meet whole the characteris-
tics and performances of a single-element antenna, emphasizing to have a low
mutual coupling between the antenna elements.

Over the last decade, several significant and novel approaches to improve the
isolation between the MIMO antenna elements have been reported [6-25]. These
techniques and solutions were applied to several antenna design with different band
classifications such as narrow band [6—17], wideband [18-21] and dual/triple band
[22-26].

10.1.1 Narrow Band MIMO Antennas with Reduced Mutual
Coupling

A remarkable effort and solution have been invested to design narrow band
MIMO antennas. The narrow band MIMO antennas comprise of several stan-
dards starting from the existing generations up to the new and expected services.
For example, in [6] MIMO antenna design for the operation in the LTE700 MHz
was proposed, GSM800 MHz MIMO antenna was studied and investigated in [7,
8], a UTMS MIMO antenna was studied in [9] and another MIMO antenna cov-
ering the lower and upper WLAN, namely, 2400 MHz and 5200 MHz, was pre-
sented in [10-14].

Moreover, several approaches in order to improve the mutual coupling were
applied to those MIMO antennas. A ferrite material was used to improve the isola-
tion between the MIMO antenna element as in [6]; a method called magneto-
dielectric substrates was employed to antenna in [7], which hugely minimize the
mutual coupling, and the idea of introducing some parasitic elements exactly
between the two antennas was proposed in [8, 9], the aid of using resonators was
also seen as an effective avenue to improve the isolation between the antenna ele-
ments as in [10], a novel approach of reducing the coupling was seen through the
implementation of neutralization line [11] and generating a sort of slits over the
PCB could also be a way to stop the current flow from one element to another [12],
introducing the lumped elements [13, 14], ground plane with heavily slots [15],
orthogonal arrangement of the antenna elements [16] and a reconfigurable mecha-
nism by using a varactor diode [17].

As can be noted in Table 10.1, all these techniques have accomplished good
mutual coupling which ranges from 10 dB to 40 dB for reasonable inter-element
distances from 0.03 4,t0 0.17 A,
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Table 10.1 Previous work of narrow band MIMO antennas

Reference | Size (mm?) Bandwidth (GHz) | Separation distance | Isolation/return loss (dB)
[6] 110 x50 % 3.8 | 0.677-0.765 0.1 4 16.4/6.0
[7] 100 x 50 x 4.2 | 0.746-0.823 0.15 4 15.0/6.0
[8] 50x40x 1.6 | 0.760-0.886 0.03 4, 12.0/10.0
[9] 95 x 60 % 0.8 1.92-2.17 0.17 2o 20.0/10.0
[10] 50x50%x6 2324 0.09 4, 25.0/10.0
[11] 65 x30x%x0.8 24-2.5 0.112 4 15.0/10.0
[12] 75 %50 % 2.6 24-2.5 0.08 4o 25.0/10.0
[13] 67.5x22%x0.8 |2.4-2.5 0.04 2 20.0/10.0
[14] 346x34.6x1 |52-53 0.1 4 20.0/10.0
[15] 32x27.8%x0.8 |5.75-5.85 0.031 4 40.0/10.0
[16] 38x15%x3.2 5.75-5.83 0.14 2, 20.0/10.0
[17] 50 x40 x 0.8 1.4-1.65 0.05 4, 10.0/10.0

10.1.2 Wide Band MIMO Antennas with Reduced Mutual
Coupling

The key challenge here is to compromise between the operating frequency band-
width, isolation level as well the limited space between the MIMO antenna elements.
In other words, it is not desirable to achieve one of the above features at the cost of
another one. For example, it is not practical to come up with a wideband MIMO
design, while the isolation is significantly high. In addition, having a much larger
MIMO antenna with longer distance between the elements will help in reducing the
coupling; however, it is not practical to be incorporated within today’s smart devices.

To meet this challenge, some methods to enable wideband operation, while the isola-
tion is being improved, were reported in [18-21]. In [18], an isolation as high as —11 dB
at 0.25 4, spacing for a broadband range from 1.65 to 2.5 GHz has been achieved. An
improved mutual coupling is observed within the very limited spacing distance by
orthogonal arrangement of the antenna elements [19], introducing inverted L-parasitic
monopoles [20], placing the approach of neutralization lines between the antenna ele-
ments [21]. Table 10.2 summaries the above-mentioned MIMO antenna design along
with their operational bandwidth and mutual coupling improvement approaches.

10.1.3 Dual-/Triple-Band MIMO Antennas with Reduced
Mutual Coupling

Several dual- and triple-band MIMO antennas that demonstrate improved mutual cou-
pling techniques have been proposed in [22-26]. It is considerably seen that an
improved isolation may be obtained by employing techniques within only a single
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Table 10.2 Previous work of wideband MIMO antennas

Separation
Reference | Size (mm?) Bandwidth (GHz) | distance Isolation/return loss (dB)
[18] 67 x50 x0.254 | 1.65-2.5 0.25 4 11.0/10.0
[19] 86 x 86 x 1.52 1.63-2.05 0.1 4 20.0/10.0
[20] 95 x 60 x 0.8 1.85-2.17 0.063 Ay 14.8/10.0
[21] 90 x 40 x 0.8 2442 0.19 4, 17.0/10.0

Table 10.3 Previous work of dual- or triple-band antennas

Bandwidth Separation

Reference | Size (mm?) (GHz) distance Isolation/return loss (dB)

[22] 95 x 60 x 0.8 1.92-2.17 0.038 4, 13.0,18.0/10.0, 10.0
24-2.5

[23] 100 x 40 x 6 24-25 0.0088 4, 19.2,22.8/10.0, 10.0
34-3.6

[24] 150 x 100 x 0.8 24-25 0.06 4 15.0, 22.0/10.0, 6.0
5.15-5.825

[25] 63 x50 % 0.8 1.5-2.8 0.13 4 15.0, 17.0/10.0,10.0
4.7-8.5

[26] 105 x 55x 7.5 868-915 0.05 4y 10.0, 10.0, 10.0/6.0, 10.0,
1.7-2.3 10.0
2.4-3.5

band or by combing more other bands. For instance, in [22] an approach of etching
two-inverted L-shaped line together with T-shaped branch over the ground plane
shows reduced mutual coupling at the standards of UMTS and WLAN 2.4 GHz bands.

To simultaneously design a MIMO antenna capable of operating over the lower
WLAN 2.4 GHz and WiMAX 3.5 GHz service, along with an improved isolation,
authors in [23] achieve this by introducing a folded L-slot in the antenna surface at
the same time inserting a T-shaped slot over the antenna PCB. A MIMO antenna
operates over a wide frequency range of WLAN spectrum from WLAN 2400 MHz
to 5800 MHz, while achieving low mutual coupling was proposed in [24], the mutual
coupling was improved by wisely modifying the lengths of parasitic elements.

A promising broadband MIMO antenna was investigated in [25]. It was sug-
gested that a U-shaped slot was placed over the defected ground plane to perform as
an effective decoupling method. On the other hand, an antenna design in [26] uti-
lizes three-dimensionally folded monopole elements in order to accomplish triple
resonant modes together with an improved mutual coupling over the three allocated
bands. The details of dual- and triple-band MIMO antennas were stated in Table 10.3.

To sum up, it is remarkably released that most of the above-mentioned MIMO
designs are able to operate over single-mode [6—17], broadband frequency range as
in [18-21] or dual-mode [22-25]. These structures are not capable of operating over
the whole bands of existing mobile services, with the exception of work in [25, 26].
Thus, within this chapter we present a MIMO antenna to overcome this constraint.
The present MIMO design is based on printed monopole configuration. It is found
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to be capable to cover the full mobile services from 3G to 4G, namely,
GSM1800/1900, UMTS2000, LTE2300, LTE2600, WiFi and WiMAX. The high
isolation of 14 dB between the proposed antenna elements is accomplished by sim-
ply introducing an I-shaped branch over a slotted ground plane.

10.2 Antenna Design Concept and Structure

The full geometry of the printed monopole MIMO antenna depicts in Fig. 10.1. The
proposed antenna comprises of two crescent-shaped radiators which are printed
over the top of substrate surface, where the bottom part is the ground plane with
defected area exactly underneath the both radiators [27]. The Duroid 5870 dielectric
material with a 0.79 mm height, dielectric constant (e,) of 2.33 and a loss tangent of
0.0012 was used throughout this work. The single antenna of this design has some
similarities with previous work in [21, 28].

The only difference is that, the proposed antenna has come up with straight
extensions at its crescent shape’s end. As can be seen from Fig. 10.1, each radiator
was excited by a microstrip line with a dimension of 18 x 1 mm. This strip has two
sections: the lower one has a length of 11.25 mm, while the upper one comes with
a 6.75 mm height. The ground plane of the proposed antenna occupies dimensions
of 71.5 x 50 mm? with a defected part of 26.8 x 12 mm? underneath the radiators.
The main objective of this defected area is to enhance the antenna impedance band-
width. The presented MIMO structure has finally come with a compact size of
90 x 50 x 0.8 mm, which is said to be fitted for the future application of mobile

50 Unit: mm

Fig. 10.1 Geometry of the proposed antenna
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device. It is believed that, this design demonstrates a size reduction with comparison
to work in [21, 26].

Prior to the final and optimum proposed design of wideband MIMO antenna,
three different processes were carried out. Initially, we started with optimizing only
a single crescent-shaped element over one of the corners of a 50 x 90 mm? ground
plane. Basically, by modifying and controlling the geometries of 1 and 72 param-
eters (see Fig. 10.1), both the lower and higher modes may be tuned, in which the
form of wideband frequency range may take place [21].

For improving the bandwidth, two tiers were applied: first tier, the length of both
ends of crescent-shaped radiator (d) was adjusted and further modified till the best
length is achieved; second tier, optimizing the defected area to obtain a dimension
of 26.8 x 11.25 mm? helped hugely in enhancing the antenna bandwidth. Secondly,
as soon as the desired operation of the single element antenna was accomplished,
another identical version was symmetrically copied and placed on the other corner
of the substrate surface to form the present MIMO antenna design. For better isola-
tion, a distance of 24 mm was made between the two identical.

Thirdly, a slot together with T-shaped stub was added on the ground plane, in
which an I-shaped strip was finally formed on the ground plane of the antenna. The
dimensions and positions of this I-structure were then to be studied and analysed to
meet the best performance in terms of both antenna return loss and isolation.

10.2.1 The Optimization of I-Shaped Decoupling Network

To assure the best effectiveness and efficiency of I-shaped decoupling approach on
both reflection coefficient IS;| and mutual coupling IS,;l, an optimization parametric
analysis was carried out and conducted. The main objective of this analysis was to
obtain an antenna design which operates from 1.6 to 2.8 GHz; at the same time, an
improved isolation of at least <—14 dB should be also achieved. Three parameters
were deemed to be the key and most sensitive ones that affect the antenna perfor-
mance. These parameters as shown in Fig. 10.1 are the top horizontal section width
(w), the vertical section length (L) and the gap spacing (g) of the slot.

One can obviously observe that, by increasing the width (w) from 16 mm to
22 mm by 2 mm step each time, this will only influence the lower frequencies as
they shifted downwards from 1.63 GHz to 1.45 GHz, while no significant effect was
seen on the upper bands as depicted in Fig. 10.2. On the other hand, as the w is
augmented, both ISyl, IS, get gradually impaired. Thus, for compromising
purposes, the width value should be kept between 19 mm and 21 mm. This will
ensure the best performance of both ISy, and IS,!.

The vertical section length of the I-strip (L) over the ground plane is mainly
responsible for the lower resonant frequency. The length (L) was varied from 21 mm
to 27 mm, with an increment of 2 mm. The ISl and IS,;| are depicted in Fig. 10.3.
It is interestingly noticed that, when the L was set at the lower value of 21 mm and
the higher value of 27 mm, both the IS;| and IS,;| have not met the desired frequency
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I8, {dB)
8,41 (98)

Fig. 10.2 S-parameters with variation of the top horizontal section width of I-shaped decoupling
network (w)

-=-L=7
vl 23
===l=25
—_—L=

18441 (dB)

ISl (48)

Fig. 10.3 S-parameters with variation of the vertical section length of I-shaped decoupling net-
work (L)

range within this study. On the other hand, when the length L was fixed between the
value of 24 mm and 26 mm, the targeted bandwidth from 1.6 GHz to 2.8 MHz was
easily achieved, along with high isolation over the whole bandwidth.

The width of the slot (g) printed on the ground plane was carefully studied and
analysed as shown in Fig. 10.4. The width of the gap was changed from 0 mm to
3 mm, with 1 mm step for each time. As can be seen from the plot of the IS, and
IS,1 in Fig. 10.4, that the performance of the proposed antenna without etched slot
(i.e. ¢ = 0 mm) at the lower bands has shown sort of degradation. However, when
the gap (g) was set at | mm up to 3 mm, the present antenna demonstrates same
performance, in which the IS, shows the wide range of frequency from 1.6 to
2.8 GHz, with value remains below —10 dB. Also, the IS, stayed exactly same
without any remarkable changes, when the (g) width varied from 1 to 3 mm.

After the optimization and validation of the I-shaped strip position and dimen-
sions, the S-parameters of the present MIMO design with and without the high
isolation approach of the I-shaped branch are depicted in Fig. 10.5. Looking at the
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Fig. 10.5 S-parameters of the proposed MIMO antenna with and without I-shaped strip

performance of the antenna without the added strip in terms of IS;,l, it is clearly
observed that the antenna displays frequency range from 1.5 to 2.5 GHz, which does
not meet the allocated bandwidth within this work. Nevertheless, when the I-strip
was introduced, the broadband features of spectrum from 1.6 to 2.8 GHz were
accomplished. Moreover, checking the IS, | results, the isolation between the
antenna elements was interestingly improved by around —5 dB from —9 to —14 dB
over the aggregated bandwidth, in comparison with the performance of the antenna
without the I-shaped strip. Therefore, this proves the function of the I-shaped as an
impedance bandwidth improvement as well as decoupling approach.
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To further prove the effectiveness of the I-shaped approach in improving the
antenna bandwidth, the surface current distribution plots of the present design in
both scenarios, i.e. with and without decoupling networking technique, are exam-
ined and analysed as in Fig. 10.6. Three resonant frequencies, namely, 1.7, 2.1 and

12.5

12.5

A/m

_ N

12.5

i

Fig. 10.6 Surface currents of antenna with and without the I-shape at (i) 1.7 GHz, (ii) 2.1 GHz and
(iii) 2.5 GHz. Port 1 (left) is excited and port 2 is terminated in 50 Q

(iii)
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2.5 GHz, were chosen to cover the entire desired range. It should be noted that when
port 1 of the antenna without the inclusion of I-shaped strip is excited and port 2 is
terminated in 50 Q, a strong current flows from the port 1 to the port 2 antenna ele-
ment. This is basically due to two factors, firstly the incidence of a near field cou-
pling current and secondly sharing common ground plane. On the other hand, once
the I-strip is etching over the common ground plane, it is noticed that the I-strip
prevents the current passing from port 1 to port 2 of the antenna elements. In other
words, the current is trapped on this decoupling structure, rather than flowing toward
nearby port of the antenna. This concludes that the I-shaped strip can be considered
as an effective method to decouple the currents on the antenna port 2 and, therefore,
improve the whole antenna performance.

10.3 Validation of Measured and Simulation Results

For proof of concept, the final configuration of the proposed antenna in Fig. 10.1
was prototyped as indicated in Fig. 10.7. This prototyped design was tested to
verify and confirm the outcomes of the theoretical model, which generated by uti-
lizing the HFSS software package [29]. Both calculated and measured S-parameters
of the present MIMO design are illustrated in Fig. 10.8. From Fig. 10.8, it is found
that, both the simulated and fabricated designs have demonstrated a broad band-
width of around 1.2 GHz covering the range from 1.6 to 2.8 GHz, with S;; value of
less than —10 dB.

Fig. 10.7 Prototype photo of the proposed MIMO design
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Fig. 10.8 Simulated and measured S-parameters of the proposed antenna

Achieving such a wide frequency range makes the proposed structure to be capa-
ble of covering the existing mobile services of GSM1800/1900, UMTS2000, WiFi
and WiMAX as well as together operating over the newly released standards of
LET2300 and LT2600. The isolation between the antenna element IS, plots is also
studied, which indicate a good isolation of —14 dB over the aggregated bandwidth
has been attained.

To prove the performance of the presented MIMO design, two paramount fea-
tures should be taken into consideration, i.e. envelope correlation coefficient
(ECC) and channel capacity loss. Generally, the ECC may be obtained by exploi-
tation of 3D far-field data as in [4-5] or from S-parameter procedures [30].
However, due to the fact that the measurement of far-field radiation patterns is
time consuming and expensive. Thus, the second approach of using S-parameters
technique is favoured. The ECC p, of a two antennas system can be calculated
from the following equation [30]:

p — SI*ISIZ + S;ls22 ’
e (1_|Su|2 _|SZI|2)(1_|522|2 _|Su|z)

The computed and measured ECC plots of the present MIMO design structure
are depicted in Fig. 10.9a. One can note that, both results are agreed well with each
other. The values of ECC are said to be less than 0.008 over the entire bandwidth.
These values are in good comparison with previous published data in [11, 21, 25].
The second important feature of the channel capacity loss of a 2 x 2 MIMO system
can be calculated from the following expression as in [11, 21]:

(10.1)
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Fig. 10.9 Simulated and measured MIMO characteristics of the proposed antenna, (a) envelope
correlation coefficient, (b) capacity loss

C,. =—log, det (I/IR) (10.2)
P p12:|

p21 p22

with p,=(1 (S, +IS,?) and p, = —(S’.’.S.. +s’;,.sjj) ,foriorj=1or2.

i~ij

. P . . R
where y® is the receiving antenna correlation matrix: y " = {

The computed and practical results of the channel capacity loss of the proposed
antenna were evaluated from the above equation as indicated in Fig. 10.9b. It
should be noted that the channel capacity loss is found to be less than 0.3 b/s/Hz;
this is said to be acceptable for practical MIMO systems [11, 25]. The slight dif-
ferences between the curves may be due to the mistakes and errors during the
fabrication process.

The simulated and measured power gain and efficiencies of the present MIMO
design are illustrated in Fig. 10.10. The values of power gains varied from 1.7 to
2.7 dBi for the fabricated model, while they ranged from 1.2 to 2.3 dBi for the simu-
lated design as seen from Fig. 10.10. It is clearly seen that about 0.5 dBi disagree-
ment was found in particular at the lower band of around 1.6 GHz. By investigating
the antenna efficiencies, one can note that, both calculated and measured data are in
the range of 70-90% over the entire bandwidth, and are seen to be in good
agreement.

The far-field patterns of both fabricated and simulated models are described in
Fig. 10.11. During the measurement of the radiation patterns, three pattern cuts (i.e.
x-z, y-z and x-y planes) were used at two resonant frequencies, covering the desired
bandwidth, explicitly the 1.8 and 2.4 GHz. From Fig. 10.11, it is noted that the
patterns at the above-mentioned bands are in consistency; also both simulated and
measured plots are found in acceptable agreement.
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Fig. 10.10 Measured and simulated peak gains and radiation efficiencies of the proposed antenna

Fig. 10.11 Simulated and measured normalized radiation patterns of the proposed antenna for
three planes (left, x-z plane; centre, y-z plane; right, x-y plane) at (a) 1.8 GHz and (b) 2.4 GHz,
where port 1 is excited and port 2 is terminated to 50 Q. ‘xxxx’ simulated co-polarization, ‘0000’

simulated  cross-polarization, ‘——"  measured co-polarization,  ‘------ measured
cross-polarization
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10.4 The Performance of the Proposed Antenna
with the Hand and Head Models

The coupling between the antenna model within the handheld casing and both the head
and hand models are examined and investigated within this subsection. The same
parameters, which have been studied in previous section such as reflection coefficient,
mutual coupling, power gains, far-field and efficiency, will be checked again with the
presence of hand and head scenarios. Figure 10.12 displays the simulated hand and head

T
?

a ol Enclosure

Endosura

Fig. 10.12 The proposed antennas within three scenario models: (a) antenna with handheld cas-
ing, (b) antenna with hand models, (¢) antenna with hand and head models
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models as well as the present antenna within the handset casing with the common talk-
ing positions.

To fully understand the near-field coupling effects of every physical part of the
models, i.e. handset enclosure, battery, circuit board, LCD, battery, human hand and
head, that may influence the antenna performance, four scenarios, i.e. the antenna as
stand-alone model, the antenna within the handset casing, the antenna in handheld
paradigm and finally the antenna with both hand and head models, have been stud-
ied in Fig. 10.12.

As can be observed from Fig. 10.12, the first model presents the antenna within
the handset casing. This model consists of the presented antenna with a volume of
52 x 60 x 2 mm?, a 33 x 50.5 x 4.5 mm? battery, a 52 x 60 x 2 mm?* LCD as well as
a plastic housing with a thickness of 2 mm. The battery and LCD were modeled as
copper, while a dielectric of ABS plastic (DK=3.0) was used as the material of the
handset housing.

The second model demonstrates the common cases of using the handset with
three finger positions of the hand, namely, 0° (left), 45° (middle) and 90° (right). The
hand model is proposed to be as a single layer of muscle tissue with a relative permit-
tivity of 54 and a conductivity of 1.45 S/m [31]. As can be found in [30], the antenna
performance may significantly impair when the antenna is being used at finger moves
to 90° comparing to finger at 0° and 45°.

Due to the above reason, the third model is established to show the worst sce-
nario where the finger at 90° position with the presence of a simplified head model,
as depicted in Fig. 10.12c. In this case, the handset is located within the hand and
then attached to the spherical head [32, 33]. The head phantom includes the follow-
ing: dual layers, namely, the glass shell (e, = 4.6, o = 0) and tissue equivalent mate-
rial (e, =42.9, 6 = 0.9). To demonstrate the most common human talking mode, the
device mobile chassis is being positioned at an angle of 60° along with the vertical
axis of the human head; the distance between them is kept to be around 5 mm.

The examination of the S-parameters of the proposed antenna within the three
mentioned paradigms was depicted in Fig. 10.13. As indicated in Fig. 10.13a, the
level of reflection coefficient within the desired operating bandwidth remains below
—10 dB. The mutual coupling of the antenna within the above three models is found
to be around —12.5 dB, in which 1.5 dB is found to be worse than the reference
proposed antenna as illustrated in Fig. 10.13b.

The power gains and radiation efficiencies of the antenna against the desired
operating band are shown in Fig. 10.14. It is apparently seen that the power gains of
the antenna together with the analysed models were relatively decreased from 0 to
0.5 dBi at the higher band (2.5-2.8GHz) compared to the power gains of the pro-
posed referenced MIMO antenna.

On the other hand, the power gain of the antenna with the hand and head/hand
cases at port 1 indicates a gradual decrement with a difference of 0.2—1.7 dBi in the
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Fig. 10.13 Comparison of antenna S-parameters in the scenarios of free space, hand and head/
hand model

hand model scenarios and drop from 0.3 to 1.9 dBi in the hand/head paradigm com-
pared to the reference antenna model.

The plots of the radiation efficiency agree with the variation of the gain plots.
From Fig. 10.14, the antenna efficiency is mostly degraded in the case of hand/head
model. The efficiencies of antenna within the hand model alone and also within the
hand/head models together at port 1 fluctuates from 20% to 35% for the hand model
and 15% to 28% in the case of hand/head models. A reduction of 60% occurred in
contrast to the reference model at the band of 2 GHz. This is deemed as the worst
efficiency drop.
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Fig. 10.14 The variation of the antenna peak gain and radiation efficiency in the presence of the
hand and head model

10.5 Conclusion

A printed monopole antenna operates in a wide bandwidth characteristics from 1.6 to
3.8 GHz has been modelled and examined. The isolation of the proposed antenna
was improved to 14 dB, by means of using an I-shaped strip approach printed over
the ground plane. The proposed MIMO antenna has been analysed in different sce-
narios such as free space, within the handset casing, presence of hand model and
cases of both hand/head models. It demonstrates good performance in all mentioned
cases which makes it suitable for commercial mobile/wireless handheld devices. The
obtained simulated model then fabricated and tested to prove its practical usability.
This MIMO antenna, with a compact volume of 50 x 90 x 0.8 mm?, exhibits suffi-
cient impedance bandwidth, reasonable far-field characteristics, acceptable power
gains, low-level correlation coefficient and minimum channel capacity loss. These
features confirmed that it is a good candidate to combat the multipath propagation
issues.
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Chapter 11
Compact Wideband Balanced Antenna
Structure for 3G Mobile Handsets

D. Zhou, N.J. McEwan, and P.S. Excell

11.1 Introduction on Balanced Antennas
for Mobile Handsets

Conventionally for mobile handsets, unbalanced type of internal antennas has been
widely used. For this type, the antenna radiator and its associated ground plane both
played a part in the antenna design and radiation mechanism. The unbalanced
designs usually result in very small antennas to achieve sufficient antenna radiation
efficiency and bandwidth, e.g. many planar inverted F antenna (PIFA) designs and
inverted F antenna (IFA) designs [1]. As the antenna ground plane is also part of the
antenna radiation, which leads to the fact that radiating currents are induced on both
the antenna element itself and the ground plane in free space. However, the perfor-
mance of these antennas varies considerably when held by users. This is mainly
because the current induced on the phone ground plane is disturbed by the users’
hand and head, which causes performance degradation of the antenna’s radiation
properties and introduces losses and antenna impedance mismatching.

A good alternative candidate is a balanced type of antenna [2, 3]. This type of
antenna concept requires an antenna with symmetrical structure, which is fed with
balanced currents to make it electrically symmetrical. With this type of antenna, the
key advantage is that unlike unbalanced type the balanced currents only flow on the
antenna element itself, thus dramatically reducing the effect of current flow on the
ground plane. The radiation mechanism of this type of antenna design possesses
weak coupling of the antenna with the handset case in order to achieve an imped-
ance match that is both good and stable in the presence of a human body. As a result,
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balanced antennas maintain their performance in both free space and handheld
scenarios [4-6].

The effect of a balanced antenna design on the current distribution on the ground
plane can also be observed from the radiation pattern. Morishita et al. [2, 5, 6] stud-
ied the radiation patterns for both balanced and unbalanced antennas with and with-
out the presence of the human body. The patterns produced by the balanced antenna
system were relatively regular in free space; while the patterns produced by the
unbalanced antenna system were irregular, and thus more nulls appeared. Clearly,
the patterns of the balanced antenna are to be preferred in practice to those of the
unbalanced antenna. Thus, in simulation and experiment, when a head and/or hand
model is present next to an antenna, the effect of the human tissue on the antenna
performance is relatively small in the balanced system, whereas degradation is sub-
stantial in the unbalanced system.

From the current distribution of the two antenna systems, a small change in the
input impedance is expected in the balanced antenna system when the handset is
placed in the vicinity of a human head or hand, but a larger change is expected in
the unbalanced case. From the results of computed input impedance for balanced
and unbalanced antennas, the small change in impedance of the balanced antenna
with respect to the unbalanced antenna indicates that it has lower mutual coupling
with the head [7].

In addition, in the context of health concerns, it is expected that low absorbed
power in a mobile phone user’s head can be realised by making the mobile antenna
deliver low intensity in the near field [8, 9]. Moreover; if such an antenna is well
designed, then the maximum specific absorption rate (SAR) value is likely to be
reduced when the phone is placed beside the head due to the relatively weak cou-
pling of the antenna to the body of the handset. A detailed study by Abd-Alhameed
etal. [7] has confirmed that the balanced antenna offers significant advantages over
the unbalanced antenna. Owing to the well-balanced structure, the antenna isolates
current flows on the metallic structure of the handset, which in turn also results in
low SAR values in the ear and cheeks of the user.

Besides the desirably stable performance in free space and handheld cases, there
are also some limitations to balanced type of antennas, such as narrow bandwidth.
This limitation is mainly due to only the antenna element itself being as a radiator.
For commercial exploitation, in addition to the traditional design objectives of small
size and low cost, it is now essential to address the need to develop novel techniques
to improve balanced antenna bandwidth to achieve wide or multiple band operation
and compliance with international safety guidelines on SAR [8, 9].

In this chapter, several design techniques are demonstrated to address the band-
width limitation issue with the balanced type of antenna designs. In order to achieve
compact design, folded structures of symmetrical balanced-fed loop and dipole
design are exploited for mobile handset applications. To feed wide bandwidth bal-
anced antennas, the corresponding wide bandwidth balun is also required and
equivalently important for balanced antenna designs. The design of wide bandwidth
balun is also designed and its performance for wideband operation is validated in
this chapter.
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11.2 Folded Loop Antenna with a Single-Band Operation

In this section, a simple folded loop antenna (FLA) with a balanced type of antenna
concept for mobile handsets is presented. This design is for the purpose of realising
with relatively wideband impedance to cover a single 2G or 3G band, respectively.
The folded loop antenna structure is designed and optimised using genetic algo-
rithms (GA) [10]. The geometry of proposed FLA, shown in Fig. 11.1, was adopted
from the Morishta’s work [6]. Parameters, used to define this antenna structure,
were optimised and evaluated using GA with the aid of NEC-2 source code [11, 12].
Hardware was fabricated and a wideband balun was also designed for the measure-
ment validation.

11.2.1 Folded Loop Antenna Design and Optimisation
Using Genetic Algorithm

Configuration of FLA antennas and important antenna design parameters with asso-
ciated ground plane size are shown in Fig. 11.1. The intended antenna was designed
for a single-band application, covering 2G GSM1800 (1710-1860 MHz) and
3GUMTS applications (1920-2170 MHz), respectively.

Important parameters shown in Fig. 11.1 of the FLA antenna structure were opti-
mised with GA using real-valued chromosomes. Performance of the generated
antenna samples by GA method was then computed using NEC-2 source code, and
a desired fitness of the GA was then evaluated using a predefined cost function, as
shown in Eq. 11.1:

F=Y" W, (1/VSWR) (11.1)

fn

where W, (n = 1,...,3) are the predefined weight coefficients for the cost function
and are all set to be 1 here. The principle of GA optimisation and procedure of GA

120

Fig. 11.1 Geometry of the folded loop antenna with ground plane
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Table 11.1 Summary of design parameters, optimisation range and optimal design using GA

FLA for UMTS FLA for GSM 1800
GA parameters Parameters (m) Optimal (m) | Parameters (m) Optimal (m)
Number of Wire radius (a) 0.0007905 Wire radius (a) 0.00074
population size = 6 (0.0004-0.0008) (0.0004-0.0008)
Number of FLA length (b) 0.03690 FLA length (b) 0.03978
parameters = 7 (0.03-0.04) (0.03-0.04)
Probability of FLA height (h) 0.01179 FLA height (h) 0.01173
mutation = 0.02 (0.003-0.012) (0.003-0.012)
Maximum FLA arm length 0.009881 FLA arm length 0.008785
generation = 500 (n) (0.002-0.015) (n) (0.002-0.015)
Number of Parallel wires 0.013599 Parallel wires 0.01489
possibilities = 32,768 | distance (m) distance (m)

(0.005-0.015) (0.005-0.015)
Ground plane size FLA distance to 0.001137 FLA distance to 0.0008643
(120 x 50 mm) GP edge (e) GP edge (e)

(0.0-0.002) (0.0-0.002)
Distance between FLA and GP (/) 0.001146 hy (0.001-0.003) 0.001112
(not shown in Fig. 11.1) (0.001-0.003)

VSWR vs Frequency

/

e

~

2000

2100

Frequency (MHz)

2200 2300

Fig. 11.2 VSWR against frequency for a single-band operation at 3G UMTS

applied to optimised antennas in cooperation with NEC-2 were described in authors’
previous work [13, 14].

Table 11.1 summarises the design parameters, optimisation range of each param-
eter and optimal design after GA optimisation converged to meeting GA design
target for 2G GSM1800 and 3G UMTS bands, respectively. The excellent antenna
impedance matching in terms of VSWR for the optimal design configuration is
presented in Figs. 11.2 and 11.3. It should be noted that GA has been approved as
an efficient design and optimisation tool, and it has potential in the other types of
antenna designs and optimisation work.
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Fig. 11.3 VSWR against frequency for a single-band operation at 2G at GSM 1800

Input
port Three Port Balun

Output
port

Qutput
port

Fig. 11.4 Simulation layout of the wideband balun design to be used testing the balanced
antennas

11.2.2 Wide Bandwidth Planar Balun Design and Validation

To test balanced antenna, a balun is needed. A balun is a feeding network to provide
a pair of balanced feed (a pair of signals with same amplitude but 180° out of
phase) from an unbalanced source. In this chapter, the balanced antennas are
designed to cover wide bandwidth from 1.7 to 2.5 GHz at mobile communication
bands of GSM, UMTS and 2.4 GHz; thus, a relatively wideband balun is
necessary.

In this section, a planar wideband balun is designed and presented. Its original
structure was adopted from a published work in [15] due to its wide bandwidth
feature (1.7-3.3 GHz) (see Fig. 11.4) [15], and design modification was subse-
quently applied to make sure that the two balanced ports are well located at the
feeding points of the proposed balanced antenna designs. The design was firstly
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Fig. 11.5 Simulated wideband balun performance. (a) Impedance matching at input unbalanced
port; (b) impedance matching at output balanced port; (¢) amplitude imbalance between the two
output balanced ports; (d) phase difference between two balanced output ports

simulated using circuit simulator Agilent ADS software [16] and then the layout
was optimised again using Momentum package. In simulation the planar balun sub-
strate used was on Duriod substrate with material property as followed, Er = 3.48,
h = 0.8 mm, and tand = 0.0019.

To characterise good performance of a wideband balun, three important aspects
should be evaluated properly: (1) the input impedance matching at the unbalanced
port and two balanced ports should be less than —10 dB, (2) very little amplitude
imbalance between the two balanced output ports and (3) 180° phase difference
between the two balanced output ports. Figure 11.5 demonstrates the wideband
balun performance in prediction. As can be seen, excellent wideband balun perfor-
mance can be observed. It should be noted that the exact frequency range of this
designed balun can be optimised depending on the balanced antenna operation fre-
quency bands.

To validate the simulated wideband balun performance, a back-to-back wide-
band planar balun was built up, as shown in Fig. 11.6. It was used to characterise the
amplitude imbalance between the two output ports as well as the insertion loss of
the balun. Phase difference between the two balanced output ports was also mea-
sured. The measured amplitude imbalance and phase difference of the two balanced
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Fig. 11.6 Photograph of a back-to-back planar balun
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Fig. 11.7 Measured amplitude difference of two balanced ports

ports using a single balun are shown in Figs. 11.7 and 11.8, respectively. As can be
seen, an excellent wideband balance in magnitude and phase between the two bal-
anced ports was found, as summarised in Table 11.2.

Figures 11.9 and 11.10 present the fabricated balun prior to artwork [15] and
present work.

11.2.3 Measurement Validation

A prototype (see Fig. 11.11) of this folded loop antenna was fabricated and tested
using the presented balun in previous section in the measurement. Copper thickness of
0.15 and 0.5 mm was used for fabricating the antenna element and the ground plane.
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Fig. 11.8 Measured phase difference of two balanced ports

Table 11.2 Summary of the present balun performance prior to artwork

Operating Insertion loss Balanced difference: Return
Item frequency (GHz) | (back-to-back) (dB) |amplitude (dB), phase (°) |loss (dB)
Zhangetal’s | 1.7-3.3 - Within 0.3, + 5° -10
balun [15]
Present balun | 1.4-2.4 1.65 Within 0.1, = 2° —10

Fig. 11.9 Photograph of
the fabricated balun in [15]

Figure 11.12 presents the simulated VSWR of the GA-optimised antenna con-
figuration and prototype results with integrated wideband balun as the feed network.
As can be seen, a reasonable agreement can be observed between the simulation and
measurement. These comparable results also confirm the effectiveness of the GA as
an efficiency tool for the antenna design and optimisation.

vww.ebook3000.con)



http://www.ebook3000.org

11 Compact Wideband Balanced Antenna Structure for 3G Mobile Handsets 221

Fig. 11.10 Photograph of wideband balun adopted and modified in [15]
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Fig. 11.12 The simulated and measured VSWR against operating frequency
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11.3 Wideband Balanced-Fed Folded Arm Dipole Antenna
Designs

In the previous section, a balanced folded loop type of antenna has been demon-
strated for a single-band design. Wideband design with balanced-fed folded dipole
antenna structures is presented in this section. The design is intended to cover
GSM1800/GSM1900/UMTS bands, as well as 2.4 GHz band.

11.3.1 Folded Dipole for Wideband Design

A balanced-fed dipole antenna with folded arm structure for achieving a low profile
for internal designs has been reported in [17]. The proposed antenna structure is
presented in Fig. 11.13, where a simple technique is used by inserting a pair of slots
in each of the dipole arm closing the ground plane area (1 mm away). These intro-
duced slots have the effect of mitigating the ground plane impact on the folded dipole
antennas, and at the same time without major degrading the antenna performance. In
addition, trimmed triangles with a symmetrical structure at the feeding point area
have been employed in order to improve the antenna impedance matching [18].

ground plane
(120 x 50mm)

source

Fig. 11.13 Antenna configuration studied in [17]
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Fig. 11.14 Photograph of the fabricated board for the modified balun

The measurement methods of this wideband folded dipole antennas is worth
mentioning. Two measurement methods were considered and used in this work. The
first one is to measure the antenna impedance using the previously design wideband
balun network, and this method is called ‘two port method’. A prototype of such
method is shown in Fig. 11.14. As can be seen that the balun well designed and
placed the beneath the antenna feeding area on the opposite side for an integrated
solution as a single antenna balun system. The other measurement method was
adopted from reference [19], where a copper plate with size of 500 mm x 500 mm
was used as the finite ground in the measurement, as shown in Fig. 11.15. This mea-
surement method here is called ‘monopole method’. Figure 11.16 presents the com-
parative results of the two different methods against the simulated one. It can be
seen that a fairly good agreement can be observed. This result also confirms the
effectiveness of the monopole-type measurement method, which in comparison has
the advantage of not requiring a well-designed wideband balun as a feeding
network.

11.3.2 Folded Dipole with Wideband Dual-Arm Design

Folded arm dipole antenna design concept presented Sect. 11.3.1 is continued to
improve its bandwidth. A new technique to further enhance the antenna impedance
bandwidth has been reported in [20], in which a pair of thin-strip arm was inserted
for each dipole arm in order to achieve an additional band to cover 2.4 GHz WLAN
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Fig. 11.16 Comparative results among the simulation and two different measurement methods

for multiband applications. The proposed antenna structure in [20] is illustrated in
Fig. 11.17 . It should be noted that a step feed structure was adopted in this work.
The reason for this is that it was found the antenna impedance matching could be
relatively improved with this configuration arrangement.

The optimal antenna configuration was then fabricated for hardware validation.
Figure 11.18 presents the measured and simulated return loss. It can be seen that a
multiband operations has been achieved with such a technique.
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Dipole 1 Dipole 2 Folded
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Fig. 11.17 Antenna configuration studied. (a) Balanced folded dipole antenna with conducting
plate; (b) front view of the antenna design; (c) unfolded structure of the proposed antenna
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Fig. 11.18 The simulated and measured return loss against operating frequency

11.3.3 Compact Folded Arm Dipole Antenna with Wideband
Dual-Arm Design

In this design reported in [21], the dual-arm folded dipole structure was continu-
ously investigated; the purpose of this design example was use the same technique
for multiband operation, but to realise a compact design in size.
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Fig. 11.19 Antenna configuration studied. (a) Balanced antenna with conducting plate; (b) impor-
tant parameters of the proposed antenna

To achieve, the folded dipole width is reduced in order to mitigate the coupling
between the balanced antenna element and the closely placed antenna ground plane
(1 mm away). Previously, inserting a slot was introduced on the folded arm. In this
design, the slot was not necessary to be applied here. As the width of the folded arm
was reduced, it was equivalently to reduce the ground plane impact on the folded
dipole antenna design. In addition, a triangle-shaped feeding structure was adopted
here with design optimisation. Figure 11.19 presents the proposed antenna structure
and important antenna parameters in [21]. As can be seen that the antenna volume
is considerably reduced, comparing the design reported in [20] and Fig. 11.17.

Figure 11.20 presents the measured return loss of the prototype antenna against
the computed one. It should be noted that two measurement methods were also used
to cross validate the measurement results, one was adopted in work [19] and the
other one was measured with integrated wideband balun network. As can be seen,
similar bandwidth was observed with this compact design structure.

The normalised measured and simulated SAR values are shown in Fig. 11.21. A
reasonable agreement in SAR distribution between the measured and computed
results can be easily noted from Fig. 11.19. The maximum unaveraged measured
and computed SAR values for 1 W input power are 3.2 W/kg and 3.02 W/kg,
respectively. These results are much lower than those reported in [22, 23] for a GSM
1800 terrestrial handset, for which the peak SAR in the head was between 10 and
21 W/kg for a head-handset separation of 7.5 mm.

11.4 Summary

Several novel designs of balanced antennas for mobile handsets have been presented
and analysed. Firstly, a folded loop antenna has been designed and optimised using
GA for 2G and 3G operation, respectively. Then, a design example has achieved
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Fig. 11.21 The normalised SAR distribution at 1.8 GHz: (a) measured SAR, (b) computed
SAR

wideband operation covering DCS, PCS and UMTS bands. Furthermore, a dual-arm
technique has been demonstrated to realise an additional band in order to further
enhance the balanced antenna impedance bandwidth to support 2.4 GHz band.
With achieved wideband balanced antenna designs, designing an equivalently
wideband balun as feeding network in the measurement is also important. Efforts
have been in this chapter to demonstrate how to design and characterise a wideband
balun. Moreover, an integrated measurement technique in the measurement was
also addressed to form a single system, which integrating the planar balun and the
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antenna ground plane mounting on either side of one substrate. In addition, another
method was also adopted to cross validate the wideband balanced antennas. It was
found that both measurement methods were effective and their measured results
have shown reasonable agreement.

The presented designs with the balanced antenna concept for mobile handsets
have proved wideband impedance matching can be achieved. These results demon-
strate the attractiveness of such design concept for practical application in mobile
phones. Besides, the current design has some practical limitations since it does not
cover the operation of the frequency bands below 1 GHz, e.g. GSM850/900 fre-
quency band, which is still in demand at present; moreover, with the newly allocated
Long Term Evolution (LTE) bands at 700 MHz, it seems that an unbalanced type of
design is more suitable for bands below 1 GHz; with the aid of RF switching, these
bands can be easily tuned to the desired bands with an acceptable loss caused by the
RF switch itself. At mobile frequency bands above 1 GHz starting 1710 MHz, a
balanced type of antenna is a good candidate for mobile handset, as this type of
antenna can offer stable antenna performance in FS and handheld cases. However,
the demand to drive antenna engineers to come up with even more compact design
is still needed. For the future work, further development of balanced antennas will
address this issue of developing new techniques for multiband realisation.
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Chapter 12
Coplanar-Fed Miniaturized Folded Loop
Balanced Antenna for WLAN Applications

A.G. Alhaddad, R.A. Abd-Alhameed, and Embarak M. Ibrahim

12.1 Introduction

With the continuous progress and growth in personal communications along with
the non-stop demand of the customer hope and ambition, the compact antennas that
operate in wide bandwidth features with the emphasizing of outstanding radiation,
high power gain and better efficiencies have been given more considerations.
Recently, balanced antennas for use in mobile applications have drawn the attention
to the antenna designers in both industry and academia. This is because of several
advantages such as compact volume, acceptable gain, better efficiency and interest-
ingly the stable performance of the balanced antenna when it is held in vicinity to
the human body by the user of mobile device [1].

Usually, to support the feed networks of balanced structures, a balun circuit
needs to be applied. This may affect the antenna bandwidth, but will compromise
the intended performance such as radiation patterns and gain [2]. The efficiency
performance of the used balun will obviously contribute in defining the symmetry
radiation pattern of the balanced structures, in which suboptimal pattern shaping
may be achieved [3]. This has put some constraints on the degree of potentiality to
exploit the balanced design layout in some handset applications.

To address this limitation, an appropriate solution is to employ the coplanar con-
figurations. The type of coplanar transmission line antenna structures have become
of a great interest for antenna researchers owing to their simple structure, seam-
lessly integration with both passive and active devices within the same layer [4].
The layout of the coplanar lies in printing both the radiator and ground plane
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conductors in the same plane, which is the top surface of the dielectric material [5].
The term of coplanar structure as a transmission line has been recently heavily stud-
ied and become as rigorous area of study. The coplanar transmission line has
remarkable features, which make it very suitable to accomplish a board frequency
range as well as with simple manufacturing procedure [6, 7]. Another benefit of the
antenna structures with coplanar feeding approach shows stable and constant gain
values over a wide bandwidth features [7-10].

12.2 Theory of the Shielded Balanced Loop

The conventional balanced shielded loop configuration consists of coaxial line with
a thin gap in the outer shield. The main antenna with loop layout is adjusted and
improved to be fed with an unbalanced coaxial cable. This can be done by integrat-
ing the loop antenna with a balun [11]. The inner line of the coaxial, which is con-
sidered as coplanar transmission structure is ended on the outer conductor or the
grounded sheath (this is also equivalent to the coplanar ground plane) of the oppo-
site half loop at the gap. Power will still be transmitted to the load Z; [12]. The
coplanar structure integrating with a balun transformer is shown in Fig. 12.1.

12.3 Microstrip Patch Antenna

Microstrip patch antennas are a popular printed antenna for narrowband microwave
wireless links that require semi-hemispherical coverage. Microstrip patch antennas
have considered as one of the most widespread antennas used in small portable
wireless communication equipment [13].

A patch antenna usually derives its name from its shape/structure. Figure 12.2
shows a patch antenna, which has a rectangular top layer and thus names appropri-
ately. Atypical patch antenna consists of two metal planes, the bottom layer being

Fig. 12.1 The structureof [ [
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Fig. 12.2 Microstrip patch Dielectric
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the ground plane and the top layer is the radiating patch and a dielectric material
between them. The shape dimensions of the patch antenna usually determine the
frequency of operation and thus these antennas are categorized as resonant anten-
nas. Microstrip antennas have been classified into four basic groups: microstrip
patch antennas, printed slot antennas, microstrip travelling wave antennas and
finally microstrip dipole antennas [14].

Microstrip antennas have come up with several advantages such as easy integra-
tion with both passive and active components over the PCB of the portable devices
[15]. However, the key concern with the microstrip patch structure is regarding its
size. This is because to make this type of antenna operate over the low microwave
frequency spectrum, it occupies a large volume, in which it becomes very compli-
cated and even not feasible to be concealed within a handset device. Such antenna
structures work as a result of the fringing field that takes place between the patch
edges and the Printed Circuit Board (PCB) [15].

To come up with a high and efficient performance of the microstrip antenna,
three key losses should be taken into account, namely, the conducting losses, losses
of dielectric substrate and surface wave losses. To obtain satisfactory efficiency,
bandwidth enhancement and antenna size reduction, both the dielectric constant and
height of the used substrate need to be as minimum as possible [14].

12.4 Coplanar Waveguide (CPW) Antennas

Above, we mentioned the use and/or the employment of the microstrip technology
to the type of planar antennas. However, it is obvious that microstrip antennas
should consist of radiating patch on the top of the substrate and also ground plane
underneath the substrate material to support the feeding microstrip line. Actually,
the ground plane underneath the substrate material is required to allow the electro-
magnetic waves to travel along the feed line. Thus, it is obvious that manufacturing
on both sides of the substrate is an obligatory task with the microstrip approach.
On the other hand, when using the approach of the coplanar waveguide (CPW)
feed network, both radiating conductor and PCB will be printed on the same side of
the top surface of the substrate. This in turn will lead to the conclusion that the
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Fig. 12.3 The basic structure of coplanar waveguide

electromagnetic wave flows in the slots on the surface of the substrate, and there-
fore, less energy will be within the substrate. This one feature promotes the coplanar
antenna structure to be considered as suitable candidate for wide bandwidth wire-
less applications [4]. A coplanar waveguide method was initially recommended by
Wen [5]; it is made of a centre conductor with two sides of ground plane placed on
both sides as depicted in Fig. 12.3.

Coplanar waveguide procedures were categorized as conventional CPW, conduc-
tor CPW and micro machined CPW. The key features and benefits of CPW along
with its applications were reported in [16—18].

12.5 Antenna Structure

The proposed CPW antenna consists of three main rectangular conducting parts,
namely, the central strip line and two identical conducting arms one on each side,
which are viewed as the ground plane as illustrated in Fig. 12.4a.

The accomplished design was modelled and optimized to cover the dual band of
WLAN at 2.4 GHz and 5.2 GHz. Within this work, the CPW is utilized as an antenna
by prolonging the transmission lines together with the conducting strip of the
ground planes. The exploited transmission line has taken a ‘P’ shape, while the open
circuit may be observed from the top. With the aim of having a balanced configura-
tion, the structure is reproduced, and then inverted to be coupled with the main fig-
ure via the inner with the minimum gap. The width of the central part of the present
antenna is = 0.7 mm, while both outer strips have come with dimension width of
5.45 mm. The central strip and the two conductors presented on each side were
separated by a small gap m with width of 0.2 mm. The full dimensions of the antenna
configuration are stated in Table 12.1.

With the target to accomplish antenna size miniaturization, the present design is
bent from both ends with an optimum height of 3 mm. This finally makes the
antenna for being formed as a folded dipole [19]. The optimum configuration of this
antenna is depicted in Fig. 12.4b.
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Fig. 12.4 The basic antenna configuration, (a) the unfolded coplanar antenna, (b) the optimum
folded antenna, (¢) equivalent ground plane
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12.6 Effect of Variation of Parameters on Return Loss

Within this analysis, the key sensitive parameters, which can influence the return
loss characteristic of the proposed antenna, have been given more attention and
consideration. This study and analysis will efficiently contribute in obtaining the
optimum and desired design needed to meet the goal allocated within this chapter.
Four parameters were selected to be the most effective ones on the return loss of the
antenna. These are: the height of the design, length of antenna, distance between the
folded ends of the antenna and the size of ground plan. This investigation was
implemented with the aid of CST design suite [20].

12.6.1 Variation of the Antenna Height h

The influences of height of the structure against the return loss are given in Fig. 12.5.
The height was varied from 1 mm to 6 mm with an increment of 1 mm. It is obviously
noted that the resonant frequencies kept shifting downwards when the height of the
structure increased. This concludes that the height of the structure plays an important
role in controlling the resonant frequency as well as the whole structure size.

12.6.2 Variation of the Length of the Antenna b

Figure 12.6 displays the effect of the antenna length, which may occur on the per-
formance of the return loss. The antenna length (b) was changed from 9 mm to
13 mm, with 1 mm step each time. Again, both bands of WLAN at 2.4 GHz and
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Fig. 12.6 The variation of
the antenna length on the
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5.2 GHz were seen to be swept down as long as the length of the antenna keeps
increasing. As one can note, the best value to achieve both desired bands of WLAN
within this work was 11 mm.

12.6.3 Variation of the Gap Between the Folded Ends
of the Antenna t

The investigation of gap between both bent ends is indicated in Fig. 12.7. The spac-
ing between both ends varied from 1 mm to 3 mm with an increment of 0.5 mm.
One should note that both resonant frequencies are very sensitive to the variation of
the gap between both bends. This also proves the earlier say to keep the gap as small
as possible between both ends. This is because when the spacing was set at 1 mm,
both WLAN bands were accomplished, with a perfect impedance matching.

12.6.4 The Effect of the Ground Plane Size

The effect of handset size (equivalent ground plane) was also checked against the
antenna return loss. For more clarifications, the current study was only done on the
length of the ground plane, while the width was considered to take exactly same width
as the antenna. The length of the PCB was varied over a wide range from 20 mm to
80 mm, with 20 mm step each time. From Fig. 12.8, it is obvious that there is no much
effect of the ground plane length on the antenna return loss. From this finding, we can
again prove that the balanced antenna is a ground plane independent structure, in
which its performance will not be degraded when it’s being held by the mobile users.
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Fig. 12.7 The variation of
the gap between the two
ends on the return loss
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Fig. 12.8 The variation of the ground plane size on the return loss

12.7 Antenna Prototype and Measured Results

The simulated antenna with coplanar feeding proposed in Fig. 12.4 was fabricated
on special substrate of foam with height of 2.5 mm and relative permittivity of 1.1.
Printing the antenna over this type of flexible material has facilitated the folding
process to be in the shape this antenna was [preferred to be]. This also was effec-
tively helped in the size reduction. The final fabricated antenna with feeding
approach is depicted in Fig. 12.9.
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Fig. 12.9 Fabricated proposed folded balanced antenna with coplanar feeding, (a) unfolded struc-
ture, (b) folded antenna structure

During the fabrication process, it was a challenge to detach the foam from the
antenna to be harmonized with the same process made during the simulation proce-
dure and also to come up with the same results, which were already obtained from
the theory.

As can be noted, the present antenna design is made of a CPW line that displays
one dominant CPW mode. In fact, between the two slots, the CPW mode shows an
electric field that has an opposite polarity. Thus, as shown in Fig. 12.9a, air bridges
are located over CPW in order to keep the PCBs at the same potential. This was
contributed in eliminating the influence of the slot line mode over the CPW line.
Later, the response of the proposed antenna is analysed to accomplish balanced
features. Furthermore, a dielectric material was introduced between the top and bot-
tom of the antenna. This is done in order to support and also to keep the arms exactly
at the same height, and maintain the same surface structure.

The current surfaces of the proposed the antenna with and without the inclusion
of employed air bridges are indicated in Fig. 12.10. It should be noted that a stron-
ger induced current is taken place, as long as the air bridges are placed between the
outer strips (ground plane).

The simulated return loss of the proposed balanced antenna is illustrated in
Fig. 12.11. CST EM simulator was initially used to achieve the computed return
loss, and then another EM software package, namely, HFSS [21], was also
exploited to check the simulated return loss. As can be clearly seen, the results of
both packages show more or less similar response at the dual band of WLAN
2400 MHz and 5500 MHz, respectively. For proof of concept, the measured return
loss of the fabricated model was also studied and analysed. In Fig. 12.11, it is
apparently noticed that the measured data agrees very well with the computed ones
from CST and HFSS. The slightly differences may be attributed to complexity and
difficulties of folded arms, placing air bridges and feeding soldering during the
fabrication process.
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(a) ' (b)

Fig. 12.10 The current surface of the proposed folded balanced, (a) without bridges, (b) with
bridges
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Fig. 12.11 The simulated and measured return loss of the proposed antenna

12.8 The Radiation Pattern and Power Gain of the Antenna

The measured far-field outcomes of the manufactured antenna were generated
inside the anechoic chamber. Three plane cuts, namely, xz, yz and xy planes, were
selected for the three bands (2.4 GHz, 2.45 GHz and 5.2 GHz) that cover the entire
targeted WLAN operational bandwidth in this chapter. The practical results of the
far-filed patterns were normalized and indicated in Fig. 12.12. From Fig. 12.12, it is
said that both findings of simulation and measurement analyses show satisfactory
agreement and said to be nearly omnidirectional.
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Fig. 12.12 Radiation patterns of the proposed antenna at 2.4, 2.45 and 5.2 GHz for yz, xz and xy
planes. ‘ooo’ measured Ey,‘----" simulated Ey,‘xxx’ measured E,, * > simulated E,,

Figure 12.13 demonstrates the measured power gains of the proposed antenna
for the two frequencies of 2.4 GHz and 5 GHz bands. It is noticeably seen that from
Fig. 12.13, the measured antenna power gain values fluctuated from 1.5 dBi to
1.9 dBi within the lower band of 2.4 GHz, while values varied from 1.4 dBi to
2.4 dBi at the higher band of 5.2 GHz.

The measured radiation efficiency of the proposed antenna at both WLAN
bands was shown in Fig. 12.14. A Wheeler cap method was selected and applied
to measure the radiation efficiency [22, 23]. The Wheeler cap was chosen, as it is
the most popular and convenient approach for measuring the antenna efficiency.
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Fig. 12.13 Measured antenna power gain at (a) 2.4 GHz band, (b) 5.2 GHz band

The calculated and practical radiation efficiencies of the proposed CWP balanced
antenna for the WLAN lower band, which ranges from 2400 MHz to 2460 MHz,
and the WLAN higher band, which varies from 5200 MHz to 5800 MHz, are
investigated in Fig. 12.14. In the lower WLAN band (see Fig. 12.14a), the dis-
crepancies of radiation efficiency are fluctuated from 0.92 to 0.87 which corre-
spond to average of 90% over the bands of interest. On the other hand, at the
higher band of WLAN (see Fig. 12.14b), the values of the radiation efficiency are
varied from 0.84 to 0.90, demonstrating that an efficiency of 87% is accom-
plished. Both computed and measured data of the radiation efficiencies are in
close agreement.

12.9 Conclusions

A novel design of dual-band CPW balanced antenna for use in WLAN applications
has been proposed and analysed in this chapter.

One advantage of the proposed design was the elimination of the balanced feed
network. With several attempts and a comprehensive parametric analysis of the key
effective parameters, the proposed antenna was able to cover both bands of WLAN,
namely, 2400 MHz and 5500 MHz. The simulated model then was fabricated, and
its results were validated with the simulated outcomes in terms of return loss, radia-
tion pattern, power gains and radiation efficiency.
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Fig. 12.14 Measured and simulated radiation efficiency of the proposed folded balanced coplanar
antenna at (a) lower band, (b) upper band
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Chapter 13
Performance of Dual-Band Balanced Antenna
Structure for LTE Applications

Issa Elfergani, Abubakar Sadiq Hussaini, and Jonathan Rodriguez

13.1 Introduction

The ever-increasing market requirements in the mobile industry have reflected the
more stringent engineering design requirements for mobile handsets, particularly in
the antenna design. There are many challenges facing the antenna design for mobile
phone applications, such as an ease of integration into portable handset devices, use
of conducting materials in the cover, and moreover must have additional attributes
such being thin, lightweight, small and have low energy requirement. There are
several antenna types adopted for the internal antenna design targeting mobile hand-
set applications, such as the printed monopole antennas [1-4], planar PIFA antennas
[5-7] and printed microstrip patch antennas [8, 9].

Several practical techniques such as in [10] focus on modifications of the main
radiator to reduce size and improve impedance matching. Another strategy aims to
elongate the main radiator’s physical length to achieve multiple resonant modes
[11]. However, creating several radiating branches may occupy more space, hence
making the antenna physically larger than the preferred volume.

Moreover, the requirement to extend the bandwidth of such antennas in mobile
handheld devices is becoming increasingly important, driven by the market need
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to support ever-growing data rates and feasibility thanks to additional spectrum
availability. Also, a prominent figure of merit is the degree of antenna coupling
with the human head and hand, and thus advanced designs that can mitigate this
effect (reduced SAR — Specific Observation Rate) would indeed capture the interest
of the mobile market. Conventionally, the unbalanced PIFA antennas [1-4] are the
foremost popular candidates for closely packed inbuilt mobile handset antennas.
Those unbalanced antennas utilize the bottom plane as the radiation ground, which
allows such compact antenna to realize adequate gain and bandwidth.

However, in all the above-mentioned unbalanced structures [1-11], the radiator
element only forms part of the radiation mechanism, whilst the ground plane also
plays a pivotal role. If the ground plane size is changed, or other components were
to be moved around within the ground plane surface, the antenna detunes and needs
to be reengineered. Moreover, the surface current of the unbalanced antennas may
be induced on the radiator as well as on the ground plane system, which will impair
the antenna performance when it is being handheld. In addition, if such unbalanced
antennas were to be integrated with other RF components within an integrated RF
module, the cost of customization would be even greater. Therefore, the unbalanced
antenna architecture has been perceived as a major stumbling block towards the full
radio and antenna integration within handsets.

An alternative strategy may be a balanced antenna [12-18] containing a regular
structure that can be fed with balanced currents. Recently, it has been revealed that
a balanced handset antenna is an effective candidate for reducing the currents on the
ground plane [12, 13].

The leading and commonly encountered balanced antennas are dipoles and loops
[12—18]. In these balanced structures, the currents merely flow on the antenna ele-
ment, thus severely decreasing the current flow effect on the ground plane. As an
outcome, balanced antennas potentially have good efficiency and significantly sus-
tain their performance when used side by side with the human body. Balanced
antennas may, nonetheless, offer a few impediments, among which antenna size,
especially in low-frequency bands (e.g. LTE700) for mobile phones application.
Some novel strategies are anticipated for enhancing the impedance bandwidth, for
example, a genetic algorithm strategy has been proposed to improve the impedance
bandwidth [18]; and a parametric study has been linked to the length and width of
strip lines to acquire a more extensive bandwidth for the folded loop antenna frame-
work [15].

In contrast, due to the increased demand for higher data rate and larger band-
width, a new technology has arisen, namely, fourth-generation Long Term Evolution
(LTE). However, none of these balanced antenna designs in [12—18] have the capa-
bility to operate in the range of LTE bands and, in particular, the lower band of
700 MHz; expect the authors’ previous work in [12, 13]. However, the proposed
antenna in this chapter accomplishes a smaller size, better efficiency as well as a
higher power gain.

In this chapter, the attributes of the compact balanced antenna with slotted folded
arm dipole structure targeted for 4G mobile handsets is designed and examined. The
antenna is designed to support the LTE dual-band operation, i.e. 698—748 MHz and
2500-2690 MHz.
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voltage source

Two wires to
connect the
antenna feed to

substrate
(d)

Fig. 13.1 Basic antenna structure; (a) 3D view of antenna without balun, (b) folded slotted arms,
(¢) unfolded slotted arm, (d) antenna with integrated balun

13.2 Antenna Design and Concept

The proposed balanced antenna was modelled to generate the dual-band operation
of 700 and 2600 MHz LTE bands. The configuration of the proposed balanced
antenna is based on the printed folded arms technique that supports size miniatur-
ization. Figure 13.1 shows the geometry of the balanced antenna for a mobile phone.
The top radiator was initially designed and mounted with a height of 4 mm over the
ground plane system, with size of 50 x 100 mm?. This ground plane was used as a
circuit board that acts as the mobile handset chassis, as seen in Fig. 13.1. The top
radiators were slotted with a uniform width of 2 mm as depicted in Fig. 13.1b.
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Table 13.1 Detailed dimensions of folded arm radiators

Parameter Value (mm) Parameter Value (mm)
L, 16 L, 12

L, 32 S, 19

Ly 5 S, 8

L, 23 S3 14

Ls 23 M 9

Ly 2 h 4

The aim of employing such patterned slots was to effectively shrink the antenna
size in synergy with the folded arm paradigm, as well as to drag the resonant fre-
quencies downwards to meet the dual band of the LTE 700/2600 MHz, the fre-
quency range considered in this chapter. The full dimensions of the folded arm
dipoles are stated in Table 13.1 and are fairly aligned with practical handset sizes.
These folded arm dipoles were assembled from a copper sheet with a thickness of
0.15 mm. Firstly, the proposed balanced antenna was fed by two wires with 180°
out-of-phase as depicted in Fig. 13.1a. The dual-coax cables were used for antenna
characterization purpose only. However, a balun which meets both the targeted
dual-band frequencies is required instead of the two coaxial cables. Thus, a wide
band planar balun covering the both desired bands of 700/2600 MHz was integrated
together with the proposed antenna as depicted in Fig. 13.1d.

13.2.1 The Effect of the Slot Over the Folded Arms

To further understand the key contribution of embedded slot technique over the cop-
per folded arms in antenna size miniaturization, two procedures were carried out.
Firstly, starting with the folded dipole arms and without the slot patterned surface as
illustrated in Fig. 13.2. One can note that the unslotted folded arm structure works
over the dual band of 1200/5800 MHz as depicted in Fig. 13.2.

Yet, as the aim of this work was to come up with a balanced antenna design that
can cover the dual band of LTE700/2600MHZ, the head-on approach was to embed
a set of slots over the surface of both symmetric folded arms as shown in Fig. 13.1b.
After several simulation attempts, the final optimum slots were formed/shaped as
shown in Fig. 13.1b. The effective contribution in antenna size shrinking as well as
meeting the desired dual band was initially seen through the computed reflection
coefficient generated by the HFSS simulator [19]. From Fig. 13.2, it is clear that the
idea of embedded slot is to downshift both aforementioned frequencies obtained
from the unslotted antenna. The loaded slot reduces the resonance frequency and
thus the electrical antenna dimensions drastically. Therefore, fundamentally, the
objective of the slot was to tune the radiator structure to resonate at our targeted
bands of LTE 700/2600 MHz. This again was achieved through multiple simulated
attempts, by conducting several modifications of the antennas in [20, 21] to move
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Fig. 13.2 The S, of the unslotted folded arm proposed antenna

towards the desired outcome of developing highly compact and dual-band antenna
for use in LTE applications. It is clear that the S}, of proposed slotted folded arm
antenna without the balun generated by the HFSS shows a smooth result over the
dual band of LTE700/2600 MHz as shown in Fig. 13.2.

13.3 Antenna Simulated Results

13.3.1 Simulated Reflection Coefficient of the Proposed
Antenna

To support the feeding network of the proposed balanced antenna, a printed balun
with a bandwidth that meets the frequency range of the proposed antenna should be
designed and integrated with the proposed antenna as depicted in Fig. 13.1d. The
added balun [22] was realized by a microstrip structure for solidarity and continuity
of the ground plane. The balun was designed based on the concept of the non-
coupled lines and the Wilkinson power divider. The balun was printed and fabri-
cated on a single-layer printed circuit board with a size of 100 x 50 mm? FR4
material with a thickness of 0.8 mm, a relative permittivity of 4.4 and a loss tangent
of 0.017. The size of the PCB of the balun has exactly same dimensions with the
antenna PCB proposed in Fig. 13.1a, in which both devices can be easily integrated
within the same PCB, to be used as a single-layer system as shown in Fig. 13.1d.
The simulated S;; of the presented balun show a broadband performance of the
reflection coefficient (S;;) less than —10 dB over the 700-3200 MHz frequency
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Fig. 13.3 The simulated S}, of the proposed slotted folded arms antenna with and without
balun

range indicating that the device is perfectly matched. The transmission parameters
(S,; and S3;) have an average value around —3.1 dB over the aggregated bandwidth.
S, varies from —2.99 to —3.1 dB, whilst S5, changes from —2.95 to —3.15 dB. This
makes the proposed balun a good candidate to be printed exactly underneath the
ground plane of the proposed balanced antenna within this chapter, which in turn
may not affect the whole system performance.

One can notice that the ground plane of the antenna was placed on one side of the
FR4 dielectric with a thickness of 0.8 mm, a permittivity of 4.4, and a tangent loss
of 0.025, whilst the planar balun was located on the opposite side as depicted in
Fig. 13.1d. The location of the two balanced ports of the balun was wisely desig-
nated to be exactly in direct position underneath the antenna feeding point on the
upper sheet of the substrate. Dual thin cables were exploited in order to join the
wideband balun to the antenna feeding point via holes. In this manner, the integra-
tion of both the antenna and its balanced feeding system was successfully accom-
plished. The proposed balun operates over a wide frequency range from 700 to
3200 MHz in which the targeted frequency bands of 700 and 2600 MHz proposed
in this work can be easily met.

Figure 13.3 shows the computed S;; of the proposed antenna with and without
the integration of the balun. It should be seen that the S;; performance of both ver-
sions of the antenna, those being with and without balun, is in good agreement over
the dual band of LTE 700/2600 MHz and shows a return loss of better than —10 dB
at both bands.
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Fig. 13.4 The antenna height variations against the Sy,

13.3.2 Parametric Analysis of the Proposed Antenna

In recent times, smaller and slimmer smart mobile devices are in a big demand by
both vendors and customers; however, this should not be made at the cost of mobile
performance, where the antenna design plays a very pivotal role concerning mobile
functionality and performance. Therefore, to come out with a compact antenna
structure that can fit todays’ smart mobile devices, a broad analysis of the para-
mount antenna parameters should be implemented. In this chapter, it was concluded
that the antenna height over the mobile PCB and the length of the top radiator were
considered as the most effective parameters that could affect the antenna perfor-
mance. Thus, it is believed that analysing such paramount parameters may hugely
contribute in achieving the optimum performance and volume that is being used in
most of today’s smart mobile phones.

The influence of antenna height over the ground plane was performed and
depicted as in Fig. 13.4. The antenna was mounted over the PCB with different
heights starting from 2 mm up to 5 mm with an increment of 1 mm as indicated in
Fig. 13.4. It was noted that when the radiator height is set at 2 mm, the lower band
of 700 MHz was attained, whilst the higher band of 2600 MHz was not accom-
plished to match the return loss power of —10 dB. On the other hand, when the
height was set at 3 mm, the higher band of 2600 MHz was easily achieved and the
impedance of the antenna at 700 MHz was completely mismatching. Moreover, at a
5 mm height, the proposed antenna could not meet the desired dual-band target
investigated in this chapter, in particular at a higher band of 2600 MHz. However,
the LTE dual band of 700/2600 MHz was perfectly developed and showed a — 10 dB
of return loss at both bands when the antenna height is set at 4 mm as shown in
Fig. 13.4. This proves that the proposed balanced antenna design may be easily
concealed in today’s smart phone devices whilst maintaining a good performance.
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Fig. 13.5 The antenna length variations against the Sy,

The second sensitive parameter is the antenna length. Studying such parameter is
of high importance to achieve compact and miniaturized antenna volume. Therefore,
the length of the antenna was examined and analysed within this work. The antenna
length was varied from 10 to 13 mm with an increment of 1 mm as shown in
Fig. 13.5. One can undoubtedly note that when the length is set at 10 mm, 11 mm
and 13 mm, the antenna was not able to reach the impedance matching at the lower
band of 700 MHz in all cases. However, when the length is set at 12 mm, the tar-
geted dual bands were met with a good return loss of —10 dB. Thus, the optimum
length of the proposed antenna was fixed at 12 mm throughout this chapter.

13.3.3 The Effect of the Handheld on the Simulated Proposed
Antenna

For more clarification, the simulated S;; of the proposed antenna was investigated in
free space and in human hand scenarios. The full size of the hand model used within
this analysis is depicted in Fig. 13.6. For simplification, the proposed hand model is
deemed a muscle tissue having simply one layer with a relative permittivity material
of 54 and a conductivity of 1.45 S m~! [21, 22].

The simulated paradigm of hand model was shown in Fig. 13.6 with the arrange-
ment of three common talk positions of holding the mobile device along with finger
position, namely, 0° (left), 45° (middle) and 90° (right).

Figure 13.7 indicates the calculated S, of the proposed antenna in the handheld
case. It is clear that the results of S}; in the presence of hand model with three finger
positions, i.e. 0°, 45° and 90°, are more or less similar to the ones in the free space
scenario as shown in Fig. 13.7. From these findings, it is demonstrated that the
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Fig. 13.6 Simulated hand model with different finger positions
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Fig. 13.7 The simulated reflection coefficients IS}l of proposed antennas with the hand-
held effect

proposed balanced antenna is said to be insensitive to the human hand. This in turn
shows a very low detuning/effect on the S;; over the three finger positions, espe-
cially at the higher band of the 2600 MHz. This again is one advantage of the bal-
anced structure over its counterpart (unbalanced) that makes it such a promising
choice for use in today’s mobile handset applications.

To confirm the fact that the balanced antenna is a ground plane independent
structure, the current surface in the ground plane of the proposed antenna for the
free space and handheld scenarios were checked and examined as shown in Fig. 13.8.
It should be seen that in the case of free space, the current on the ground plane flows
only in the area underneath, and more precisely close to the feeding source, whilst
currents are almost vanished as we move away of this point in the rest of the ground
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Fig. 13.8 The proposed antenna current surface, in free space (a), with finger position 0° (b), with
finger position 45° (c), with finger position 90° (d)
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Fig. 13.8 continued

plane for both dual band of the 700/2600 MHz as shown in Fig. 13.8a. It is said that
the current induced on the ground plane of the present antenna is in good compari-
son to the work done in [23]; moreover, it has come up with the benefit of less
induced current compared to antenna design in [24].

On the other hand, in the hand model paradigm for the three above-mentioned
finger positions as shown in Fig. 13.8b, c, d, the proposed antenna again showed a
high magnitude surface current as indicated at the proximity of the feeding point
and becomes almost zero far away from it over the both bands of interest as depicted
in Fig. 13.8b, c, d.

This proves the fact that, the weak surface current on the ground plane ensures
better antenna performance by amount of radiated towards the human body when
the antenna is being in proximity to users head.

13.4 Measured Results of the Proposed Antenna

13.4.1 The Methods to Measure the Input Impedance
of Balanced Antenna

Generally speaking, there are two different methods to measure the reflection coef-
ficient, S,;, of the balanced antenna. These methods are the S-parameter method and
the balun method. During the measurement of the S, of the proposed antenna, the
two above techniques were used. In the S-parameter, we basically dealt with the
proposed balanced antenna in the absence of a balun, as a two-port device as
depicted in Fig. 13.9a. In this case, the S-parameters of the present design can be
directly measured and accomplished using a well-calibrated network analyser.
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(c) (d)

Fig. 13.9 The antenna prototypes, (a) fop view antenna without balun, (b) bottom view antenna
without balun, (¢) fop view antenna with balun, (d) bottom view antenna with balun

In the second method, a balun is usually required as a feeding network that takes
the form of a balanced antenna structure such as dipole. This is to provide a balanced
feed from an unbalanced source. Moreover, the balun brings system stability when
the radiation pattern of the antenna is being measured. Therefore, the simulated pla-
nar balun in Fig. 13.1c was fabricated and subsequently integrated with the antenna
exactly in the same simulated scenario shown in Fig. 13.9¢, d. The fully fabricated
antenna assembly (antenna with balun) is shown in Fig. 13.9¢, d. As one can notice,
the balun was printed underneath the antenna ground plane, to appear as one single
layer as well as to effectively reduce the complexity of the whole system.

Proof of concept: the proposed antenna with and without balun was fabricated
and tested. The measured reflection coefficient S|, of the fabricated balanced antenna
with and without balun was shown in Fig. 13.10. Both measured results of the
S-parameters and balun methods show fair agreement, and both achieved at least a
—10 dB return loss at the targeted dual band of LTE700/2600 MHz for 4G mobile
handset applications.

13.4.2 The Effect of the Handheld on the Fabricated Proposed
Antenna

To prove the simulated findings of the hand effect on the antenna reflection coeffi-
cient indicated in Fig. 13.7, the same scenarios of the three finger positions were
used to check the effect of the human hand with the prototyped version of the
antenna. As we can see from Fig. 13.11, the measured S;; of the three cases of the
hand model along with the finger positions shows roughly a stable performance
compared with the same simulated paradigm of Fig. 13.7.
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Fig. 13.10 The measured S}, of the proposed slotted folded arm antenna with and without
balun
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Fig. 13.11 The measured reflection coefficients IS}, of proposed antennas with the handheld
effect

Moreover, the influence of human hand does not show a significant difference on
the S}, in comparison to the free space cases shown in Fig. 13.10. This again dem-
onstrates that the proposed balanced antenna has a so-called independent ground
plane, and since the current flows on the ground plane is limited. This will mitigate
the coupling between the antenna PCB and human hand, which in turn may not

impair the antenna performance.
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13.4.3 Measured Power Gain and Efficiency in Free Space
and Handheld Scenarios

Figure 13.12a shows the computed and measured power gain of the full assembly
antenna in free space and handheld situations. The simulated and measured gain of
the proposed antenna at both bands agrees with the free space cases as shown in
Fig. 13.12; an acceptable difference may be attributed to the tolerance of the

Power Gain in dBi

fficiency (n)in %

Fig. 13.12 Simulated and measured power gain of the proposed antenna (a), simulated and mea-
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fabrication process in particular the integration of the balun as well as the positioning
of the feeding point. On the other hand, the antenna power gain in the handheld
scenarios varies from one finger position to another as indicated in Fig. 13.12. For
example, in the case of 0° finger position, the gain at the lower band varied from
1.41 to 1.56 dBi, whilst at the higher band, it ranged from 3.48 to 4.38 dBi. When
the antenna is placed within the hand model with a finger position of 45°, power
gains varying from 1.39 to 1.51 dBi at the lower band of 700 MHz and from 2.95 to
3.7 dBi at the higher band of 2600 MHz were accomplished. Lastly, when the pro-
posed antenna is positioned inside the 90° of the hand model, power gains fluctuat-
ing from 1.42 to 1.52 dBi over the lower band and from 3.4 to 4.3 dBi were observed.
The results concluded that the proposed antenna in both paradigms demonstrated
acceptable power gains over the dual band of LTE 700/2600 MHz as illustrated in
Fig. 13.12a.

The calculated and measured antenna efficiency were implemented and indi-
cated in Fig. 13.12b. Again, the proposed antenna efficiency was examined in both
scenarios of free space and handheld. In the free space scenario, the simulated effi-
ciency over the range of 600 MHz, 700 MHz and 800 MHz varied from 64% to
75%, whilst ranges from 73% to 87% over the bands of 2500 MHz, 2600 MHz and
2700 MH were detected. On the other hand, the measured efficiency at the bands of
600 MHz, 700 MHz and 800 MHz fluctuated from 61% to 73% and from 74% to
86% at the bandwidths 2500 MHz, 2600 MHz and 2700 MHz.

In the case of handheld, the same hand model with three finger positions (0°, 45°
and 90°) has been used to check the efficiency of the proposed antenna. At the 0°
finger position, the efficiency over the range from 600, 700 and 800 MHz was mea-
sured to be from 58% to 68%, whilst it was varying from 70% to 78% over the fre-
quency range 2500 MHz, 2600 MHz and 2700 MHz. In the second scenario of 45°
finger position, the efficiency values show various ranges from 60% to 73% at the
lower bands of 600 MHz, 700 MHz and 800 MHz and from 75% to 83% at the
higher bands of 2500 MHz, 2600 MHz and 2700 MHz, respectively. When the pro-
posed antenna was placed within the hand model of 90° finger position, the effi-
ciency varies from 63% to 73% over the frequencies 600 MHz, 700 MHz and
800 MHz and from 69% to 85% over the frequencies 2500 MHz, 2600 MHz and
2700 MHz.

13.4.4 Measured and Simulated Far Fields of the Proposed
Antenna

The simulated and measured radiation patterns of the full assembly proposed
antenna at the dual band of 700/2600 MHz are shown in Fig. 13.13. The xz and yz
planes were the two cut planes that were selected within this process. The computed
radiation patterns at both desired bands were generated with the aid of HFSS soft-
ware, whilst the measured far fields of the full assembly antenna prototype were
carried out inside the anechoic chamber in which the reference fixed antenna was a
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2600MHz 2600MHz

Fig. 13.13 Normalized antenna radiation patterns for xz and yz planes at 700 MHz, 2600 MHz,
’ measured co-polarization, ‘000000’ simulated co-polarization, ‘------ > measured cross-
polarization, ‘xxxxx’ simulated cross-polarization

broadband horn (EMCO type 3115) positioned at 4 m from the antenna under test.
Both the simulated and measured outcomes at the two dual bands of the
700/2600 MHz show near-omnidirectional radiation patterns as indicated in
Fig. 13.13.

13.5 Conclusion

Within this chapter, a compact volume of balanced antenna structure with the capa-
bility to serve the dual bands of the LTE standards 698-748 MHz and 2500-
2690 MHz has been modelled, fabricated and tested. The results of the S,; of both
antenna versions (with and without balun) exhibited sufficient impedance matching
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of §;; < —10 dB in the cases of free space and handheld scenarios. Moreover, to
verify the statement of the balanced model being ground plane independent, the
surface current analysis of the proposed antenna in free space and handheld sce-
narios was checked, and proved that the currents are reduced over the entire ground
plane, except underneath the feeding point, which showed improved immunity to
the handheld effect. The power gains and efficiencies of the proposed antenna over
the targeted dual band showed acceptable ranges. The antenna demonstrated near-
omnidirectional radiation over the two operating bands. In context of such findings,
it is concluded that the present balanced antenna has the potential to be a promising
candidate for practical LTE applications in mobile phones.
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Chapter 14
Millimeter-Wave Pattern
Reconfigurable Antenna

Muhammad Kamran Saleem and Majeed A.S. Alkanhal

14.1 Introduction

Antennas are considered to be one of the most essential and significant elements of
any wireless communication system. The commonly used antennas in a wireless
communications system are monopoles, dipoles, loop antenna, horn antenna, and
microstrip antenna. Each type of antenna possesses its own advantages and disad-
vantages that make it suitable for particular application. The initial design proper-
ties of these antennas such as bandwidth, frequency of operation, radiation
characteristics, etc. are fixed and cannot be changed. The modern transmitting and
receiving systems demand increased functionality such as direction finding, radars,
beam steering, and command and control within a confined area. The reconfigurable
antennas are a solution to tackle these challenges. The reconfigurability in an
antenna is achieved by intentionally changing its frequency of operation, polariza-
tion, or radiation characteristics. This change is accomplished by various techniques
that reallocate the antenna currents and thus changes electromagnetic fields of the
antenna’s effective aperture. Figure 14.1 describes the reconfiguration techniques
that are mostly based on the integration of switches such as radio frequency micro-
electromechanical systems (RF-MEMS), PIN diodes, varactors, and photoconduc-
tive elements. Furthermore, the application of smart materials such as ferrites and
liquid crystals can also be utilized for physical alteration of the antenna radiating
structure, to achieve required reconfigurability in antenna operation.
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Fig. 14.2 Antenna with reconfigurable radiation patterns

The term reconfigurable antenna is broad and extends to antennas that can change
their parameters such as impedance bandwidth, frequency of operation, polarization,
and radiation pattern [1-3]. In this chapter the focus will be on the class of recon-
figurable antennas with the capability of altering their radiation patterns in the far
field; the presented work is an extension to research work published previously in
[4]. This reconfiguration of antenna radiation pattern can be utilized efficiently for
power/energy by directing signals only toward the intended directions, avoiding
noisy sources, improving system gain and security, etc. The antenna radiation pat-
tern reconfigurability is illustrated in Fig. 14.2, where a single element antenna or
an antenna array can have more than one radiation patterns associated with it. The
design and development of these radiation pattern reconfigurable antennas poses
many challenges, not only in obtaining the desired levels of antenna functionality
but also in the implementation of the antenna itself. However, in most of the ILAs
the degradation of gain, beamwidth, and side lobe level of antenna radiation beams
particularly due to interelement coupling and shadow effect at the two extreme
edges of scanning range is inevitable [5-8].
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(b)

Fig. 14.3 Dielectric lenses. (a) Hemispherical lens, (b) extended hemispherical lens, (c) elliptical lens

14.2 Dielectric Lens for Millimeter-Wave Applications

The commonly used dielectric lenses are found in shape of hemispherical or
extended hemispherical [3], elliptical, or cylindrical as shown in Fig. 14.3. The
dielectric lenses can be made up of various materials with low or high dielectric
permittivity such as Teflon and Rexolite. The hemispherical, extended hemispheri-
cal, and elliptical lenses are usually utilized to enhance antenna gain in broadside
direction and are very promising candidates for millimeter-wave antennas with
beam steering applications. The extended hemispherical lens as shown in Fig. 14.3b
is preferred over elliptical and hemispherical lenses since it is easy to manufacture.
Furthermore, the antenna feed is placed at the bottom of the lens, providing a broad-
side radiation pattern.

14.3 Microstrip Patch Antenna for 60 GHz Applications

The configuration of a simple microstrip patch antenna (MPA) is shown in Fig. 14.4.
The MPA is placed over Rogers RT/duroid 5880 substrate (¢, = 2.2) having thickness
of 0.254 mm. The bottom side of substrate is fully copper plated (th = 0.018 mm) and
acts as antenna ground plane. The important design parameters of MPA are shown in
Fig. 14.4b. The initial dimensions for MPA are calculated by conventional set of
equations given in [9]. The MPA structure having a tapered feed is optimized, utiliz-
ing the 3D EM solver ANSYS HFSS [10] to achieve required bandwidth and gain.
The optimum dimensions are found to be: 7, =7, = T5 = 1.07 mm, L,, = 11.96 mm,
L,=0.5mm, Lp =1.56 mm, Wp =2.08 mm, L =21.73 mm, W= 13 mm.
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substratre

Tapered Feed x"t\ Y

(a)

—ﬁ

(b)

Fig. 14.4 MPA structure for 60 GHz applications. (a) 3D configuration, (b) top view

The structure of MPA is optimized and the impedance bandwidth is found to be
4.5 GHz (58-62.5 GHz) as shown in Fig. 14.5. The antenna 3 dB beamwidth for the
two radiation patterns in two orthogonal plans, i.e., in YZ-plane and XZ-plane, is
found to be 64° and 102°, respectively, as shown in the 2D normalized radiation
pattern in Fig. 14.6. The realized gain is found to be above 6 dB in most of the fre-
quency band of operation as shown in Fig. 14.7. It can also be observed that the
maximum gain if found to be 7.5 dB at 61.5 GHz.

14.3.1 Dielectric Lens Integration with MPA

The integration of an extended hemispherical (Teflon) have &, of 2.1 lens is made to
the MPA structure presented previously. The structure of MPA with extended hemi-
spherical Teflon lens is shown in Fig. 14.8. The alignment markers are utilized to
place the dielectric lens at specified location.
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Fig. 14.5 Simulated return loss of MPA
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Fig. 14.6 MPA simulated radiation patterns. (a) YZ-plane, (b) XZ-plane
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Fig. 14.7 MPA simulated gain

Fig. 14.8 Structure of
MPA with extended
hemispherical Teflon lens

substratre

The extended hemispherical lens is placed over the MPA. The side and top view
of MPA structure integrated with extended hemispherical dielectric lens is shown in
Fig. 14.9. The extended hemispherical dielectric lens consists of a Teflon cylinder
(& = 2.1) with a Teflon half sphere on top. The height and diameter of the cylinder
are referred to as H and D, respectively, whereas the radius of the top half sphere is
referred to as R. The procedure given in [11] is employed to design the extended
hemispherical lens. The initial radius of top hemispherical part was chosen to be Ag
(where Ag is guided wavelength in Teflon), resulting in cylindrical extension height
H, = 8.8 mm. The center of MPA and center of lens are aligned. A tedious optimiza-
tion is carried out over the structure of the MPA with extended hemispherical lens
to achieve maximum impedance bandwidth, gain, and radiation beamwidth of 24°.
The inset of MPA (g) is optimized keeping in mind the available manufacturing
tolerances. However, a special attention is given to widths of tapered feed (W;) so
that a V-band connector can easily be connected to the feed point. The optimum
dimensions for the MPA with extended hemispherical lens are found to be:
D=8mm, H =7mm H,=R=4mm, T, =T7T,=T;=1.1 mm, W, = 0.62 mm,
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(b)

Fig. 14.9 Structure of MPA with Teflon lens with important design parameters. (a) Side view, (b)
top view
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Fig. 14.10 Comparison between simulated return loss of MPA and MPA integrated with dielectric
lens

W, = 0.43 mm, W; = 0.23 mm, L; = 10.2 mm, W; = 0.824 mm, g = 0.35 mm,
L,=15mm, W,=2.02 mm, L =20 mm, W =13 mm.

The simulated return loss of the optimized MPA and MPA with dielectric lens
is compared in Fig. 14.10. The simulated return loss bandwidth of both antennas,
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Fig. 14.11 Simulated normalized radiation pattern of MPA and MPA integrated with lens. (a) XZ-
plane, (b) XY-plane

i.e., MPA and MPA with dielectric lens, is found to be approximately 5 GHz
(57.5-62.5 GHz).

In Fig. 14.11 the comparison between the simulated radiation pattern of MPA
and MPA with extended hemispherical dielectric lens in two orthogonal planes at
60 GHz is shown. As illustrated in Fig. 14.11a the 3 dB beamwidth in XZ-plane is
found to be 64° and 24° for MPA and MPA with lens, respectively, whereas in
Fig. 14.11b the 3 dB beamwidth in XY-plane is found to be 102° and 24° for MPA
and MPA with lens, respectively. It is important to mention that the side lobe level
in case of MPA with lens is below 16 dB and 12 dB in both XZ-plane and XY-plane.
For a better understanding of radiation pattern characteristics the 3D radiation pat-
terns of MPA and MPA with lens are shown in Fig. 14.12. It can be easily observed
that when utilizing an extended hemispherical dielectric lens, the radiation pattern
of the simple MPA is varied and a uniform beamwidth in both orthogonal planes is
achieved. As seen in Fig. 14.12b the 3 dB beamwidth in XZ-plane and XY-plane is
found to be very similar, i.e., approximately 24° as shown in Fig. 14.11. This gives
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Fig. 14.13 Simulated realized gain of MPA and MPA integrated with lens

the proposed antenna structure an added advantage especially for applications
involving the beam switching techniques.

Furthermore, as expected the gain of conventional MPA is enhanced by 9 dB by
integration of the extended hemispherical dielectric lens as shown in Fig. 14.13. The
maximum gain of MPA with lens is found to be 16.25 dBi at 61.5 GHz, whereas it
remains above 15 dBi in most of the frequency bands of operation, i.e., from 58.5 to
62.5 GHz.

A prototype is fabricated to verify the simulation results of MPA integrated with
extended hemispherical dielectric lens. The photograph of the fabricated prototype
of MPA integrated with Teflon lens and V-band connector is shown in Fig. 14.14.
The MPA was manufactured utilizing the LPKF (Laser). However, the dielectric
lens (Teflon) is glued over the MPA utilizing a very thin layer of 3 M glue film
(50 pm). Furthermore, the V-band removable connector is connected to the tapered
feed for test and measurement purpose.

The comparisons between the simulated and measured results of MPA with
extended hemispherical dielectric lens are shown in Fig. 14.15, which are found to
be in good agreement. The return loss measurement of developed prototype is
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Fig. 14.14 Fabricated
MPA with extended
hemispherical dielectric
lens, MPA and V-band
connector

performed by utilizing Anritsu vector network analyzer. The impedance bandwidth
of 5 GHz (57.5-62.5 GHz) is achieved as shown in Fig. 14.15a. The antenna radia-
tion pattern is obtained by utilizing a custom base system consisting of V-band
horn, VNA, V-band cables and contactors, and AUT (antenna under test). As shown
in Fig. 14.15b, c, the 3 dB beamwidth is found to be 24° in both XZ-plane and XY-
plane, whereas the side lobe level is found to be below 16 dB and 12 dB in both
XZ-plane and XY-plane, respectively, at 60 GHz. The small variation observed
between the simulated and measured results is probably due to 3 M glue film
(50 pm) used to fix the lens and the presence of V-band connector.

14.3.2 Element MPA Array with Extended Hemispherical
Teflon Lenses

In this section the simulation and measured results of 15-element microstrip patch
antenna (MPA) array with hemispherical dielectric (Teflon) lenses operating in
60 GHz band are presented. The MPA with extended hemispherical dielectric lens
described in previous section is utilized to form a circular array as shown in
Fig. 14.16. The dimensions of dielectric lens (Teflon) and MPA are kept the same as
mentioned before. The array is designed to cover a wide scan angle of full 360° in
azimuth plane (6 = 90°) with impedance bandwidth of 5 GHz (57.5-62.5 GHz) and
gain higher than 16 dB and 3 dB crossover. The array support is made of acryloni-
trile butadiene styrene (ABS), since it is a low-cost plastic, easy to machine, ideal
material for structural applications, and easy to glue with other materials. The ABS
support is necessary part for the antenna development and measurements since all
single element MPAs with Teflon lens are glued over this support to develop a pro-
totype for test and measurements. The dielectric constant of ABS material varies in
range of 2-3.5. The simulations are carried out with various different dielectric
constants and no abnormality in results is observed.
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Fig. 14.16 15-element circular microstrip patch antenna array with dielectric lenses (3D view)
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Fig. 14.17 15-element circular patch antenna array with integrated lenses (top view)

The top view of the 15-element circular array is shown in Fig. 14.17. As shown
the ABS support consists of 15 edges each having length of 14.75 mm. The angular
distance between the adjacent elements is set to be f = 24° to achieve full 360°
coverage in azimuthal plane and 3 dB crossover. By activating each array element
one by one while all others are terminated by 50 Q termination, the antenna beam is
scanned over the whole 360° in azimuth plane with 3 dB crossover. Some important

vww.ebook3000.con)



http://www.ebook3000.org

14 Millimeter-Wave Pattern Reconfigurable Antenna 277

0
So6 So.10
-10 So7 So.11
' Sos So.12
20~
m 4
T 30
240 _\//
-50
-60 T T T T P T y ;
55 56 57 58 59 60 62 63 64 65

Frequency (GHz)

Fig. 14.18 Mutual coupling between array elements
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Fig. 14.19 Simulated 2D radiation pattern in azimuth plane (6 = 90°) of 15-element circular patch
antenna array with integrated lenses (zoomed)

array parameters as mentioned in Fig. 14.17 are R, = 35.01 mm, S = 14.55 mm, and
P =24°, where R, and f are optimized to achieve 3 dB crossover between the neigh-
boring radiation patterns.

The mutual coupling between the array elements is one of the important param-
eters, especially in antennas with reconfigurable radiation patterns. With the pro-
posed antenna array structure the mutual coupling between the array elements is
found to be below —35 dB in required frequency band of operation as shown in
Fig. 14.18.

The 2D radiation pattern in azimuth plane (6 = 90°) of the 15-element MPA array
with Teflon lenses is shown in Fig. 14.19. The simulations are carried out by excit-
ing each feed (MPA integrated with Teflon lens) one by one while all other feeds are
terminated by a matched load. The 3 dB crossover between the adjacent MPA feeds
is achieved. The 3 dB beamwidth is found to be approximately 24° having side lobe
level below —18 dB, and constant gain is achieved in whole scan range for radiation
pattern from each feed (i.e., F, F», F5,...,Fs).
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Fig. 14.20 Simulated 2D radiation pattern in azimuth plane (6 = 90°) of 15-element circular patch
antenna array with integrated lenses (zoomed)
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Fig. 14.21 Simulated 2D radiation pattern in azimuth plane (6 = 90°) from 15-element circular
patch antenna array with integrated lenses (radiation patterns from feed 1, feed 4, feed 8, and feed
12 are shown for clarity)

The 2D radiation pattern in azimuth plane (6 = 90°) of the 15-element MPA array
integrated with Teflon lenses is zoomed and shown in Fig. 14.20. The antenna array
covers full 360° in azimuth plane. The gain in azimuth is found to be above 16 dB
for each feed. It is clearly evident that the array covers the scan range of, i.e.,
¢ = 0°-360° with 3 dB crossover.

For a better understanding of the side lobe level (SLL), the 2D radiation patterns
in azimuth plane (6 = 90°) from the four feeds, i.e., F'|, F, Fg, and F,, are shown in
Fig. 14.21. It is clearly evident that the side lobe level is almost similar for all beams
SLL 1 =SLL4=SLL 8=SLL 12 =-17 dB. Similarly, the beamwidth of all beams
generated by activating each array element one by one while all others are termi-
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Fig. 14.22 Simulated 3D radiation pattern from 15-element circular patch antenna array with
integrated lenses (feed 1 is active)

nated with 50Q load are found to be 24°. The 3D radiation pattern achieved by
activating a single array element is shown in Fig. 14.22 for a better understanding of
antenna radiation properties.

The 2D radiation pattern in elevation plane (¢ = constant) of MPA feed 1, feed 7,
and feed 13 is shown in Fig. 14.23. The 3 dB beamwidth is approximately 22.5° for
all feeds with SLL of approximately 12 dB. As a conclusion the antenna is suitable
for wide scan angle of +180° (i.e., from ¢ = 0°-360°) with a gain better than 16 dB
and 3 dB crossover.

To validate the proposed design, a 5-element array is developed as shown in
Fig. 14.24. The five elements are referred to as F5, Fs, Fo, Fy, and Fy;. The compari-
son between the simulated and measured return loss is shown in Fig. 14.25, which
is found to be in good agreement. However, the variation between the simulated and
measured results can be attributed to manual work such as placing the Teflon lens
on the patch antenna, placing and connecting the removable V-band connector to the
antenna printed circuit board (PCB), and gluing of array elements on ABS support.

The comparison between simulated and measured radiation pattern at 60 GHz in
azimuth plane for the five elements is shown in Fig. 14.26, which are found to be in
good agreement. It can be easily seen that the crossover between the adjacent array
elements is at approximately 3 dB, and maximum side lobe level is found to be
approximately 15 dB. The beamwidth, gain, and side lobe level of each of the beams
from the array remain constant throughout the whole scan range. This gives the
proposed design an advantage over the beam scanning ILAs found in literature.
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Fig. 14.23 2D radiation pattern in elevation plane (¢ = constant) of 15-element circular patch
antenna array with lenses. (a) Feed 1, (b) feed 7, (c) feed 13

14.4 Conclusion

A 15-element antenna array operating at 60 GHz with beam switching capability in
azimuth plane is proposed. The array covers a wide impedance bandwidth of 5 GHz
(57.5-62.5 GHz) with gain higher than 15 dBi in frequency band of operation. The
matching and the radiation characteristics of the presented switched beam antenna
array are validated by measurements performed on a 5-element corresponding array
prototype. A very good agreement between the measured and simulated results is
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Fig. 14.24 Developed
prototype of 5-element
antenna array for test and
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observed. The beamwidth, gain, and side lobe level of each of the beams from the
array remain constant throughout the whole scan range of 360° in azimuth plane.
This gives the proposed design an advantage over the beam scanning ILAs found in
literature.
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Chapter 15

Wide-Angle Beam Scanning Antenna

at 79 GHz for Short-Range Automotive Radar
Applications

Muhammad Kamran Saleem, Majeed A.S. Alkanhal,
and Hamsakutty Vettikaladi

15.1 Introduction

Radars are found to be the most promising technology due to their robust perfor-
mance in the face of environmental influences such as bad light, weather conditions,
and extreme temperatures [1, 2]. This chapter focuses on automotive radars, which
are classified into three main categories based on range, distance, and field of view:
Short-Range Radar (SRR), Medium-Range Radar (MRR), and Long-Range Radar
(LRR). In recent years, automotive radars operating at millimeter-wave range have
been widely investigated [3—5]. The frequency band of 77-81 GHz has been allo-
cated for automotive MRR and SRR applications, such as blind spot detection, pre-
crash vehicle preparation, and collision warning [6, 7]. For many MRR and SRR
applications, it is favorable to have an antenna with a narrow beam in horizontal
plane [8, 9]. A promising technique to achieve wide-angle beam scanning with nar-
row beam widths and high gain is to integrate a set of planar antenna array with
dielectric lens. Such an antenna with beam-switching capability is a better alterna-
tive to conventional phased array antenna, due to high metallic and phase shifter
losses, especially at millimeter-wave frequency band.

This chapter focuses on antenna array integrated with cylindrical Luneburg lens
operating at 79 GHz. The element in antenna array consists of planar log periodic
dipole antenna (PLPDA) implemented on quartz substrate. The gain of PLPDA is
enhanced by integrating it with inhomogeneous cylindrical dielectric lens (Luneburg
lens) and beam switching is achieved by activating each array element in antenna
array one by one, resulting in a unique predefined radiation pattern associated with
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8 element LPDA

Metallic via holes

microstrip to SIW transition

Feed point

Fig. 15.1 PLPDA configuration including LPDA, SIW, triangular transition, and microstrip feed

each antenna element in array [10, 11]. The array covers 4 GHz (77 —81 GHz)
bandwidth with similar radiation pattern characteristics. The 3 dB beam width of
each array element is found to be 10° with gain higher than 15 dB. By activating
each array element one by one while all other are terminated by 50 Q matched load,
the antenna beam can be switched, resulting in beam-scanning capability of full
170° in azimuth plane (6 = 90°). The design is validated by developing and testing
a prototype. The comparison between the simulation and the measured results is
presented, which are found to be in good agreement.

15.2 PLPDA Configuration for 79 GHz Operation

The proposed Printed Log Periodic Antenna (PLPDA) operating at 79 GHz for
development of 17-element array to cover 170° in azimuth plane (6 = 90°) is pre-
sented in this section. The PLPDA is integrated with substrate integrated waveguide
(SIW) to reduce metallic losses that are inherent at proposed millimeter wave band.
The design equations presented in [12—14] are utilized to find the initial dimensions
for the proposed PLPDA configuration. As per design requirements for the short-
range automotive radar applications, the antenna directivity is selected to be 9 dB
resulting in initial values of scale factor (z) and spacing factor (o) to be 0.915 and
0.17, respectively, for a log periodic dipole antenna. The maximum frequency (fi.x)
and minimum frequency (f,;,) are chosen to be 85 GHz and 75 GHz, respectively.
The quartz substrate (&, = 3.75, th = 0.2 mm, tané = 0.0004) is chosen as antenna
substrate. The proposed antenna configuration consisting of PLPDA with SIW tran-
sition and microstrip feed is shown in Fig. 15.1. The PLPDA is fed by a microstrip
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Table 15.1 Optimized dimensions for SIW integrated PLPDA

a;=0.250 a,=0.198 a;=0.158 a,;=0.126 as=0.099

as=0.079 a,=0.063 as =0.050 L;=8.133 W, =2.629
b, =0.651 b,=0.518 b;=0.411 b, =0.327 bs =0.260

bs=0.207 b;=0.164 bs=0.131 L,=5.383 L;=3.500
59=0.180 s;=0.609 5, =0.484 53 =10.385 s, =0.306

s5=0.243 s6=0.193 s;,=0.154 M,;=0.217 M,=0.321
Wi = 1.263 7,=0.910 7,=0.262 g =0.200 D =0.300

Tyw=0.577 W;=0.383

All dimensions in mm

(b)

Fig. 15.2 Proposed PLPDA design parameters. (a) Top view. (b) Bottom view

line integrated with a triangular transition and SIW. The proposed antenna design is
optimized utilizing ANSYS HFSS [15] to achieve required performance such as
impedance bandwidth of 4 GHz (77-81 GHz) and gain higher than 7 dB.

The top and bottom view of the SIW integrated PLPDA along with important
design parameters are shown in Fig. 15.2, where, total antenna length and width are
L, and W, respectively. The final optimized dimensions are given in Table 15.1.

The simulated return loss of proposed antenna is shown in Fig. 15.3. The antenna
impedance bandwidth is found to be 9 GHz (74 —83 GHz) covering the required
frequency band of operation (77-81 GHz) with gain higher than 7 dB.
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The two-dimensional (2D) radiation pattern in azimuth (6 = 90°) at center fre-
quency of 79 GHz is shown in Fig. 15.4, where the maximum directivity and gain
are found to be 7.9 dB and 7.3 dB, respectively. The 3 dB beam width is found to be
approximately 50°.

15.3 PLPDA Integration with Luneburg Lens

To achieve a wide scan angle antenna performance, the integration of proposed
PLPDA with inhomogeneous dielectric lens (Luneburg Lens) is discussed in this
section. The inhomogeneous Luneburg lens is referred to as a gradient index lens
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Table 15.2 Permittivity and Area/layers | Permittivity | Radius
radius of each layer in 1 1.92 4.65
Luneburg lens having outer : :
diameter of 6/, 2 L7 6.60

3 1.62 8.06

4 1.46 931

5 1.31 10.4

6 1.15 114

Lo dens b
.
PLPDA L

( Side view (YZ -plane)

PLPDA
(@ =270°)

22.8 mm

(@ =90°)

X(@=0)

Fig. 15.5 Simulation model of PLPDA integrated with cylindrical Luneburg lens (top view)

whose relative permittivity varies radially [16]. A detailed description of integrated
Luneburg lens can be found in [16, 17]. The optimum dimensions for integrated
six-layer Luneburg lens are described in Table 15.2.

The planar end-fire PLPDA on quartz substrate described previously is inte-
grated with six-layer Luneburg lens as shown in Fig. 15.5. The PLPDA feed is
placed at ¢p =270°. As shown in the inset, the center of PLPDA feed is aligned with
center of Luneburg lens. The diameter of outer shell of Luneburg lens is chosen to
be 64, (22.8 mm), where 4, is the free space wavelength at 79 GHz and thickness of
Luneburg lens is chosen to be Ly, = 3 mm. The gap between the quartz PCB consist-
ing of PLPDA and Luneburg lens is kept to be 0.1 mm. Furthermore, the PLPDA
feed is placed very close to Luneburg lens, that is, D = 0.05 mm. The corresponding
values of dielectric constant and radius of each cylindrical layer in Luneburg lens
(outer diameter 64,) are kept the same as tabulated in Table 15.2. In the structure of
PLPDA array integrated with Luneburg lens, the lens radius (R), lens thickness Ly,
and lens to PLPDA feed distance (D) are optimized to achieve maximum gain and
required impedance bandwidth with acceptable side lobe level (SLL) in azimuth
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Fig. 15.7 Comparison between simulated 2D radiation patterns of PLPDA alone and PLPDA
integrated with Luneburg lens at 79 GHz

and elevation plane. The optimum parameters are found to be R = 11.4 mm,
Ly =3.5 mm, and D = 0.3 mm, respectively.

The simulated return loss of PLPDA integrated with Luneburg lens is shown in
Fig. 15.6, where the reflection coefficient is found to be below —10 dB in required
frequency band (77-81 GHz) as highlighted. The planar end-fire PLPDA as shown
in Fig. 15.5 is placed at ¢p = 270°. With proposed configuration of PLPDA feed
with Luneburg lens, the maximum radiation is expected to be at ¢p = 90°. The
radiation characteristics of single PLPDA feed alone and PLPDA feed integrated
with Luneburg lens are studied. The 2D radiation patterns in azimuth plane
(0 =90°) at 79 GHz are compared in Fig. 15.7. The gain enhancement is clearly
evident, that is, from 7.2 dB (PLPDA alone) to 15.5 dB (PLPDA integrated with
Luneburg lens).
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Fig. 15.9 Simulated 2D radiation pattern in elevation plane (¢ = 90°) of PLPDA integrated with
Luneburg lens

The 2D radiation patterns of PLPDA feed integrated with Lsuneburg lens in azi-
muth plane (6 = 90°) is shown in Fig. 15.8. The maximum gain is found at 6 = 90°
with 3 dB beam width of 10°. The Side Lobe Level (SLL) is found to be better than
16.5 dB. The cross-polarization is below —5 dB, as clearly evident in Fig. 15.8.
Furthermore, the 2D radiation pattern in elevation plane (¢ = 90°) is shown in
Fig. 15.9 and maximum gain is found to be at 8 = 90° with 3 dB beam width of 30°.
The SLL is found to be 7.5 dB with cross-polarization level below —5 dB.

For a better understanding of proposed antenna radiation characteristics, the
three-dimensional (3D) radiation pattern of PLPDA feed integrated with Luneburg
lens is shown in Fig. 15.10. It is clearly evident that the antenna radiation in end-fire
direction and 3 dB beam width is narrower in azimuth plane with respect to beam
width in elevation plane.
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Fig. 15.10 3D radiation pattern of PLPDA integrated with LL

15.4 Integration of Three PLPDA Feeds with Luneburg Lens

The structure of single PLPDA feed with Luneburg lens is extended to three PLPDA
feeds with Luneburg lens, as shown in Fig. 15.11. The crossover requirements
between the adjacent PLPDA feeds as well as to validate the feasibility of antenna
development are studied. The optimum angular distance () between the three feeds
(i.e., F,, F,, and F3) is found to be 10.25° to achieve 3 dB crossover between the
radiation patterns of the two adjacent feeds. It is important to mention that the
ground cuts introduced in PLPDA design play an important role. Utilization of these
cuts results in some extra freedom in bringing the two adjacent feeds closer to each
other. As shown in Fig. 15.11, the three PLPDA feeds (F, F,, F3) are placed at
¢ =270° ¢ =280.25° and ¢ = 260.25°, respectively with # = 10.25°. The three
beams resulting from switching between the PLPDA feeds are expected to be at
¢ =90°, 100°, and 80°. The inner and outer radius of semicircular quartz substrate
is set to Ry = 11.5 mm and R, = 19.65 mm, respectively.

The simulations are carried out by exciting each PLPDA feed one at a time and
terminating other feeds with matched loads. The simulated return loss for the three
feeds is shown in Fig. 15.12; it is clearly evident that the three feeds fulfill the
requirement of impedance bandwidth of 4 GHz (77-81 GHz) with return loss better
than 10 dB.

The 2D radiation pattern in azimuth plane (6 = 90°) of three PLPDA feeds inte-
grated with Luneburg lens is shown in Fig. 15.13. The maximum in radiation pattern
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Fig. 15.11 Three PLPDA feeds integrated with Luneburg lens (top view)
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Fig. 15.12 Simulated return loss of Luneburg lens with three PLPDA feeds

is found to be at ¢ = 80°, 90°, and 100° from each PLPDA feed (i.e., F3, F, F,). The
SLL is better than 16 dB for all feeds and the crossover point is found to be 3.5 dB
as shown in the inset of Fig. 15.13. It is important to mention that the crossover can
be adjusted as per requirements by changing the angular distance / between the two
adjacent feeds.
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Fig. 15.13 Simulated 2D radiation pattern in azimuth plane (6 = 90°) of three PLPDA feeds inte-
grated with Luneburg lens (one PLPDA feed is excited with other two terminated with the matched
loads)

15.5 Integration of 17-Element PLPDA Array
with Luneburg Lens

Once the crossover point is adjusted as per requirement (i.e., 3.5 dB) the structure of
three PLPDA feeds with Luneburg lens is extended to 17 PLPDA feeds with
Luneburg lens as shown in Fig. 15.14. This 17 element PLPDA array integrated with
Luneburg lens can provide a wide-scan angle 170° coverage in azimuth plane
(@ = 90°). The inner and outer radius of antenna PCB is kept the same, that is,
Ry = 11.5 mm and Ry, = 19.65 mm, respectively. Each PLPDA feed is represented
by F, F,, F, ..., Fi7, having angular displacement between adjacent feeds = 10.25°.

In Fig. 15.15, the simulated return loss of 17 PLPDA feeds integrated with
Luneburg lens is shown. The overall impedance bandwidth is found to be 7.5 GHz
(77-84.5 GHz) covering the required impedance bandwidth, that is 77 -81 GHz
with return loss better than 10 dB. The mutual coupling between antenna elements
is shown in Fig. 15.16, which is found to be below —20 dB for the neighboring feeds
and decays to —40 dB for the furthest feed.

The 2D radiation patterns in azimuth plane (@ = 90°) for the 17 PLPDA feeds
integrated with Luneburg lens are shown in Fig. 15.17. The crossover between adja-
cent PLPDA feeds varies in the range of 3.5-3 dB, whereas the 3 dB beam width is
found to be approximately 10° for radiation pattern from each PLPDA feed (i.e., F|,
Fa, Fs, ..., Fiy).

The 2D radiation pattern is zoomed in for better understanding, as shown in
Fig. 15.18. It is clearly evident that with 17 PLPDA feeds, the array covers 170° in
azimuth plane (i.e., ¢ = 5°—175°). The maximum gain is found to be 15.55 dB at
¢ =90° from the feed at the center (i.e., Fyy placed at ¢ = 270°). The minimum gain
of 12.85 dB at ¢ = 8° is found to be for the feeds at the edge (i.e., F';;) placed at
¢ = 188°. Whereas for the other edge (i.e., F'; placed at ¢p = 352°), the gain is found
tobe 13 dB at ¢ = 172°.
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Fig. 15.17 Simulated 2D radiation pattern in azimuth plane (6 = 90°) of 17 PLPDA feeds inte-
grated with Luneburg lens

17.00

Fis Fi¢ Fis Fiu Fis Fiz Fy Fo Fs Fs F; F¢ Fs F4 F; F: F

Radiation Pattern (dB)

e 28 @

S . at.t
L .

g

0 10 20 30 40 S0 60 70 80 90 100 110 120 130 140 150 160 170 180
Phi (deg)

Fig. 15.18 Simulated 2D radiation pattern in azimuth plane (6 = 90°) of 17 PLPDA feeds inte-
grated with Luneburg lens (zoomed)
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Fig. 15.19 Simulated 2D radiation pattern in azimuth plane (6 = 90°) from 17 PLPDA feeds inte-
grated with Luneburg Lens

The 2D radiation patterns from the three feeds, that is, center feed (F,) and two
feeds at the edges (F; and F;) are shown in Fig. 15.19 for better understanding.
The side lobe level (SLL) for the three feeds is found to be SLL, = 16.5 dB,
SLL, = 13.6 dB, and SLL,; = 13.45 dB. The gain drop of approximately 2.5 dB at
the edges is observed, which is attributed to scattering caused by the power radi-
ated from F passing through lens and facing F;. This can also be observed in
Fig. 15.20, where it can be seen that when the center PLPDA feed Fj is active, the
wave propagation is smooth through the lens. However, when the feeds at the edges
(i.e., F, or F,) are active, the wave propagation is not smooth and it experiences
scattering from the presence of the PLPDA feeds at opposite end.

The simulated co- and cross-polarization radiation patterns in elevation plane
(¢ = constant) for feeds 1, 5, 9, 13, and 17 are shown in Fig. 15.21. The 3 dB beam
width is approximately 30° for all cases. The SLL from PLPDA feeds at the edges
(i.e., F; and F;) is 4 dB, whereas for the middle feed (Fy), the SLL is found to be
7.75 dB.

The simulated maximum realized gain of the center feed (i.e., feed 9) and two
feeds at the edges (i.e., feed 1 and feed 17) in required frequency band of operation
(77-81 GHz) is shown in Fig. 15.22. The gain is maximum (>15 dB) from the center
PLPDA feed (F,) and decays when moving toward the feeds at the edges (i.e., F|
and F'};) to a minimum value of approximately 13 dB.

Furthermore, it is important to mention that with the proposed design, by activating
multiple feeds at the same time, a wider 3 dB beam width can be achieved. This is
illustrated in Fig. 15.23. It can be easily seen that when one feed (F)) is active, the
3 dB beam width is 10°. By activating more elements at the same time, the 3 dB
beam width is widened to 28° (Fs, Fo, F)) and 45° (F,, Fg, Fo, Fi, F1)),
respectively.
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Fig. 15.20 E-field distribution in XY plane of 17 PLPDA feeds integrated with Luneburg lens. (a)
Feed 9 is active, (b) feed 1 is active, (c¢) feed 17 is active

15.6 Antenna Fabrication and Measurements

The prototype fabrication is carried out in three steps:

» Fabrication of 6-layer Luneburg lens

e Fabrication of 17 elements PLPDA PCB on quartz substrate

e Integration of Luneburg lens and Quartz PCB along with W-band connector for
measurements

The six-layer Luneburg lens is developed by following the approach given in
[17], that is, pressing a basic foam material such as airex R82 (¢, = 1.12) in con-
trolled manner to obtain different permittivity values in required area to have a
3.5 mm final thickness. The air bubbles are removed from the materials by pressing
itat 90 °C. So it becomes possible to control the dielectric constant of pressed foam
by approximately choosing the right area density ratio & = Hi/H; , where H; is the
initial foam thickness pressed to final thickness H;. An initial foam cylinder-shaped
slab is drilled with 2D mechanical processes to obtain the different areas with dif-
ferent thicknesses (Fig. 15.24), as reported in Table 15.3. Dielectric constant and
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Fig.15.21 Simulated 2D radiation pattern in elevation plane (¢ = constant) from 17 PLPDA feeds

integrated with Luneburg lens. (a) Feed 1 (¢ = 173°), (b) feed 5 (¢ = 131°), (¢) feed 9 (¢ = 90°),
(d) feed 13 (¢p = 49°), (e) feed 17 (¢ = 8°)
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Fig. 15.23 Beam width control by activating multiple feeds at the same time
Fig. 15.24 Basic foam

material in raw form for
Luneburg lens fabrication

Table 15.3 Six-Layer Luneburg lens parameter values

1 2 3 4 5 6
Radius 4.65 6.60 8.06 9.31 10.4 11.4
Permittivity 1.92 1.77 1.62 1.46 1.31 1.15
Loss tangent 0.015 0.014 0.013 0.01 0.008 0.007
¢ =H/H; 8 6.5 5.35 4.2 2.75 1.5
H; mm 28 22.75 18.725 14.7 9.625 5.25
H,y mm 3.5 3.5 3.5 35 3.5 35

loss tangent of pressed foam have been measured using a characterization free
space measurement setup composed of an AB Millimeter VNA and lens-horns
antennas [18].

The fabricated six-layer Luneburg lens is shown in Fig. 15.25a. In Fig. 15.25b,
the fabricated 17-element PLPDA array on quartz substrate is shown. To support the

vww.ebook3000.con)



http://www.ebook3000.org

15 Wide-Angle Beam Scanning Antenna at 79 GHz for Short-Range... 299

(b)

Fig. 15.25 Prototype fabrication. (a) Fabricated 6-layer Luneburg lens, (b) fabricated 17-element
PLPDA array PCB on quartz substrate

Fig. 15.26 Support for ~ W-band Connector
17-element PLPDA array

and Luneburg lens

Lens support

17-element PLPDA array quartz PCB and align it with the six-layer Luneburg lens,
a support is made, as shown in Fig. 15.26. The W-band connector is also included in
the support to take measurements.

The 6-layer Luneburg lens and the 17-element PLPDA array on quartz substrate
are integrated together, as illustrated in Fig. 15.27. The W-band connector is utilized
for measurements and each PLPDA feed is activated individually by rotating the
semicircular quartz PCB, as highlighted in Fig. 15.27a (feed 8 is active) and
Fig. 15.27b (feed 17 is active).

It is important to mention that the inner connector of the W-band connector can-
not be soldered to the antenna feed on quartz PCB. Furthermore, the substrate is
quartz, which is highly rigid, and an excess pressure cannot be applied. During the
measurement process, the inner connector of W-band connector is just barely touch-
ing the antenna feed on quartz substrate. The above-mentioned points can be con-
sidered for a small variation observed in measurements of return loss and radiation
patterns. The return loss measurements are carried out by Vector Network Analyzer.
The comparison between simulated and measured return loss for the three middle
feeds (i.e., Fg, Fo, and F)y) is shown in Fig. 15.28. It is clearly evident that the
antenna covers the required frequency band (77-81 GHz) of operation.
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(b)

Fig. 15.27 The 17-element PLPDA array on quartz substrate integrated with Luneburg lens and
W-band connector. (a) Feed 8 is active, (b) feed 17 is active
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Fig. 15.28 Comparison between simulated and measured return loss for the three middle feeds
(i.e., Fy, Fo, and F)

The comparison between the simulated and measured co-pol radiation patterns at
79 GHz and 82.5 GHz is shown in Fig. 15.29. For clarity, the comparison is given
for the three middle and two edge feeds (i.e., Fy, Fs, Fy, Fyo, and Fy7). A drop of
approximately 2 dB is observed between simulated and measured radiation patterns
at 79 GHz; whereas, for the comparison shown in Fig. 15.29b at 82.5 GHz, the sim-
ulated and measured radiation patterns are found to be in good agreement.

For a better understanding, the measured radiation patterns for all feeds (i.e., F},
F,, F;, ..., Fy;) are shown in Fig. 15.30 at 79 GHz and 82.5 GHz. As shown in
Fig. 15.30a, the worst-side lobe level of 10.51 dB below peak is found for the center
feed (Fy), whereas, as shown in Fig. 15.30 b, the worst-side lobe level of 12.53 dB
below peak is found for feed (Fs).

Finally, the gain measurements are done for the center feed (Fy) and a comparison
between the simulated and measured realized gain is illustrated in Fig. 15.31.

vww.ebook3000.con)



http://www.ebook3000.org

15 Wide-Angle Beam Scanning Antenna at 79 GHz for Short-Range... 301

| —Simulated F, —— Measured F,
15- — Simulated Fg """ Measured Fy
s — Simulated Fy " Measured Fy
31“ — Simulated Fyy ~""Measured Fyy
E — Simulated Fy; """ Measured F;
s 5
=
-
£
= s
= 5
Q ‘ : . [
-10 -,-g,ﬂ"!a !’.‘;
VA i B ‘1 rl l‘ \
. i | : NN I LA MR
0 30 60 90 120 150 180 210 240 270 300 330 360
i
(a)
| = Simulated F;, "~ Measured F, |
15 —Simulated Fg ~""Measured Fy '
h Simulated Fy = Measured Fy |
10 ——Simulated Fyy Measured Fy |
Simulated F,; ~ Measured Fy-

b

T
Phil ?&g}

(b)

210 240 270 300 330 360

Fig. 15.29 Comparison between simulated and measured co-pol radiation pattern. (a) 79 GHz, (b)
82.5 GHz

15.7 Conclusion

This chapter presents the design and experimental results of an array of 17-element
PLPDA integrated with Luneburg lens for 79 GHz beam scanning for automotive
radar applications. The Luneburg lens is comprised of six cylindrical layers, with
outer diameter and thickness of 22.8 mm and 3.5 mm, respectively. The source
antenna array placed in close proximity of Luneburg lens consists of 17-element
PLPDs integrated with SIW. The SIW is contacted to microstrip line through a tri-
angular transition. The beam scanning can be accomplished by switching between
the antenna elements in the array. The measured impedance bandwidth of the pro-
posed antenna array is found to be 76-83 GHz, which is well in excess of the
required 77-81 GHz frequency band allocated for 79 GHz radar applications. The
maximum gain is achieved for the center feed (Fy), which is experimentally found
to be 13.05 dB and 15.38 dB at 79 and 82.5 GHz, respectively. The minimum gain
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is found to be for the feeds at the edges (F, and F;), which is experimentally found
to be 10.15 dB and 13.2 dB at 79 GHz and 82.5 GHz, respectively. The obtained
results demonstrate that the proposed antenna array integrated with Luneburg lens
can be utilized as steerable directional antenna for 79 GHz radar applications.
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Chapter 16
Terahertz Communications for 5G
and Beyond

Nadeem Naeem, Sajida Parveen, and Alyani Ismail

16.1 Terahertz Waves

There is no exact designation of what characterizes as terahertz (THz) frequency
[1]. The terahertz frequency band of the electromagnetic spectrum is mostly defined
as the higher frequency range starting from 0.1 to 10 THz, as illustrated in Fig. 16.1.
Common considerations are that such frequency region for terahertz is bounded
between 100 GHz and 10 THz, which is more or less equal to wavelength of
10'2 cycles per second with the quantum energy between 0.4 meV and 0.4 eV [2].
There are several properties of THz electromagnetic waves that could pro-
mote their use as an effective sensing and imaging tool. Since terahertz wave has
no ionization effect, it is useful for biological tissue and other radiations includ-
ing Rayleigh scattering of electromagnetic radiation, which is many orders of
magnitude less for THz waves than for the neighboring infrared and optical
regions of the spectrum. THz radiation is highly useful in security screening for
concealed weapons and it can also penetrate nonmetallic materials such as fab-
ric, leather, and plastic. The molecular rotations and vibrations of DNA and pro-
teins, as well as explosives, have energy levels corresponding to THz waves and
can provide characteristic distinctive signatures to separately identify biological
tissues in a region of the frequency spectrum that is not previously researched
for medical use or for detection and identification of trace amount of explosives.
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Fig. 16.1 Electromagnetic spectrum showing THz Frequency band [2]

THz wavelengths are particularly sensitive to water and they can demonstrate an
absorption peak, which makes this technique very sensitive to hydration state
and can indicate tissue condition. Characterization of semiconductor materials
has been used in the THz radiation and in testing and it is also used in failure
analysis of integrated circuits [3].

A photon is characterized by either a wave length A or photon energy denoted by
E [4]. The wavelength (or frequency) and energy are related with each other through
an inverse relationship provided in Eq. (16.1):

E=" (16.1)

where E is the energy of the photon, the Planck’s constant is 4 = 6.626 x 1073
J/s, and the speed of light is denoted as ¢ = 2.998 x 10® m/s.

The common measuring unit of energy is electron-Volt (eV) rather than Joule (J)
when dealing with particles like photons or electrons. The electron-Volt is the
energy required to raise an electron by 1 Volt, therefore, a photon has energy equal
to 1.602 x 1071 J. The product of ¢ = 1.99 x 10-% J/m. This hc product can be
written in electron-Volt as hc = (1.24 x 1073 J/m) x (1 eV/1.602 x 107" J)=1.24
x 107 eV/m. The link between frequency, wavelength, and quantum energy is
shown in the electromagnetic spectrum in Fig. 16.1.

Terahertz frequency band has been ignored in the electromagnetic frequency
spectrum that later realized to be explored through scientific research. This was due
to the fact that there was limited handling capability of the existing microwave and
infrared technology at that time. Nowadays, the rapid progress in the field of tera-
hertz science is greatly contributed by increasing nanotechnology. Many applica-
tions that require advanced level of handling expertise find their way in terahertz.
This is because of the electromagnetic characteristics inherited by terahertz from
millimeter and infrared waves.
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16.2 Applications of Terahertz

With lower quantum energy of terahertz frequency in the electromagnetic spec-
trum compared to infrared and higher frequency, calls for many potential appli-
cations that are unique to them. Some aspects of potential applications are
discussed in this chapter. The major application category of today’s THz technol-
ogy focuses on spectroscopic analysis, sensing, imaging, and in antennas. Near-
field imaging for subwavelength-scale small features is a remarkably fast
advancing field in this category. Communication is also one of the promising
applications for THz frequency band.

16.2.1 Terahertz Spectroscopy

Spectroscopy is one vital application of terahertz innovation that emerged from the
qualities of the emanation or assimilation details for the rotational and vibrational
excitations of the particles. To create diverse strategies to straightforwardly screen
out the complex real-time molecular dynamics, it has been proposed that atom level
picture of the deliberate movements of polypeptide chains and DNA can be open
through precise estimation of low-frequency vibrational spectra. These vibrations
are trusted to occur in the terahertz spectrum regime. Identification of DNA signa-
tures through dielectric resonance is an alternate intriguing consequence that has
got to be feasible because of possible estimation and quickly recognizable proof of
diverse spectral signatures by terahertz spectroscopy instruments [5]. The frequen-
cies of THz are of great important for biosensing applications since numerous char-
acteristic vibrational modes of macromolecules such as proteins and DNA are
placed in this frequency range. This coincidentally opens up the possibility for
label-free biosensing [5]. THz time-domain spectroscopy (THz-TDS) has been the
primary and key technique for demonstrating the potential applications of THz tech-
nology. A typical THz-TDS system, as depicted in Fig. 16.2, includes an ultrafast
laser (e.g., Ti-Sapphire laser) that produces optical pulses in femtosecond (10715 s)
durations. Each pulse is separated into two optical paths. One path travels through a
time delay stage and hits the emitter, such as a photoconductive antenna or a nonlin-
ear crystal, at which point the optical pulses are converted into ultrashort electro-
magnetic pulses. The generated electromagnetic (EM) pulses are focused onto the
sample under test and collimated again so that they are focused onto the detector.
The other part of the pulse is also delivered onto the detector directly. The detector
measures the amplitudes of the electromagnetic waves in order to evaluate the
change in the waveform due to the sample. By altering the delay time between the
two beams, it will be feasible to scan the THz pulse and construct its electric field
as a function of time. Consequently, in order to extract the frequency spectrum from
time-domain data, a Fourier transform may be exploited. Comparison of the wave-
forms with and without the sample allows the estimation of the complex refractive
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Fig. 16.2 Simplified schematic of a typical THz-TDS system [2]

index of the material, which yields other parameters, such as the dielectric constant,
conductivity, and surface impedance. Regardless, this system has been largely uti-
lized in research facilities. However, due to its complexity and size, this results in
preventing widespread deployment particularly in out-of-lab applications [2].

16.2.2 Terahertz Imaging

Terahertz has increasingly attracted the attention of scientists in the field of imag-
ing. There are some significant reasons, the biggest being that the terahertz wave is
a nonionizing radiation. It also actuates the rotational or vibrational aspect of a
molecule but does not disturb its electronic state. This means that terahertz radiation
is more secure than other radiations. Terahertz radiations are able to infiltrate a wide
assortment of nonconducting materials. Numerous materials, for example, plastics,
cardboard, fabrics, and biological tissue are transparent to terahertz radiation and
these materials leave spectral fingerprints when terahertz radiation passes through
them [6]. In comparison to the wavelengths of visible spectrum, the wavelengths
related to the terahertz frequency could reduce Rayleigh scattering. There exists
plenty of information on the reflection, absorption, and transmission of distinctive
materials. It is commonly considered that transmission response diminishes as the
resonant frequency increases, but the measurable readouts for distanced items can
still be determined. The discovery of hidden objects is possible with terahertz radia-
tion. Light waves and terahertz radiation possess the same electromagnetic proper-
ties, which is how terahertz waves propagate through space.

Terahertz radiation can be reflected and refracted with the help of terahertz
devices. In imaging applications, a high spectral resolution can be achieved with
shorter terahertz wavelengths than other radiations. The other applications of tera-
hertz imaging are the discovery of hidden fire arms, land mines and bombs, medical
imaging, and the study of human cell tissues, real-time monitoring of biological
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and chemical concealed weapons and checking of luggage at the airport, as well as
quality control checking of semiconductors [7]. Calculation of refractive index,
amplitude and phase, biological sample thickness, and monitoring of signal strength
using imaging based on transmitted or reflected terahertz waves from a considered
sample can be done with the help of terahertz time-domain spectroscopy.

The operation of imaging involves the generation and then detection of the tera-
hertz electromagnetic signal. An intense femtosecond optical laser produces this
signal. The pulses generated energize the charge carriers so much that they over-
come their energy band gap and pairing thus occurs. The pairing causes static cur-
rent to flow. If the drift time is further shortened, then the flowing current will
generate waves. The image of the sample can be observed with the help of an imag-
ing system that uses a separate charge coupled device; each one gets a separate
measurement of the primary colors that are red, green, and blue [2].

Terahertz radiations are very useful in pharmacological- and security-related
applications because terahertz can penetrate many materials. Due to these charac-
teristics, terahertz can be used to find hidden objects under clothes and packets of
low-energy photons. The nonionizing characteristic of terahertz radiation allows
THz waves to be used in noninvasive and nondestructive inspection via spectros-
copy. Monitoring and maintaining quality control of goods is yet another applica-
tion for terahertz imaging.

16.2.3 Terahertz Sensors

This section describes the basic understanding of terahertz sensors, which are an
important part of T-wave technology. So, it is important to understand the sample
deposition on terahertz sensors. There are three basic methods of depositing sam-
ples on the surface of sensors:

1. Under layer
2. Over layer
3. Split gap area

Almost all metamaterial terahertz sensors are designed to sense the presence of
the samples in the methods mentioned earlier [8—10]. When the sensor that is com-
posed of split-ring resonators is excited by external fields, the current flows on the
surface of the sensor and surface electric field is established. The geometry of the
resonator is such that it has gap areas at the splits of the rings. Some structures have
single gap and others can have more than single split gaps, depending upon the geo-
metrical structure of the sensor. The gap areas can be considered as analogous to the
parallel plate capacitors where most of the electric field is localized in between
them, as compared to the other parts of the sensor [11]. The longer continuous strips
serve as inductive elements and they can be represented as inductors. The sensor
operates at the frequency when energy stored in inductive element is in balance with
the energy stored in capacitive element. The electric field changes itself when a
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sample of different dielectric constant is inserted into the sensor, which causes the
change in refractive index, which in turn changes the location of resonance fre-
quency in terms of transmission (S,;) or reflection (S;;) coefficients of the sensor on
the frequency domain [12]. This shift in the transmission is different from that of
pure LC transmission resonance when the sample is not loaded on the sensor’s sur-
face or in the gap areas.

Generally, under layer loading takes place when the sample is deposited under
the sensor’s surface and above the substrate or base materials. Variations in sensors
designs allow samples to be place under cuts with complementary structures also.
Under layer sensing can be visualized in Fig. 16.2 and the shift in the resonance
frequency in Fig. 16.3.

Over layer sensing method is widely used by planar terahertz sensors in which
the sample under test is deposited above the substrate on the split-ring resonator.
The thickness of the samples varies based on the geometric size of the resonators.
This has been the popular method for getting high Q factor planar metamaterial sen-
sors. The resonant frequency shifted down or upward on the frequency domain
according to the dielectric constant of the sample to be tested. Figure 16.4 shows an
example of sensing over layer through cross shaped and the complementary cross
absorber as terahertz sensor.

The incident electric field and wave vector direction as shown in Fig. 16.5, the
excited electric fringing fields above the absorber surfaces at resonance are sche-
matically illustrated. When the lossless analyte of different refractive indices is
deposited on the top surface of cross-sensor and complementary to cross, the change
in electric and magnetic field distribution would lead to different frequency and
amplitude response. The total frequency shift is about 130 GHz and the resonance
amplitude change is 56.6% for the identical range of variation in the refractive
index. The Q factor of the resonance reflection spectra for cross-absorber is 7.036
and for complementary to cross-absorber is 7.189.

Sample

Fig. 16.3 Cross-section view of complementary asymmetric double split-ring resonator [8]
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Fig. 16.4 Observed shift in resonance frequency after loading of sample [8]

Split gap sensing method is mostly used in sensor designs where surface electric
field distribution is highly localized at split gaps of the sensors. The sample under
test is placed near or in the gaps to interrupt the electric field, thereby causing it to
change, which further shifts down the resonance frequency of the sensor. That fre-
quency shift indicates the presence of the sample of particular dielectric character-
istics. Successful implementation of terahertz sensors for sensing microorganisms
and biomolecules are available in the literature. Figure 16.6 shows the terahertz
sensor with gap sensing biomolecules with change in resonance.

In case of split gap sensing, the dielectric environment of small split gap area is
important to consider here in this experiment. The frequency shift in terms of trans-
mission change appears when the capacitance in between the split gap changes.
This is because of filling up of the gap area, which alters the capacitance according
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Fig. 16.5 (a) Cross-shape terahertz sensor. (b) Complementary cross-absorber [9]

to C = €Ald, where A is the area of the strips, d is for the distance between the splits,
and ¢ is dielectric constant of the capacitor. It can be observed that the presence of
microorganisms in terms of testing sample increases the values of dielectric con-
stant, which results in shifting of frequency response.

In recent years, metamaterials have proved their worth in terahertz frequency
operated applications because of the nonionizing characteristic of terahertz radia-
tion that makes it harmless when interacting with live cells or human body [13].
However, thin layer dielectric sensing in terms of resonant metamaterial structures
denotes a promising direction, above all for high sensitivity recognition.

In general, metamaterial is prepared from a pool of subwavelength resonators; its
frequency response is made according to its shape and geometrical dimensions [14].
This means that these are made resonant at terahertz frequencies mainly by simple
scaling [9]. Additionally, these are organized in effectively homogeneous structures,
easily explored with conventional THz-TDS having no adjustments to the system
configuration. Therefore, metamaterials proposed a very much stretchy method as
paired to new sensing schemes for instance waveguide sensors and resonator-based
terahertz filters. Similarly, metamaterials are intended as three-dimensional (3D)
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Fig. 16.6 Terahertz biosensor for detection of Escherichia coli bacteria (b) Transmission spectra
of the quartz coated by E. coli [10]

structures completely discussed planar metamaterials as the advanced and further
agreeable to thin-film sensing.

Planar metamaterials are considered as metafilms or metasurfaces that incorpo-
rate very much related technology of frequency selective surfaces (FSS).
Metamaterials are intended either for bandstop or bandpass spectral reaction. It has
been described that each resonator in a metamaterial is naturally composed of a
metallic loop with a split [15]. This resonator reveals Lorentz resonance response
over excitation due to an incident wave. This response is analogous and is accessible
from a lumped LC circuit with capacitance C and inductance L resolute by the prop-
erties of the dielectric gap and the metallic loop. The corresponding relationship can
be observed in Eq. (16.2):

1

Jcr:Zﬂ\/E

(16.2)

16.3 Terahertz Biosensors

It was demonstrated that the ever-changing resonance frequency of a split-ring reso-
nator array was developed to sense a silicon layer thinner as compared to the skin
depth of terahertz radiation [16]. The sample comprised of silicon nanospheres
based on the 50 nm in diameter put off in an ethanol solution which was dropped on
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the metamaterial while the ethanol was evaporated by separating the silicon nano-
spheres. These produced a change of the ultimate resonance to lower frequencies at
about 0.05 THz as compared to the original resonance of 1.2 THz. The experimenta-
tions presenting the impact of 50 nm shrill liquid layers (double-distilled water,
ethanol, and chloroform) are also studied as the same [17]. These liquid layers pro-
duced red shifts in the resonant spectra signifying a positive demonstration of detec-
tion as was expected. Both fundamental resonances and higher-order SRR
resonances expose these changes in order to be utilized. Additionally, multiple reso-
nance effects were controlled in different SRR designs later to form super lattices
by interposing SRRs of different size and shape into hexagonal and square unit cells
[18]. Different under-patterns consisting of one, two, or three are used in the super-
pattern by allowing the same number of resonances to be excited consecutively by
using resonant frequency shifts at three different frequencies, which expands the
measurement accurately. This technique is used to rebut the possible false positive
proof of identity. The constraints of this methodology are obviously significant in
contemporary applications.

Successful demonstrations were conducted for detection of living organisms
with the help of metamaterials operating in terahertz frequency [10]. A thin layer
was set down in three separate places for sensitivity comparisons including the gaps
of the SRRs, between the Si substrate and the SRR array as an intermediate layer,
and on the SRR array as an over layer [19]. The detected percentage shifts include
0.71% with a 0.7 pm AZ6612 photoresist sample, 10.5% with a 1.7 pm SU-8 pho-
toresist sample, and 1% with a 1.8 pm SU-8 photoresist sample. Moreover, the
sensitivity is very high for the second case, which is not practical to keep the analyst
under the metalized SRRs. The result indicates the importance of tuning the entire
metamaterial to elevate sensing. It was revealed that paper metamaterials could be
used as terahertz sensors [20]. The micrometer-sized metamaterial structures were
placed straight onto 280 pm thick paper substrates with predefined microstencils.
Glucose solutions with concentrations ranging between 3 and 30 millimoles per
liter (mmol/L) were put on the paper. A maximum shift of about 300 GHz was
observed in measuring the 30 mmol/L glucose solution coated sample. The mini-
mum possible measurable frequency change for the experimental configuration was
about 5 GHz and assuming a linear relationship between the frequency shift and the
concentration of the glucose solution. It was estimated that a change of 0.35 mmol/L
in glucose level can be identified with a base glucose level of 5.5 mmol/L. This is a
medicine-related application. However, research showed that precision and sensitiv-
ity are vital at low glucose concentrations. Marketable glucose needs an accuracy of
+1 mmol/L for glucose levels less than 5.5 mmol/L typically meters. This specific
approach to metamaterial sensing can be upgraded by assuming more innovative
approaches utilizing different compositions and SRR geometries. This technique’s
sensitivity looks as if it is not too far uninvolved from real-world applicability.

All studies on metamaterial-based terahertz biosensors mostly emphasize on
increasing the sensitivity by maximizing a change in the resonance frequency in terms
of a deposited film. Biological sample thickness is considered due as small as hundreds
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of nanometers. The spot size of the probing terahertz beam is restricted because of the
total volume of the sample that is fundamentally limited by diffraction. The reduction
in the amount of sample would be critical in some applications. A close-field source is
used in conjunction with a metamaterial-based sensor to decrease the least spot size
and the required sample volume [21]. A focused beam terahertz near-field system can
narrow the sensing spot on an SRR-based metamaterial to 0.24 in diameter or equiva-
lently 3 x 3 resonators. Therefore, a number of stimulated resonators were reduced and
the intercell couplings were also narrowed. This efficiently headed to a devepolment in
achieving higher Q factor in comparison to the far-field measurement.

16.4 Terahertz Antenna

Due to the remarkable advancement of wireless communication network and sys-
tem, the future wireless generation requires systems that have enormous wideband
features in high mobility environment. To meet the requirements of such applica-
tions, ranging from personal communications to home, car, and office networking
with high data rates, high spectral efficiencies and effective fading mitigation are
required to be accomplished. Owing to its specific specification and roles, the type
of microstrip antennas simultaneously satisfy the constraint requirements with
regard to the geometrical features such as compact volume, light-weight, adaptabil-
ity to actual platform and nonobstructive to user, broad bandwidth, radiation proper-
ties, high-efficiency, reconfigurability, suitability for diversity as well as the low
cost of fabrication and packaging. To achieve a wireless communication system
with several advantages such as wide bandwidth, high data rates, low latency, better
directivity, and low potential interference with other systems, the frequencies higher
than microwaves may meet these requirements. The THz electromagnetic spectrum
may be considered a promising option to meet all the above-mentioned require-
ments for the envisaged and future communications.

Terahertz portion of electromagnetic spectrum is of vital interest to engineers
and system designers due to the availability of broad bandwidth that plays important
role in future communication. Moreover, with the main practical benefit of using the
THz system in satellite communication systems, the THz regime has the capability
to employ compact antennas in transmitter and receiver sides [22-27]. By defini-
tion, the spectrum of THz is the frequency range between the microwave and optical
frequencies, which is defined as the band from 0.1 to 10 THz [22-24].

This radiation of THz spectrum is seen as a good candidate for use in several
emerging technologies and applications. These include sensing, imaging and com-
munication, with unique applications to screening for weapons, explosives, and
biohazards, imaging of concealed object water contents and skin [23-26]. Despite
the rapid exploitation of THz systems in various areas of research, the lack of prac-
tical and compact sources has led to the limitations of using the THz over a large
scale. Several attempts have been made to get the practical sources operating at the
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THz frequencies, but no THz sources currently satisfy size, output power level, and
operating temperature requirements.

Microstrip antenna is key for the THz wireless communication system. Using
carrier frequencies above 300 GHz, oscillator and amplifier sources with approxi-
mately 10% fractional bandwidth would enable very high data rate (>10 GB/s)
wireless communications with high security protection [27]. Such features may be
easily realized with tremendously simple and low-cost amplitude modulation
schemes, when the sufficient, compact, and broadband sources are obtainable.

Photoconductive antennas are an alternative THz source due to their compact
volume as well as broad configurability at room temperature [28, 29]. However, this
type of antenna has the drawback of low output power, which is attributed to high
impedance inherent to a photomixer.

For more clarification, while the antenna that has a moderate input impedance is
joined to a photomixer, the power that is transmitted from the photomixer to this
antenna will be poor because of the severe mismatching of the impedance. The
mismatching that takes place between the photomixer and the antenna may be over-
come if the resistance of the antenna increased; this will lead to enhancing the radi-
ated power from the antenna [30-32].

Generally, the size of the microstrip patch antenna mainly depends on the fre-
quency band of operation. However, there are many other parameters that may con-
tribute to determining the geometrical dimension of the microstrip antenna and its
behavior; these factors include the substrate material and the thickness of this sub-
strate [33, 34]. The patch material influences the efficiency of the antenna, while the
type of substrate plays a major role in the determination of the antenna dimensions
[35, 36]. A common shape of the microstrip patch antenna is the rectangular shape.
The rectangular microstrip patch antenna consists of a conductive rectangular patch
on a dielectric substrate above a conductive ground plane, as shown in Fig. 16.7.

The microstrip patch antenna can be excited by using microstrip feed-line [37,
38]. This feeding-line approach provides the electrical signal to radiating patch,
which will be converted into an electromagnetic wave. The geometrical structure of
this THz rectangular microstrip patch antenna is as shown in Fig. 16.7. In this
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antenna, the substrate has length, width, and thickness of 1000 pm x 1000 pm x 200 pm,
respectively. The substrate material is RT/Duriod 6006 with dielectric constant 6.15
with loss tan (8) of 0.0019. The patch has length and width 600 pm x 400 pm, respec-
tively. The microstrip feed line has the dimension 40 pm x 300 pm and thickness
40 pm. In this antenna design, microstrip line edge feeding technique and simulation
has been performed by using CST Microwave Studio [39].

There is more attention paid to the short-range wireless communications, which
in turn has led to increase in the demand of higher data rates, low transmit power, and
secured wireless communication capability for numerous new multimedia broad-
bandwidth. On the other hand, the communications in THz frequency band should
satisfy and comply with the aforementioned requirements. Thus, rectangular
microstrip patch antenna with high-gain and ultra-broadband is discussed in this
chapter. The aim of this antenna is to deal with the short-distance wireless communi-
cation systems at THz frequency, which would support multi-gigabit data rates trans-
mission [40, 41]. The computed outcomes of the proposed THz rectangular microstrip
patch antenna that operates over the frequency range of 0.7-0.85 THz is illustrated in
Fig. 16.8. The size of the antenna was significantly reduced due to the close distance
between the shorting pin and the feed point [42]. The return loss of the rectangular
microstrip patch antenna with and without shorting pin is shown in Fig. 16.8.

It can be observed that the resonant frequency was shifted downward a bit in the
presence of shorting pin in contrast to the case of without shorting pin. From the
Fig. 16.9, the resonant frequency of the antenna without shorting pin structure is
around 742.15 GHz, while the impedance bandwidth of the antenna is 17.76% with
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Fig. 16.8 Return losses of the rectangular microstrip patch antenna at THz frequencies with and
without shorting pin
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Fig. 16.9 Variation of the radiation efficiency and gain of the rectangular microstrip patch antenna
at THz frequencies

respect to the center frequency of operation. Moreover, by examining Fig. 16.9, the
radiation efficiency and gain of the antenna have been enhanced in the case of
exploiting the shorting pin configuration compared to the one without shorting pin.

The gain, directivity, and radiation efficiency of the proposed THz antenna with-
out shorting pin are 3.497 dB, 6.038 dBi, and 55.71%, respectively, whereas for the
shorting pin structure, these parameters are 3.502 dB, 6.03 dBi, and 55.88%, which
is quite high for proposed small antenna. One can note that usable impedance band-
width of the antenna with shorting post is 17.27%, which decreases as compared to
without shorting pin structure. Commonly, printing an antenna over a substrate with
high dielectric constant is considered as promising and attractive candidate in size
reduction; however, it creates strong surface wave modes, in which such surface
waves may result in degrading the radiation pattern and reduce the radiation effi-
ciency of the antenna. This is the basic reason behind the lesser efficiency and gain
of the antenna without shorting post. For shorting post structure, the surface wave in
the substrate will be discontinuous. Therefore, the electrical parameter of the
antenna increases. In the proposed antenna structure, we have taken the shorting pin
closer to the feed point, that is, 15 pm distance away from the feed point.

From Fig. 16.9, it is seen that the frequency the radiation efficiency of the antenna
increases as the resonant frequency increases. Same finding was also envisaged
regarding the antenna gain. From Fig. 16.9, the relation of the gain and resonant
frequency is said to be proportional. The gain of the antenna increases with increase
of the frequency.
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The electrical parameters were adopted at the frequency of 742.15 GHz, which
is a dip of the return loss of the antenna without shorting pin have radiation effi-
ciency (50.74%) and gain (3.099 dB). Similarly with shorting pin at the frequency
of 740.8 GHz the radiation efficiency and gain are 50.98% and 3.068 dB, respec-
tively, which is smaller than the center frequency parameters.

Another analysis of the effect of the width of the microstrip line on the proposed
antenna efficiency and gain was carried out, as in Fig. 16.10. The width of the feed-
ing line shows remarkable influences of the antenna gain and efficiency, in which
once the width of the strip-line increases, the radiation efficiency and gain decreases,
as shown in Fig. 16.10, whereas the return loss decreases with the increase of the
strip-line width.

As the variation of the width of the strip-line changes from 10 pm to 60 pm,
the width of interest would be 40 pm, on which satisfactory radiation efficiency,
gain, and return loss can be achieved. Due to this reason, there is no consider-
ation about the point at which radiation efficiency and gain are high; instead the
point of interest is at 40 pm width of strip-line. At this point balanced radiation
efficiency, power gain return loss are all achieved. The overall volume of the
proposed antenna design is compact and miniaturized, which makes it very suit-
able for satellite communication systems. One of the key challenges in realizing
modern wireless communication links for long distances at THz frequency
regime are phenomena occurring during electromagnetic wave propagating
through atmosphere. For satellite-to-satellite communication, atmospheric
absorption is not a problem.
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Fig. 16.10 The effects of variation of width of microstrip-line (feed-line) on the radiation effi-
ciency and gain of the rectangular microstrip patch antenna
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16.5 Conclusion

The definition of the terahertz frequency spectrum has been extended over a wide
frequency bandwidth between 0.1 and 10 THz; however, generally it is confined by
the ITU regulation between 300 GHz and 3 THz bandwidth. Known as Tera waves
or T-waves rather than submillimeter wave, it has approximately a fraction of a
wavelength less than 30 pm. T-wave is heavily used in sensing and imaging applica-
tions, and has no ionization hazards and is an excellent candidate frequency band to
defeat the multipaths interference problems for pulse communications.

The lower quantum energy of T-waves identifies its potential applications toward
near-field imaging, telecommunications, spectroscopy and sensing including medical
diagnoses and security screening. Identification of DNA signatures including com-
plex real-time molecular dynamics through dielectric resonance is a good example of
terahertz spectroscopy instruments nowadays. Thin layer sensing approaches based
on terahertz biosensors widely differ in various aspects. Some approaches are used to
describe the broadband terahertz properties of samples, whereas others are appropri-
ate only for the detection of such samples. There is a variety of such detection
schemes that are based on the selectivity of the biosensors.

Practical applications of Terahertz communications are discussed in this chapter
including research challenges that lie ahead in terms of antenna design for short
distance wireless communication. The size of terahertz antenna is quite small com-
pared to large conventional antennas, is portable, and can be deployed in different
geological environments and for communication between satellite-to-satellite sys-
tems where atmospheric absorption is not an issue.
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