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Abstract

BALANCED ANTENNAS FOR MOBILE HANDSET
APPLICATIONS

Simulation and Measurement of Balanced Antennas for Mobile Handsets,
investigating Specific Absorption Rate when operated near the human
body, and a Coplanar Waveguide alternative to the Balanced Feed

Keywords

Balanced Antennas; Planar Antennas; Digital Cellular System (DCS); Personal
Communication Service (PCS); Universal Mobile Telecommunication System (UMTS);
Wireless Local Area Network (WLAN); Ultra-Wide Bandwidth (UWB); Specific
Absorption Rate (SAR); Coplanar Waveguide; Hybrid Method.

The main objectives of this research are to investigate and design low profile antennas
for mobile handsets applications using the balanced concept. These antennas are
considered to cover a wide range of wireless standards such as: DCS (1710-1880 MHz),
PCS (1850-1990 MHz), UMTS (1920-2170 MHz), WLAN (2400-2500 MHz and 5000
— 5800 MHz) and UWB frequency bands. Various antennas are implemented based on
built-in planar dipole with a folded arm structure.

The performance of several designed antennas in terms of input return loss, radiation
patterns, radiation efficiency and power gain are presented and several remarkable
results are obtained. The measurements confirm the theoretical design concept and show
reasonable agreement with computations. The stability performance of the proposed
antenna is also evaluated by analysing the current distribution on the mobile phone
ground plane. The specific absorption rate (SAR) performance of the antenna is also
studied experimentally by measuring antenna near field exposure. The measurement
results are correlated with the calculated ones.

A new dual-band balanced antenna using coplanar waveguide structure is also proposed,
discussed and tested; this is intended to eliminate the balanced feed network. The
predicted and measured results show good agreement, confirming good impedance
bandwidth characteristics and excellent dual-band performance.

In addition, a hybrid method to model the human body interaction with a dual band
balanced antenna structure covering the 2.4 GHz and 5.2 GHz bands is presented.
Results for several test cases of antenna locations on the body are presented and
discussed. The near and far fields were incorporated to provide a full understanding of
the impact on human tissue. The cumulative distribution function of the radiation
efficiency and absorbed power are also evaluated.
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Chapter 1 Introduction

CHAPTER ONE

Introduction

1.1 Background and Motivations

The contemporary demands of the mobile communications industry place a variety of
demanding long term design challenges, particularly to the antenna engineer. Small
antennas always pose problems to designers, partly due to the existence of fundamental
physical limits, and partly due to the dynamically changing market demands and
consumer expectations. One constant feature is the need to design antennas which meet
these various constraints, and whose basic performance is not degraded by the adjacent

coupling to the user

Throughout the course of this research, a number of concerns have been identified from
the needs and requirements of the mobile communications industry, to provide a well-
defined subset of goals to guide the design strategy. Consequently the motivations for
these studies have matured as each component has been investigated. With this in mind,
the direction of the work is guided by the need for a quality discussion on balanced and

unbalanced antenna design techniques.

Antenna designs intended for realistic mobile handset use must have an ideal
combination of the maximum possible efficiency, protection to the user and minimum

cost. This is governed by market needs, and governmental regulation. The technical
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factors alluded to, define a design space for optimisation, which includes the gain, the
input impedance over the required frequency band(s), the minimisation of an easily
violate the interaction between the radiator and the user’s body, particularly regarding
energy deposition to the head. These electrical criteria are further constrained by the
mechanical footprint of the handset and the enclosures offered to the antenna designer
within or on the handset chassis, these volumes typically fall outside the range required

for the ideal performance range of the antenna.

Planar antennas have the perceived advantages of low profile, small size and light
weight [1, 2]. It seems that planar antennas are natural candidates for mobile antenna
designs. These antennas may be realised as a planar metal plate, which acts as the
radiator, positioned over a finite ground plane. In practice a variety of shapes have been
utilized, including simple monopoles, T shaped elements, L shaped elements, inverted L
shaped elements, and folded inverted L shaped elements. One of the more significant

such developments has been the planar inverted F antenna (PIFA) [3-16].

Many novel planar antenna designs have been devised in recent years to meet the
specific requirement specifications for mobile communications services [2]. Some of

the more significant services include:

e the global system for mobile communication (GSM; 890-960 MHz)
e the digital cellular system (DCS; 1710-1880 MHz)
e the personal communication system (PCS; 1850—1990 MHz)

e the universal mobile telecommunication system (UMTS; 1920-2170 MHz)
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Planar antennas are also very attractive for applications in communication devices for
wireless local area network (WLAN) systems in the 2.4 GHz (2400-2484 MHz) and 5.2
GHz (5150-5350 MHz) bands. Several planar antenna designs for achieving wideband

applications in ultra wideband UWB (3.1-10.6 GHz) have also been demonstrated.

The wire antennas such as dipoles, monopoles and loops are the principal form of small
radiators in practical use. However, the application to the future mobile handsets may
not be straight forward, due to size constraints, and also the number of antennas
required on within already crowded housing. The folded dipole is traditionally thought
of as an alternative to a dipole for applications that require higher input impedance. For
example the input impedance of the half-wave folded dipole is approximately four times
that of the half-wave dipole, as demonstrated by a transmission-line model [17]. In
addition, the folded dipole antenna has a wider bandwidth than the common dipole,
although at the expense of a little constructional complexity. Therefore, the dipole

structure is the choice of antenna design for wide band application for handset mobile.

Unbalanced antennas such as Planar Inverted-antennas (PIFAs) have been used
extensively in mobile communication systems and have attracted much attention from
researchers and engineers because of their advantage of compact, low profile, and low
cost of manufacture. However, they have a narrow bandwidth and need a height from
substrate to ground for matching [18-20]. Moreover, these antennas exhibit inferior
performance when they are held by users. This can be attributed to the user holding the
mobile phone, which largely covers the ground plane since the ground plane is used as
part of the radiator in these antennas. Therefore, radiating currents are induced on both

the ground plane and the antenna element, resulting in currents flowing on the human
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body, which degrade the performance of the antenna’s radiation characteristics and

introduce losses and uncertainty in its matching [21].

A balanced structure is a genuine alternative to avoid the degradation of antenna
performance in unbalanced antennas. In a balanced structure, currents cancel the effect
of each other, the current flows only on the antenna element and not on the ground
plane. Therefore when the mobile is held by its user, no coupling takes place between
the antenna and the user’s body, thus the performance of the antenna is not affected. A
balun is one key components used to excite a balanced antenna, as it is a device which
enables compatibility between systems, and is used for converting feeding mechanism

between an unbalanced circuit structure and a balanced circuit structure.

Suitable balanced antenna structures remain a significant design challenge. The nature
of the optimisation problem has already been outlined, to this we may also add further
practical constraints arising from the overall weight of the package, and the need for
multiple service bands. Several novel balanced designs has been reported [22-24] for
single band operation, but these antennas have tended to be large (relative to the full
design target for a handset). Therefore there exists a strong motivation to establish a
systematic size reduction strategy, whilst maintaining generally good -electrical
performance, and maximising the number of possible service bands available to a single

antenna.

This study presents the results of an investigation of several new wideband balanced
antenna designs. These newly designed antennas can be used in wideband mobile
handset antennas to provide balanced features, and as such are promising candidates for

mobile communication systems.
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1.2 State of the Art of the Present Research

The rationale behind the research presented in this thesis is to investigate and analyse
the operation of balanced antenna geometries for hand-held mobile terminals. It is
thought that the mutual coupling of a balanced antenna is not totally affected by the
induced currents on the terminal’s chassis. This results in the antenna performance
being preserved when the handset is loaded, or in contact with the user’s hand. These
antennas are fed by two sources which carry currents of equal magnitude, but which are
180° out of phase. As a result of the symmetric geometry, the induced current appearing
on the handset will mostly cancel, i.e. no current flows on the antenna ground plane. In
fact, the effect of the antenna radiation next to the human head also suggests reducing

the possibility of the electromagnet energy absorption by the user's head.

The early part of the thesis has two primary approaches. The first reviews the definition
of balanced and unbalanced operation concepts, and how this is applied to antennas.
The use of a balanced feed is investigated for practical measurements; a wide bandwidth
planar balun is used to feed a wideband balanced antenna from an unbalanced source.
The second aim is to develop a family of small, compact and low-profile wide-band
balanced antenna suitable for integration with mobile handsets. In most designs, a
planar metal plate antenna with dipole structure with folded arms is used to achieve the
workable bandwidth. The capacitive coupling between the dipole arms and the chassis
has been modified to maintain a sufficient impedance bandwidth at the lower frequency
band. This has been done by implementing several design techniques, and optimizing

the antenna characteristics. This investigation also encompasses the impact on
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performance a number of other key issues, including coplanar structures, hybrid

computational methods, and the specific absorption rate (SAR).

The coplanar structure as a transmission line has become an intensive topic of recent
research due to its attractive characteristics, such as a possibility for a wider impedance
matching bandwidth, and easy fabrication process. A new printed circuit antenna using
a coplanar waveguide structure is introduced in this work. The principal attraction of

this design is to eliminate the need for a balanced feed network (i.e. a balun).

The implementation of a hybrid computational method is also considered as a design
tool. The rationale is to model the interaction between a balanced antenna located over
several positions in close proximity to the human body. A simple statistical analysis of
the results is used to provide a performance map, the data is summarised in terms of the
CDF of the radiation efficiency and the location based ratio of the absorbed power to
radiated power. This approach provides an enhanced understanding of the impact of

electromagnetic energy on human tissue.

The SAR performance of a wide-band balanced antenna is studied empirically through
measuring the near field exposure, the results show that there is a low induced current in
the ground plane, and thus confirms the expected minimising performance variations,

and SAR.

Several antenna prototypes have been constructed and tested using these design
principles. The investigations have shown good agreement between the simulated and
empirical results, and have confirmed the good wideband impedance characteristics, and

multi-band functionality of these antennas.
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Routine investigations into electrical structure and performance were carried out using
the commercial packages HFSS [25] and CST Microwave studio [26]. HFSS was used
for obtaining frequency domain responses over the working bandwidth of the proposed
structure, whilst CST was used for general time domain analysis, and broadband
sweeps. Occasionally, IE3D [27] has been used in place of HFSS for frequency domain
analysis where the geometry is awkward for the volume mesh. The human body
analysis was carried out using an in house hybrid (FDTD) (MoM) code. This last

approach is described in Chapter 6.

1.3 Organization of the Report

Chapter 2 establishes the theoretical basis of balanced and unbalanced antenna
structures. It explains how the use of balanced antenna structures may benefit
performance in hand-held terminals, or wireless sensor tags positioned in close
proximity with the human body. The use of balun feeds from unbalanced antennas is
also discussed here, along with two experimental methods for determining the

differential input impedance.

Chapter 3 investigates in detail the design of balanced dipole antennas for multi-band
operation in a suitable generic mobile terminal. It is assumed that the antenna will be in-
built within the housing of the terminal, and the target service bands are GSM 1800,
GSM 1900, and UMTS. Operational extensions to this coverage are also discussed,
specifically with respect to Bluetooth/ WLAN (2.45 GHz) operation. The measurement
of input impedance is addressed, and a wideband planar balun embedded within the

chassis is discussed as a means of providing a suitable balanced feed.
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The themes of chapters 2 and 3 are deepened and extended through the designs
presented in Chapter 4. The target service bands are DCS (1710 MHz-1880 MHz), PCS
(1850 MHZz-1990 MHz), UMTS (1920 MHz-2170 MHz) and WLAN (2400 MHz —
2484 MHz). A wideband folded dipole is proposed, with the addition of a dual-arm on
each monopole. The stability of the antenna performance, under realistic operating
conditions, is critical to the success of such designs. In order to evaluate this stability
problem, the effect of the user’s hand on the terminal return loss and radiation pattern is
investigated. The specific absorption rate (SAR) is also studied for the antenna
empirically, by measuring near field exposure, to confirm the minimising effect on SAR
performance. The relationship between induced surface currents and unit size is also

investigated in this chapter.

Chapter 5 investigates the design concepts behind two new antennas operating over
WLAN (2.4 GHz and 5 GHz) and WiMAX (2.5 GHz and 3.5 GHz) bands. The basic
building block is a modified folded monopole is proposed, in which an additional thin
strip is used to excite the second resonant mode. A long slot is also introduced to each
folded arm of the dipole antenna, as a means of maintaining sufficient impedance
bandwidth, whilst meeting the height constraint of the unit. This size restriction is
shown to be effective, and is arrived through a semi-empirical design optimisation,

using simulation and prototype measurements.

Chapter 6 discusses the implementation of a hybrid computational method in which
frequency domain method of moment (MoM) for modelling the antenna and finite
difference time domain FDTD for modelling the human body have been hybridised and
used. It is successfully models the interaction between dual balanced antennas, placed in

close proximity with the human body. This code is used to investigate the radiation
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characteristics of the antenna over a variety of body locations. The near and far fields
are incorporated into the study, and are used to obtain a more complete understanding of
their impact on human tissue. The results are characterised in terms of the CDF of the
radiation efficiency and the ratio of the absorbed power to radiated power of the various

locations over the body.

Chapter 7 provides a brief overview of ultra-wideband (UWB) techniques. The principal
outcome is a new antenna design for mobile terminals, in which an in-built planar metal
plate, with balanced operation, is investigated. This design reduces the current flow on
the conductive surface of the unit, and a parametric study is devised to reduce the

overall size of the unit.

Chapter 8 provides a brief overview of microstrip and coplanar antennas. The main
development to be reported here is the use of coplanar waveguide structures in
implementing the balanced feed network. To this end, a new dual-band balanced
antenna using a coplanar waveguide structure is introduced, from which a prototype
design is fully realised. This particular design operates for the 2.4 GHz and 5 GHz

WLAN service bands.

Finally chapter 9 states the overall conclusions of this thesis, and makes a series of
recommendations to improve the depth of coverage of balanced antenna design, as well
as its industrial relevance in mobile communications. The recommendations focus on
techniques and processes to promote extended multi-band coverage, maintenance of

high efficiency and optimised bandwidth.
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CHAPTER TWO

Balanced and Unbalanced Antenna

Concept
2.1 Introduction

Contemporary developmental trends in the mobile communications equipment industry
require antenna designs which combine multi-band operation and small physical size.
The mobile communications market is in part driven by extra features within these
multi-band services; furthermore, there are corresponding trends in ubiquitous wireless
networks in medicine and infrastructure. The main focus of this thesis will be the design
of balanced antennas for hand held mobile terminals. More generally, these antennas
may be unbalanced or balanced, and this chapter begins with a review of these design

principles.
2.2 Unbalanced Antenna

Many handset designs utilize antennas with unbalanced terminals fed by unbalanced
lines, usually for size considerations. In this type of antenna, the radiation currents are
induced on the conducting surfaces of the handset chassis, as well as on the radiating
element itself [1]. Therefore, it can be said that the antenna (radiator) accounts for only

half the radiation mechanism, and the ground plane is the other half. The most
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commonly used example of this type of antenna is the PIFA, or planar inverted F
antenna. PIFA types are in widespread use due to their size advantages compared
against conventional A/2-radiators, low profile, and relative low costs in high volume
manufacturing [2-8]. The generic PIFA structure comprises a ground plane, top patch,
cable (or wire) feed and shorting post, which give rise to A/4-resonator. In fact there is
an approximate 50% length reduction between a PIFA and A/2-radiator [9-11].
However, the ground plane plays a highly significant role, which can be seen through
the impedance matching and radiation characteristics, which may constrain the use of
PIFA types for some applications. It should also be noted, that the height and shorting

post also place practical limits on the antenna size [3, 12, 13].

Unbalanced antenna units tend to be fed by coaxial cables, or occasionally microstrip
lines printed over the ground plane; the current induced on the ground plane varies due
to the surface currents on the radiator. These currents may contribute to improve or
degrade operating performance, especially when the antenna element is small compared
with one wavelength. Since these currents may be varied by their proximity to the user’s
hand and head, there is a significant degradation in antenna performance. The antenna
gain may suffer reductions of between 6 and 10 dB [14] due to the current flow on the
human body, as well as uncertainty in the antenna’s matching requirement [15]. If the
size of the ground plane is changed, or when components are relocated over the ground
plane, the antenna detunes, and thus radiation performance may be degraded further

[16].

In order to develop the concept of an unbalanced antenna further, the current

distribution on the coaxial feed cable is explored. The central conductor is shielded as
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shown in Figure 2.1; the current on the conductor and the inner side of the shield are
equal and opposite, this is due the fact that the fields associated with both the currents
are restricted to a same common place [17]. As a result of the skin effect a current flows
on the outer side of the shield [18]. If the current on the outer side of the shield is high
enough it will cause the coaxial cable to radiate fields like an antenna, this radiation

field is proportional to the current.

Dipole arms

Current on the left / \
M

5 ; T =S > :
arm of dipole = inner i H——— Current on the right

conductor current \ half of dipole
Inner conductor i A

! —> Current on the outer
side of the shield

Equal and opposite <
current

- Current on the inner
| .
! shield’s surface

Ko

Figure 2.1: Coaxial cable current distribution
Figure 2.1 shows the current distribution on the coaxial feed and the dipole. On the right
hand side of the antenna, the outer side of the shielding appears as a separate conductor
connected at the feed point. The current on the left arm of the dipole is supplied by the
central conductor of the coaxial cable. While the current on the inner side of the shield,
which is equal and opposite to that of the central conductor current flows partly on the
dipole’s right arm, and also partly along the outer side of the shield. If the length of the
outside path of the cable from the antenna to ground is a multiple of half wavelengths,
then the current on this outer path is maximum, since the impedance presented by this
undesirable path is low [18]. Therefore, if an antenna is fed by a coaxial cable this

phenomenology will apply, and the currents on the outer side of the shield will flow on
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the antenna ground plane because the cable is grounded. When a user holds such an
antenna in his/her hand, coupling will take place between the user’s hand and the
ground plane thus affecting the antenna performance. The best solution to this problem
is to isolate or reduce the current flow from the antenna to the ground plane. This may
be simply implemented using balanced antennas, as will be discussed in the following

section.

2.3 Balanced Antenna

An antenna with symmetrical structure which is fed with balanced, electrically
symmetrical, currents may be termed as a balanced antenna. The input voltage/current
signal of a balanced circuit comprises two signal components. These signals have same
magnitude, which are 180° out of phase with one another. These signals flow on the
antenna, and their resulting effects will be cancelled on the ground plane. The net result
i1s to improve the antenna performance, and also reduce the coupling effects of the
radiating element to the handset. This offers a possible improvement over unbalanced
antennas. On an unbalanced antenna, the currents induced on the chassis interact
strongly with the unpredictable (response) characteristics of the body [16, 19, 20]. In
addition, the maximum SAR values have been shown to be substantially reduced using
balanced antennas when placed next to the human head, compared with conventional

unbalanced antennas [15].

Dipoles and loops are the most common balanced antennas in practice; balanced
antennas may also be realized in meander-line, helix and microstrip forms. A balanced
antenna requires a balanced feed. In principle, the balanced antenna with balanced feed

keeps the ground plane almost free of induced current [14], hence any degradation of
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the antenna performance due to the influence of the human body can be largely
eliminated. As a result, balanced antennas should have good efficiency, and more

importantly should maintain their performance when in use adjacent to the human body.

Balanced antennas may have some limitations, such as reduced bandwidth, and sub
optimal pattern shaping, which can degrade their overall performance. Some novel
techniques have been proposed for the enhancement of impedance bandwidth. For
example, a genetic algorithm technique has been implemented to improve the
impedance bandwidth [21]. Parametric modelling has been applied to the length and

width of strip lines to obtain a wider bandwidth for the folded loop antenna system [22].

The size constraints of balanced antennas in the lower frequency bands (e.g. GSM 900)
are another limiting factor for mobile phone applications. Since the antenna size is
comparable to the operating wavelength at these frequencies, it might be difficult to
accommodate such an antenna. On the other hand, balanced antenna designs can be
more easily applied to the frequency bands above 1.5 GHz [16], these designs have been

extended to multiband operations [20].

2.4 Balanced/Unbalanced Operation using a Balun Circuit.

When a balanced antenna is fed using an unbalanced voltage source (such as a coaxial
cable), current flow through the antenna element in one direction at any instant, and at
the same time another current flows in the opposite direction along the inside and the
outer conductor of the coaxial cable. These unwanted currents flowing through the outer
shield of the coaxial cable are induced into the ground plane and the antenna element.

This will distort the antenna radiation pattern, and affect the performance of the system.
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In order to overcome this kind of situation, a balun can be used. It eliminates the
unwanted portion of the current flowing through the ground plane and antenna elements

and providing a balanced currents at the input terminals of the antenna [23].

The output signals of a balanced circuit comprise two signal components with the same
magnitude but 180-degree phase difference. Many analogue circuits require balanced
inputs and outputs in order to reduce noise and high order harmonics as well as improve
the dynamic range of the circuits at which the baluns provides the required
compatibility between systems, such that used in balanced mixers [24, 25], push-pull
amplifiers [26, 27], and antenna feed networks [28-34]. Baluns can be classified into
two different categories either active or passive [23, 35] and they can be found with
different types; as examples: LC, transmission line (TL), microstrip and mix of LC and

TL.

2.5 Measuring the Impedance Bandwidth of Balanced Antennas

In this section, two methods for obtaining the differential input impedance of balanced
antennas are presented. These are (i) the monopole method, and (ii) the two port

scattering parameter method.

2.5.1 Equivalent Monopole Antenna:

In this method half of the balanced structure is replaced by a conducting ground plane,
as shown in Figure 2.2. The size of the ground plane is a critical parameter in

characterizing the impedance function of the balanced antenna. A basic experimental
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result is that the size of the ground must be greater than four times the maximum

optimum wavelength [36].

Dipole
antenna
Maonapaole
antenna
I ."'.-.I i
The antenna in Perfect Ground plane
free space

Figure 2.2: Converting dipole antenna to monopole antenna

The input impedance of the balanced antenna using this method can be expressed as
following:

Zpalanced = 2 Zmonopole
Where Zpalanced and Zinonopole are the input impedances of the equivalent balanced and

monopole antenna respectively.

2.5.2 Two Ports Network Method:

To achieve a balanced antenna design, such as a dipole, the feeding currents must be
equal and exactly 180° out of phase. This is conventionally realized through the use of
a balun circuit, although other techniques are available (for dipoles). The quality of the
balun circuit design and its actual performance is critical in this approach, as will be

seen subsequently in future Chapters, e.g. Chapter 5. The difficulties associated with
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the balun circuit can become notably problematic when measuring the antenna

impedance function over a very wide bandwidth [37]. This is addressed as a practical

Port 2 Port 1
ULSU

issue in Chapter 7.

()
ly 15
—:_, %
Port 1 + +——. Port2
/ Vy Antenna v, Z,
f - — —

Two Ports Network
(b)

Figure 2.3: Basic representation of balanced antenna; (a) Simple balanced structure

with feed sources, (b) equivalent two ports network [38].

To work around this problem, the input impedance of a balanced antenna can be
measured by applying the two port network method in which the balun is completely
not required. This may be achieved by connecting the two ports of the balanced antenna
directly into the input ports of a calibrated VNA. The input impedance may be
extracted from the S-parameters as follows.

In Figure 2.3, the equivalent input port currents and voltages can be expressed in the

following impedance matrix elements [38]:
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Vi=21h+Z; 1 2.1)
Vo=1Z2y 1 +75 1 (2.2)
Where
Z{Zn Zu} (2.3)
Z,, Z,
Then, the differential input voltage V4 is given by:
Vg=V; =V, 2.4)
Vg = (Zy1ly — Zya 1y + Zyp15 — Zop15) (2.5)
Now subject to the applied input voltages, one can assume the following,
I, =1and I, = -1 (2.6)
It follows that equation (2.5) can be expressed as,
Va = (Z11 — Zy1 — Zy3 + Z35)] (2.7)
Therefore, the differential input impedance can stated as follows:
Lqg =111 =231 —ZL13+ 1y (2.8)
Since the antenna is passive and symmetric it can be assumed that,
L1y =1y and  Zy, =1y, (2.9)
Using the differential input impedance in (2.8), the expression can be simplified to:
Zg = 2(Zy1 — Zpy) (2.10)

In terms of 2-port scattering parameters, the differential impedance in (2.10) can be

given as,

(14 8511)(1 = S32) + 512521

le

(1= 851)(1 = S32) — S1250

ZlZ

=Z
* (1= 81101 — S23) — S1252

(2.11)

(2.12)
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It follows that similar values for Z,; and Z,, can be also obtained. Using (2.9), the
differential input impedance can be expressed in terms the of the S-parameters as
follows,

R SZ + 5%, — 25, (2.13)
47 (1 -5, - 5%

Where Z, is the characteristic impedance of the transmission line. Z, is usually
considered to be 50 Q for most practical measurements, this convention is adopted

throughout.
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2.6 Summary

This chapter has provided a brief overview of the balanced antenna concept. In
particular a theoretical framework for deriving the characteristics of both balanced and
unbalanced antenna types has been presented. The use of balun circuits has been
introduced. Two measurement techniques for the impedance input of balanced antennas
were discussed. The first is the monopole method, where a conducting ground plane
with only one half of the antenna is used, and the real part of the measured impedance
value is doubled. The second uses two port scattering parameters to evaluate the input
impedance of the balanced antenna. This two port methodology is useful, and has been

proven in the characterization of the equivalent impedance of the balanced antenna.
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CHAPTER THREE

Wideband Balanced Folded Dipole
Antenna with Dual Arm Monopole

Structure for Mobile Handsets

3.1 Introduction

The need to expand the bandwidth of antennas in mobile handheld devices follows from
the ever-increasing data rates, and hence spectrum requirements, of mobile devices.
Antennas are a major part of the complete design in mobile device systems.
Conventionally, the unbalanced planar inverted F antenna (PIFA) is one of the most
popular candidates for compact internalised antennas for mobile handsets. PIFAs use
the ground plane as a part of the radiator, enabling very small antennas to achieve
adequate gain and bandwidth [1-5]. Because of the unbalanced feed, however, radiating
currents are induced on both the ground plane and the antenna element in almost all
cases. Since the currents on the ground plane couple strongly to the user’s body, these

antennas exhibit variable performance when the handset is held in the hand.

Balanced antennas offer a means of removing these limitations. The currents are mostly
confined to the radiating elements, thus reducing the current flow to the ground plane
[6]. It follows that a well designed balanced antenna will reduce the specific absorption

rate (SAR) to the user’s body [7]. In recent years, several mobile antennas designed
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with the balanced technique have demonstrated the enhanced stability of antenna
performance, compared to the unbalanced type, when the handset is placed next to the

human head and/or hand [8-19].

In this chapter, the design of an inbuilt wideband balanced slotted dipole antenna is
introduced. The target design includes full coverage of the GSM 1800, GSM 1900 and
UMTS service bands. An improvement of the antenna impedance was achieved in order
to realise multiple-band operation, including Bluetooth/ WLAN (2.45 GHz). Detailed
simulations models were developed using HFSS, and the performance was optimised by
tracking the return loss, and calculated radiation patterns [20]. Methods for measuring
input impedance of the proposed antenna are addressed, and a wideband planar balun
feed is adopted for the fully realised design. Finally, the calculated and measured results

for the antenna are presented, compared and discussed.

3.2 Antenna Design Concept and Structure

Planar metal-plate monopole antennas have been investigated in the past as good
candidates for ultrawide-band applications [21, 22]. A pair of such wideband monopole
antennas can be integrated together to configure a dipole and to maintain a wide
bandwidth. Following this principle, a wideband planar dipole antenna in free space can
be developed. A simple technique for enhancing antenna impedance bandwidth was
employed by symmetrically trimming a triangle at the monopole edge near the feed

point, to give a tapered feed [23].

The first design iteration was for a free space model, which was then systematically

modified for realistic handset operations. The antenna (see Figure 3.1) is mounted on
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the top of a rectangular conducting plate (120x50 mm), which can be regarded as the

practical chassis or ground plane of a mobile handset.

Like most balanced antennas, the planar dipole antenna works best in free space and its
operation can be degraded when placed in the vicinity of other conductors (in particular,
mobile phone chassis). In order to mitigate the effects of the ground plane, a technique
was applied to reduce the effects of the induced current on the ground plane by inserting
a slot in each of the arms of the planar dipole. Consequently, the ground plane may have
less mutual coupling on the proposed antenna. In this way, the antenna may be placed
close to the ground plane of the handset (e.g. | mm away), without major performance
degradation. In order to achieve a low profile for built-in applications, two arms of the
dipole antenna were required to be folded [24-27] only but not connected at their ends,

as shown in Figure 3.1.
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source

Figure 3.1: Antenna configuration studied (a=23, b=20.5, h=9.5, n=20.5, ¢;=9, c,=7,

x;=13 and x,=14; dimensions are in mm).

The size and location of the slots in the antenna, together with other parameters, were
optimised to ensure that the design entirely covered the required frequency bands 1710
to 2170 MHz at an input return loss < -6 dB; as well as to minimise size of the antenna

as far as possible.



Chapter 3 Wideband Balanced Folded Dipole Antenna 32

3.3 Measuring Input Impedance of Balanced Antenna

Conventionally balanced antennas, such as dipoles, will use a balun feed network. The
input impedance or return loss of the balanced antenna measured for such a
configuration is from the antenna plus balun, rather than from the discrete antenna feed
point. Therefore, the two different methods discussed in Chapter 2 were used to verify
and validate the impedance of this balanced antenna. The first is the S-parameter
method, in which balanced antennas are considered as two-port devices (see Figure 3.2)
and the S-Parameters can be obtained from a VNA. Equations (2.11) and (2.13) are then
employed to derive the differential input impedance of the balanced antennas. In
addition, a monopole mirrored over the ground [28, 29] is used as the other method to

compare the results obtained from the first measurement method (see Chapter 2).

3 F
Antenna
W 1 il
Supparting post ~ Solder Supporting post
Coaxial feed

Figure 3.2: Side view of the balanced antenna with two-port S-Parameter

measurement method.

3.3.1 Wideband Balun Design and Characterisation

To obtain the desired antenna stability and radiation pattern, a suitable wideband balun

circuit [30], which was then modified for this design, as shown in Figure 3.3. This re-
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design was carried out using ADS [31]. The final balun structure is shown in Figure 3.4,
it was mounted on Duroid with a permittivity of 3.48, thickness 0.8 mm, and tan 6 =

0.0019.

Figure 3.3: Photograph of the fabricated board for the adopted balun in [30].

Figure 3.4: Photograph of the fabricated board for the modified balun.

Two back-to-back modified wideband planar baluns were built up and measured in
order to evaluate their insertion loss and return loss in the intended frequency bands

[32]. In addition, the magnitude and phase difference between the two outputs was
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investigated using a single balun: an excellent balance in magnitude and phase within

the intended bandwidth was found, as shown in Table 3.1.

Table 3.1: Comparison between the present design and the prior art.

Frequency | Insertion Relative Errors: Return
Item range loss max. Amplitude (dB)/ | loss max.
(GHz) (dB) Phase (degrees) (dB)
Prior art in 1.7-3.3 - +03/£5 10
[30]
Present 1.4-2.4 1.65 +0.1/£2 10
Balun

3.3.2 Results and Discussion

A monopole representing half of the intended balanced antenna, including half of the
phone chassis (ground plane), was constructed and tested in order to examine the actual
input impedance at the feed point for the proposed balanced design. Copper sheeting of
thickness 0.15 mm (for the ground plane) and 0.5 mm (for the antenna arms) was used,
whilst a copper plate with dimensions 500 mm x 500 mm was chosen as a finite ground
plane for the monopole design. Figure 3.5 compares the measured return loss for the
prototype, against the simulated values. As can be seen, a fairly good agreement in
return loss can be observed. A wideband characteristic with less than -6 dB return loss
can also be confirmed. It should be noted that the reference plane for the antenna
impedance measurement was effectively moved to the input port of the antenna by
applying the equivalent delay, and using a function in the VNA (HP 8510C) to calibrate
out the effect of introducing the semi-rigid coaxial cable (see Figure 3.2) in the two-port

measurement.
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Figure 3.5: Comparison of return loss among the two different measurement

methods and simulation.

To investigate the stability and radiation performance of this concept, another version of
the antenna, integrating a planar balun, was designed and constructed, as illustrated in
Figure 3.6. The ground plane of this variant was printed on one side of the dielectric
substrate and the balun was printed on the other side. The positions of the two balanced
outputs from the balun were carefully located directly beneath the feed points of the
balanced antenna. Two thin wires were used to connect the antenna feed point with the
balun through holes. In this way, the antenna and its feed network were closely
integrated and could be regarded as a single system. The calculated radiation patterns in

the xz plane and yz plane for the balanced dipole with and without the balun at 1780,
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1900 and 2150 MHz were presented in Figure 3.7. The results found to be quite similar

to each other at all three designated centre frequencies.

Figure 3.6: The fabricated prototype balanced antenna, together with its feeding

network, where left is top view and right is underside view.
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1900 MHz

2150 MHz

(a) (b)

Figure 3.7: Radiation patterns for the proposed antenna at 1780 MHz, 1900 MHz and 2150

MHz in the x-z plane (a) and y-z plane (b); ‘x x x’: simulated E4 without balun, ‘0 0 0’

simulated Eg without balun, ------ > simulated E4 with balun, ¢ > simulated Ey with balun

3.4 Studying the Antenna Performance

3.4.1 Effect of Slots and Taper of the Antenna Arms on Return Loss

Techniques were applied to successfully achieve the required low profile construction
and wideband characteristics in the design. These included the symmetrical tapering of

each arm of the dipole near the feed point, and inserting slots in the dipole arms. The
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performance of the antenna was analysed and evaluated with trimmed tapering, or the

introduction of slots. The resulting return loss is shown in Figure 3.8. One may
conclude that introducing these modifications into the antenna plays a vital important
role in achieving good balanced design. The application of symmetrical trimming to the

taper enables some freedom in antenna impedance matching, by varying the length of

the trimmed laterals (¢, and ¢;).

-10

Return Loss, dB

Proposed antenna {with slot and
cutoff)

v Antenna (without slot)
=== Antenna (without cutoff)
= = Antenna (without slot and cutoff)

2 2.2 24 2.6
Frequency, GHz

205 1

Figure 3.8: Effect on the antenna return loss by introducing slots or taper (corner

cutoff) to the configuration.
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3.4.2 The Effect of Head and Hand on the Antenna Return Loss

The effect of adjacent human tissue mass on the performance of the prototype antenna
was evaluated firstly by having the ground plane in the user’s hand (without electrical
contact), and secondly by placing it in the vicinity of the user’s head in a simulated
‘talk’ position, as in Figure 3.9. In this simulation, a simple model that includes hand
and spherical head is used. This model is a realistic well known model by several
published data [6,33,34], which is good enough to compare some computed result with
the one achieved by other. It was found that the antenna return loss in the two different
situations showed only small variations within the intended operating range, as shown
in Figure 3.10. This confirmed the stability of the proposed balanced antenna when the

phone is held in the vicinity of the head.

Figure 3.9: Spherical human head and hand model interaction with mobile handset
(where H = 200 mm, hy,= 98 mm, hy, = 80 mm, hg= 24.5 mm, h;=20 mm, d (distance
from the head) = 10 mm and hy= 20 mm).
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Figure 3.10 also presents the measured and simulated return loss (i.e. of antenna and
balun together) of the fabricated prototype antenna shown in Figure 3.6. The results are
in close agreement, but it is necessary to take into account the effect of modifications to
the physical prototype during the development process, and a further change in the
inclusion of the dielectric substrate beneath the ground plane. It should be noted that an
additional resonance was found in the measured at 2.4 GHz. This is believed to be due

to constraints on the operating frequency range of the balun (see Table 3.1).

Return loss, dB

= = = Simulated in Free space
m— Measured in Free space

20l ===== Simulated with hand
= e Simulated with hand&head
1.6 1.8 2 2.2 24 26

Frequency, GHz

Figure 3.10: Return loss characteristics of proposed balanced antenna with

integrated planar balun and head and hand models.

3.4.3 The Effect of the Ground Plane and the Current Distribution

An investigation of the effect of the ground plane length on the antenna return loss was
carried out. The length of ground plane was varied from 120 mm to 60 mm in

increments of 20 mm. The corresponding results are presented in Figure 3.11. For
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lengths 80 mm < 100 mm <120 mm, it can be seen that the calculated return loss shows
little variation. By contrast, when the length is set at 60 mm, the impedance match was
improved, whilst the resonant frequency remained unchanged. This effect is not
obvious, and indicates that the proposed antenna also features a low degree of
sensitivity to ground plane size, implying that the same antenna design can potentially
be adopted for many other mobile devices with little modification, this has useful

implications for antenna construction.
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Figure 3.11: Antenna return loss characteristics for ground plane lengths of

60 mm, 80 mm, 100 mm and 120 mm.

The current distribution on the mobile phone ground plane was also determined. It was
observed that most of the current induced on the ground plane was concentrated in the
area beneath the antenna, and less current appeared on the rest of the ground plane, in

line with expectations.
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3.5 Far Field Measurement of the Wideband Balanced Antenna

Measurements of the far field radiation patterns of the antenna were carried out in an
anechoic chamber. The fixed antenna (reference antenna) was a calibrated broadband
EMCO horn (type 3115) and the spacing between the test antenna and the horn was held
at 4 m. Two pattern cuts were taken for three selected operating frequencies that cover
the target bandwidth in this study. The radiation patterns in the xz plane and yz plane
for the balanced dipole at 1780, 1900 and 2150 MHz were measured. The results were
plotted against predictions in Figure 3.12, where the patterns of the fabricated prototype
antenna (i.e. the AUT) are seen to be quite similar to each other at all three designated
centre frequencies. It is obvious for 20 dB to 30 dB down the fields magnitude is less
important on the cross polar components in x-z plane; however, the differences on the
lower values of the cross polar components might rise from the contribution of the
feeding network. In addition, the xz plane presents a nearly omni-directional radiation
pattern in all intended frequency bands. The radiation patterns for other frequencies
within the intended frequency bands were also investigated and found to be similar to

one or other of these and hence are not presented.
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1900
MHz

2150
MHz

Figure 3.12: Radiation patterns for the proposed antenna at 1780 MHz, 1900 MHz and

2150 MHz in the x-z plane (a) and y-z plane (b), where: ‘x x x’: measured Ey, ‘0 0 0’

measured Eg, ‘------ > simulated Ey, ¢ > simulated Eg.
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Figure 3.13 illustrates the measured antenna gain compared to the simulations in the
broadside direction for the frequencies across the GSM 1800, GSM 1900 and UMTS
bands. It should be noted that the insertion loss of the feed network was subsequently
added to the measured power gain at each specific frequency in the measurement plot.
As can be seen in Figure 3.13, antenna gain measurements varied between
approximately 2.5 dBi and 3.5 dBi over the bandwidth. Generally, this variation of the
measured antenna gain was mainly caused by planar balun integrated with the handset
ground, and the wire connections between the antenna and the balun. For the
bandwidths of the three specific operating bands, the peak antenna gain variations are

less than 0.5 dBi, as compared with the predictions.

w [ -8
I I

%]
1

Antenna gain, dBi

q.ﬁ 1.7 1.8 1.9 2 2.1 2.2 2.3
Frequency, GHz

Figure 3.13: Comparison of simulated and measured antenna gain for the

proposed folded balanced antenna
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3.6 The Improved Version of the Wideband Balanced Antenna

In this section a further improvement in the impedance bandwidth for this antenna is
introduced, in order to cover an additional band at 2.45 GHz for WLAN, since most

mobile phones available in the market have such a feature.

3.6.1 New Antenna Configuration

Initially, new simulation model for the antenna operating around 2 GHz was build
(‘dipole 1°: see Figure 3.14b). In addition, a new technique was applied by inserting an
additional thin-strip arm (‘dipole 2’: see Figure 3.14b) for each planar dipole arm to
generate another resonant frequency at 2.45 GHz. Using this technique, the balanced
resonant antenna was modified and developed as a wideband dual-resonant variant for
multi-band operation. A symmetrically stepped structure was used on the edges of the
arms near the feed point [35], as shown in Figure 3.14c. This replaces the symmetrical
triangular trimming structure used in previous design. This is because the stepped

configuration has better control of the impedance bandwidth, as verified in the analysis.

Similarly, the slot size, including its location and length, and also the location of
additional arms for ‘dipole 2’°, together with other parameters (see Figure 3.14c), were
adjusted and optimised to ensure that the design entirely covered the required frequency
bands (1710-2484 MHz) with a VSWR at the input port of less than 3 (equivalent to

return loss < -6 dB).
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Figure 3.14: Antenna configuration studied; (a) balanced folded dipole antenna with conducting
plate; (b) development of the proposed multi-band design; (c) unfolded structure of the proposed

antenna.

An optimised antenna configuration was found with excellent performance in terms of
return loss, radiation patterns and power gain, with aid of the EM simulator. The most

important dimensions shown in Figure 3.14c were established to be as shown in Table

3.2
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Table 3.2: Summary of important parameters of the antenna.

Parameters Value (mm)
21.5
b 20
h; 9.5
h, 5.5
n 21
C 8
Co 3
C3 3
C4 2
X1 15
X5 14
el 22
€2 4

3.6.2 Parametric Study Results

In order to fully understand the influence of the antenna parameters on the impedance

bandwidth and overall antenna size constraints, a parametric study was carried out by

varying each parameter, while holding the remaining parameter values at the assumed

optimum values. The impedance bandwidth was the main goal to be optimized

throughout the parametric study in this work (i.e., return loss < -6 dB).

3.6.2.1 Effect of the Length of the Antenna Arm (n) and Length of The

Slot (Xl)

It was found the length of the antenna arm (n) and the length of the slot x; control the

resonant mode of this antenna. As can be seen from the Figure 3.15 and Figure 3.16, the
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optimum values of n and x; were found to be 21 mm and 15 mm, respectively. This

gave the best performance for the antenna in the mobile frequency bands of interest.
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Figure 3.15: Parametric study of parameter n (in mm) against

operating frequency.
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Figure 3.16: Parametric study of parameter x; (in mm) against

operating frequency.
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3.6.2.2 Effect of the Length of the Thin-Strip (e, and e; )

The purpose of introducing the thin-strip ‘dipole 2’ was to introduce another resonance,

thus creating a further variant to the existing multiple-band antenna. A parametric study
on the thin-strip dimensions e and e, was performed. Figure 3.17 presents the resulting
variations of antenna return loss against the operating frequency, for e; and e;. It is

observed that the additional resonant frequency next to the existing one is at about 2.4

GHz and gradually decreases as the length of the strips on ‘dipole 2’ are increased.
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1 15 2 25 3 3.5
Frequency, GHz

Figure 3.17: Parametric study of parameters e; and e, (in mm) against

operating frequency.
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3.6.2.3 The Effect of the Ground Plane Length

The influence of the ground plane on the antenna’s performance was investigated in
terms of the return loss, and is illustrated in Figure 3.18. The length of ground plane was
reduced from the end opposite the antenna, from 60 mm to 120 mm in increments of 20
mm. As can be seen in the figure, there was a small variation in calculated return loss
observed for all design cases. Similarly, the radiation patterns were examined for each
length and found to vary by no more than 2% (the full-length results are discussed
below). These results suggest that the antenna is fulfilling its intended function of
inducing very little current into the ground plane. As a check, the computed surface
currents for different ground plane lengths were also simulated, and are shown in Figure
3.19, in which it is seen that they are negligible except in the region underneath the
antenna. These results indicate that the antenna does feature a low degree of sensitivity
with respect to the ground plane size. This implies that the same antenna design has the

capability to be adapted for many other mobile devices.
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Figure 3.18: Variations of antenna return loss against ground length of

60 mm, 80 mm, 100 mm and 120 mm.
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Figure 3.19: Surface current distributions for the proposed balanced antenna at 2.4 GHz

for various ground plane lengths: a) 120 mm, (b) 80 mm, (¢) 60 mm
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3.6.3 Measuring the Input Impedance of the Improved Version of the

Proposed Antenna

For the sake of convenience whilst investigating the antenna’s radiation performance,
the wideband planar balun applied in previous section was used as a part of the feeding
network, to provide the necessary balanced feed from an unbalanced source. For the
physical realisation, a copper sheet of thickness 0.15 mm was used to fabricate the
balanced antenna. The ground plane was printed on one side of the dielectric substrate
and the planar balun was placed on the other side, as illustrated in Figure 3.20. The
same procedure of positioning the two balanced outputs from the balun in order to share
the same ground plane, and constitute a fully integrated system, was followed as

mentioned earlier.

Figure 3.20: The fabricated prototype balanced antenna, together with its

feeding network.



Chapter 3 Wideband Balanced Folded Dipole Antenna 53

Figure 3.21 shows the measured return loss of the prototype antenna, using both the
two-port direct measurement and the antenna with integrated planar wideband balun.
Both are compared against the simulation model. There is a generally good agreement
between the simulated and measured return loss, also there are some slight
discrepancies between the fabricated antenna and its simulation model. This result
verifies the actual impedance of the antenna, as well as the effectiveness of the antenna
system with an integrated balun, and confirms the validity of using it for the evaluation

of radiation performance of the system.

Return loss, dB

==xex Simulated (ant)

= Vleasured (ant&balun)

=== [\leasured (two port)

Gq 5 2 2:5 3
Frequency, GHz

Figure 3.21: The simulated and measured return loss against operating

frequency.
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3.6.4 Radiation Pattern and Power Gain of the Improved Version of

the Antenna

Measurements of the far field radiation patterns of the prototype were carried out in a
far-field anechoic chamber using an elevation-over-azimuth-positioner, with the
elevation axis coincident with the polar axis (6 = 0°) of the AUT’s co-ordinate system.
The azimuth drive thus generates cuts at constant ¢. The fixed antenna (reference
antenna) was a broadband EMCO horn (type 3115) positioned at 4 m. The elevation

positioner was rotated from 6 = -180° to 180° with increments of 5° for the selected

measurement. Two pattern cuts (i.e. ¢ = 0° and ¢ = 90°) were taken at four selected
operating frequencies covering the required bandwidth. The radiation patterns for the
AUT at 1795, 1920, 2045 and 2445 MHz were measured and the corresponding results
were verified and plotted against the predictions in Figure 3.22. The patterns of the
AUT are quite similar to each other for the first three cases. Moreover, the x-z plane
presents a nearly omni-directional radiation pattern in the three lower frequency bands,
whereas at 2445 MHz it tends to radiate at the +z direction in both planes. In this case,

the ground plane acts as a good reflector in this band.



55

Chapter 3 Wideband Balanced Folded Dipole Antenna

0

aﬁu O
TR
o)

3
ﬂ'<
b

' N

‘o » y %o
0) =30
I
o
©

> ©%8]

2045 and 2445 MHz in (a) the x-z
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(a) (b)
Figure 3.22: Radiation patterns of the antenna at 1795, 1920, 2045 and 2445 MHz in (a) the x-z

b

plane and (b) the y-z plane. ‘000’ measured Eg ‘— simulated Ey ‘xxx’ measured Ey ----

simulated E,

Figure 3.23 illustrates the calculated and measured antenna gain in the broadside
direction for the frequencies across the GSM 1800, GSM 1900, UMTS and 2.45-GHz
bands. It should be noted that the simulated gain curve assumes an ideal feed network,
whereas the measured results include the insertion loss of the feed network, hence the
local discrepancies. The measured antenna gain varied between 3.8 dBi and 5 dBi over
the entire bandwidth. This variation is believed to be caused through the introduction
the balun, and the connections between the antenna and the balun. On average, it can be

said that the measurements are comparable with the prediction.
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Figure 3.23: Comparison of simulated and measured antenna gain of the

proposed antenna.

3.7 Conclusions

The main subject of this chapter has been a new wideband folded dipole antenna design,
operating over the GSM 1800/1900 and UMTS service bands. The dipole is fed by a
planar wideband balun network. The design was successfully expanded to include the
2.45 GHz WLAN band. The antenna impedance was determined using the two methods
described in the previous Chapter, and the balanced operation of the antenna was
verified. Comparison of the return loss and far field radiation pattern showed good
agreement between the prototype assembly and the simulation models. These results
indicate that the ground plane had a minimal effect on the operating characteristics with

the user, in particular these characteristics seem to be independent of the length of the
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ground plane. Therefore, it is reasonable to conclude that the user-handset interaction
has been minimised, and that the antenna may be seen as a possible candidate for use in

mobile handsets.
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CHAPTER FOUR

SAR Measurement for Compact
Wideband Balanced Antenna for Mobile
Handsets

4.1 Introduction

Progress toward worldwide wireless communication continues at a remarkable pace,
and the antenna element of the technology is crucial to its success. Trends in system
evolution indicate the gap between cellular and WLAN technologies is narrowing, and
developments in Software Defined Radio (SDR) point strongly to the need for new
antenna designs to permit user terminals to access several different radio resources at
different frequencies according to the service requirements. Also, as radio connected
services become increasingly commonplace, the possible implications of user exposure
to emissions from hand-held terminals are causing increasing concern. Therefore, in
addition to the traditional design objectives of small size and low cost it is now essential
to address the need for (a) wide, or multi-band operation, (b) compliance with
international safety guidelines on Specific Absorption Rate (SAR) [1, 2] and (c) weak
coupling of the antenna with the handset case in order to achieve a good impedance

match that is stable in the presence of a human body.
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As mentioned previously, balanced antennas may be used to reduce the coupling of the
mobile antenna to the handset. This contrasts with unbalanced antennas, which drive
current into the handset chassis. These induced currents can interact unfavourably with
the complex characteristics of the body [3-5]. The maximum SAR values have been
shown to be substantially reduced when placed next to the human head, compared with
conventional unbalanced antennas, if these antennas are well-designed [6,7]. For
example in [8], it was demonstrated the corresponding computed peak SAR values for
the balanced antenna were 0.17674 (W/kg) and 0.64243 (W/kg) for balanced and
unbalanced respectively. In addition the computations indicate that approximately 20%
to 25% (balanced) and between 26% and 41% (unbalanced) of the total delivered power

was absorbed by the head.

In this chapter, the design of a compact balanced folded dipole antenna, with a novel
dual-arm structure, is introduced. A multi-band design is considered from the start, with
the following service bands: DCS, PCS, UMTS and WLAN (2.4 GHz). The broadband
balun circuit used in the previous chapter is adopted in the realization of this design.
The simulation model was build using a commercial EM solver based on the finite
integration technique [9]. The mutual effect of the proposed antenna system in the
presence of a human hand phantom is also addressed, and the SAR performance is
evaluated by experiment. Finally, the calculated and measured results for the

constructed prototype are presented and discussed.

4.2 Antenna Design Theory and Structure

The basic design concept is optimised and developed using the design procedure

established in the previous chapter as the starting point. The technique for optimising
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the impedance bandwidth by symmetrically trimming a triangle at the monopole edge
close to the feed point, to give a tapered feed, was used. In addition, a slot is introduced
into each of the arms of the planar dipole. This mitigates the effect of the ground plane,

and helps to maintain a good antenna performance.

The computer modelling was used for this design. Greater refinement is required in the
mechanical realisation for a more efficient, and compact, layout for the antenna
assembly. This is needed to meet the expanded multi-band requirements in the electrical
specification. The modelling was used to gain a better understanding of the
compromise between the antenna volume and the mutual interaction with the ground
plane. In contrast with the design in Ch. 3, where the slot on each arm of the folded
dipole antenna is removed, this design uses a relatively thin metal strip. The technique
for introducing multiple resonances to the folded dipole structure was refined further for
this design. The discussion concludes with the impedance bandwidth required to enable

multiple-band operation.

Firstly, a single arm balanced folded dipole antenna was developed for operation around
2 GHz. Tapering was introduced at the edge near the feed point. To achieve a more
compact design, the top end of the folded arm was extended and bent downwards (see
parameter ‘h1’ in Figure 4.1) to satisfy the required length for each arm to generate and
locate the target resonances. Subsequently, an additional thin-strip arm was introduced
and inserted in each arm of the planar dipole to generate the additional resonance
around 2.4 GHz as shown in Figure 4.1. Using this technique, the singly resonant
antenna was modified and developed as a wideband dual-resonant variant for multi-

band operation.
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The lateral length of the tapered feed, and its location on the antenna, together with the
length and location of the additional arm, and other parameters of the proposed antenna,
was adjusted and a further optimisation process was carried out to ensure that the design

entirely covered the required frequency bands (1.710 - 2.485 GHz) at VSWR < 3.

front view

---------

(@)
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Figure 4.1: Antenna configuration studied. (a) Balanced antenna with conducting

plate; (b) important parameters of the proposed antenna.

Figure 4.2: Photograph of prototype of the proposed balanced antenna design.

4.3 Measuring Input Impedance of Balanced Antenna

The volume constraint for this radiator assembly was 48 (1) x 15 (w) x 9 (h) mm”, which
includes a 2 mm gap source for the feed. The simulation model was developed
according to these constraints, resulting in ‘first cut’ dimensions shown in Table 4.1 for
the prototype. This is achieved through systematically evaluating the consequences of

optimising a number of antenna parameters and carefully monitoring the impact of such
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changes, these include (d, wi, h, h;, a3, as). The impact of making changes to the
antenna is monitored and verified through using the software modelling tool to ensure

accuracy and verification of the results.

A prototype balanced dipole and ground plane assembly was cut from copper sheets of

thickness 0.35 mm and 0.5 mm, respectively (Figure 4.2).

Table 4.1: The parameters of the antenna

Parameter Value / mm
d 20
W1 10
Wso 2
h 9
h; 5
hy 1
I 12
1, 14
15 11
1y 9
I 5
lg 2
1; 6
ap 3
ar 22
as 35
a4 6

Figure 4.3 presents the measured return loss of the prototype antenna against the
computed one. There is a reasonable level of agreement between the calculated and
measured return losses. It should be noted that the two impedance measurement
methods presented in chapter two were used here. The first was observed at the input
ports of the balanced antenna using the S-Parameter method in which the antenna is
considered as a two-port device. The second impedance was considered at the input port

of the balun.
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Figure 4.3: The simulated and measured return loss versus the operating

frequency.

4.4 Analysis Stability Performance for the Antenna and Hand Model

The mutual effect between the antenna and the human hand model was investigated in
order to evaluate its impact on the proposed design. The hand was modelled as a lossy
dielectric with an equivalent conductivity of 1.45 S m-1 and a permittivity of 54, for a
reference frequency of 2 GHz. In addition, the dimensions and position of the hand
model are illustrated in Figure 4.4 and listed as follows: g; = 8.5, hy = 80, h; = 39.5, hy
= 30 and m; = 24 (all dimensions in mm). The gap between the hand model and the

metallic ground plate is 4 mm.
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Figure 4.4: Hand phantom model with the proposed design.

The antenna performance in presence of human hand model was characterised in terms

of the antenna return loss and radiation patterns.
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Figure 4.5: Comparison of antenna return loss in free space and in

presence of hand model.

Figure 4.5 shows the antenna return loss with and without hand model, with the hand
model m; was chosen to be 50 mm in the analysis. As can be seen, the resulting two
plots have almost identical variations. The results indicate the proposed design features
have low sensitivity for impedance de-tuning when the phone is held, and a reduced
dependence of the antenna on the ground plane. The effects on various positions of the
hand (i.e. m;) were also studied. The distance between the antenna and the hand (i.e.
parameter ‘m;’) was varied from 30 mm to 60 mm in increments of 10 mm. The

corresponding return loss results are presented in Figure 4.6.
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Figure 4.6: The parametric study on parameters m/ against operating frequency.

As can be seen there is little variation of the calculated return loss observed for the
varied cases. These results agree well with [10, 11] in which they show negligible
induced surface currents on the handsets expect underneath the antenna. Similarly, the
radiation patterns were examined for the case m; = 30 mm. The calculated patterns of
the proposed antenna, with and without the hand model, at frequencies of 2 GHz and
2.45 GHz were presented in Figure 4.7 and Figure 4.8. The results found to vary by no
more than 2 dB at the maximum when the hand model is included, which suggests that

this antenna induced very little current into the ground plane.
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Figure 4.7: Comparison of radiation patterns in free space at 2 GHz and 2.45 GHz. ‘—’

calculated Eg, ‘----" calculated E,.
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Figure 4.8: Comparison of radiation patterns in presence of hand model at 2 GHz and 2.45

GHz. ‘— calculated Eg, ‘----" calculated E,,.

4.5 Near Field Measurement

The experimental SAR measurement for the antenna was carried out in an anechoic
chamber using the equipment illustrated in Figure 4.9, which includes a cubic phantom
model and computer controlled 3-D stepper motor to position the probe. The head
model was considered as a single homogenous layer, which is good enough compared to

a multi-layered spherical head [12].
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Figure 4.9: Diagram of near field measurement set-up for the proposed antenna

(a) bottom view; (b) side view.

A simple phantom was constructed from plastic of thickness 5 mm (t,), and dimensions
550 mm (L) x 300 mm (W). The phantom was filled with 5 litres of lossy tissue

analogue, representing the brain matter. This material was modelled as a lossy dielectric
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with conductivity 1.3 Sm-1 and &, = 41.8, for a reference frequency of 1.8 GHz. The
fluid composition was 54.90% de-ionised water, 44.92% (2-Butoxyethoxy) ethanol or
diethylene glycol monobutyl ether and 0.18% NaCl salt, as set out in IEEE-1520-200x
for the frequency band 1800 MHz — 1900 MHz [13, 14]. The top surface is left open,
allowing a non perturbing electric field probe to be inserted and held in position for the
measurement; repeatability is ensured by use of a stepper motor, the measurement
tolerance being + 5 mm. A commercial Schmid Associates (SPEAG) electric field probe
and near field measurement system was used for the measurement [15]. The normalized
measured, and simulated, SAR values are shown in Figure 4.10. The probe and antenna

distances shown in Figure 4.9 were 2 mm (dp) and 3 mm (d,) respectively.

100 100

50 50
10.6

0 0
10.4

-850 50

-100 -100

(a) (b)
Figure 4.10: The normalized SAR distribution at 1.8 GHz; (a) measured SAR, (b)
computed SAR.

A reasonable agreement in SAR distribution between the measured and computed

results can be noted from Figure 4.10. The maximum unaveraged measured and
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computed SAR values for one watt of input power are 3.2 W kg-1 and 3.02 W kg-1
respectively. These results are much lower than those reported in [14] for a GSM 1800
terrestrial handset, for which the peak SAR in the head was between 10 and 21 W kg-1

for a head-handset separation of 7.5 mm.

4.6 Antenna Radiation Pattern

The radiation pattern measurements of the prototype were carried out in a far-field
anechoic chamber. Two pattern cuts were taken for four selected operating frequencies
covering the designated bandwidth. The radiation patterns in the zx plane and zy plane
were measured for 1.795, 1.920, 2.045 and 2.445 GHz, respectively. These results are
presented in Figure 4.11. These patterns seem to be quite similar to one another. The
pattern similarities for the first three selected frequencies (i.e., 1.795, 1.920 and 2.045)
were quite reasonable. In addition, the zx plane presents a nearly omni-directional
radiation pattern in all three intended frequency bands; whereas, the proposed antenna at
2.445 GHz tends to radiate at the -x direction in the zx plane cut and at the +z direction

in the zy plane cut, in which the ground plane for this band acts as a good reflector.
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Figure 4.11: Measured radiation patterns for the proposed antenna at 1.795 GHz,
1.920 GHz, 2.045 GHz and 2.445 GHz at : (left) xz plane; (right) yz plane, where
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4.7 The Power Gain and Efficiency of the Antenna

Table 4.2 shows the measured broadside antenna power gain for the frequencies across
the DCS, PCS, UMTS and 2.4-GHz WLAN bands. It should be noted that the insertion
loss of the feeding network was subsequently compensated for each measured power
gain over all the bands. As observed, the measured antenna gain varied between 2.7 dBi
and 5.4 dBi over the entire bandwidth considered. In addition, the gain value of this

antenna is quit comparable with the gain values of the antenna in previous chapter.

Table 4.2: Measured antenna gain of the proposed design.

Frequency (GHz) | Antenna gain (dBi)
1.75 2.7
1.80 3.2
1.85 3.6
1.90 4.3
1.95 4.2
2.00 4.2
2.04 4.3
2.10 4.2
2.15 54
2.40 3.2
2.44 3.6
2.48 4.1

The radiation efficiency is an important measure of antenna performance, but is often
over looked as it is difficult to measure with precision. A convenient indoor radiometric
method reported in [16] was used to obtain an efficiency value for this prototype; the

measured results are given in Table 4.3. The antenna has very high efficiency over the
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target frequency bands. These efficiency results may be seen as encouraging, and

provide further support to the balanced antenna approach.

Table 4.3: Measured antenna efficiency of the proposed design.

Frequency
1.75 1.80 | 1.845 | 190 |1.95 2.01
(GHz)

Antenna Efficiency
91.2 90.7 |94.5 93.1 972 |952
(o)

4.8 Conclusions

A new compact wideband balanced folded dipole antenna design, operating over the
DCS, PCS, UMTS and 2.4-GHz WLAN bands, has been presented. The antenna design
was characterized in terms of the return loss, radiation pattern, power gain and radiation
efficiency. Comparison of return loss measurements showed good agreement with the
computational predictions. The analysis of the design in the presence of a human hand
model confirmed that the antenna induces little current into the ground plane. In
addition, the antenna performance was stable since the interaction between the antenna
and the hand is minimized. The specific absorption rate (SAR) performance of the
antenna is also studied experimentally by measuring near field exposure. The measured
results have shown low induced current in the ground plane and thus confirm
minimisation of performance variations and SAR. The antenna efficiency has been
measured using a radiometric technique. The results provided further supporting
evidence for the balanced technique. However, the current design has some practical

limitations since it does not cover the GSM 900 frequency band, which remains in
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demand or in the 5 GHz band for WLAN, which is often required in new mobile
handsets. Looking to the future, further development of balanced antennas will be

required for multi-band implementation.
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CHAPTER FIVE

Dual-band and Multi-band Balanced
Mobile Handset Antennas

5.1 Introduction

Many mobile handsets have design constraints on size and weight; this is driven by
customer expectations, and the pervasive impact of location-aware services. From an
antenna design perspective, these constraints may be summarised thus:
e to reduce the antenna size with unchanged, or improved, performance
characteristics
e to continue to seek reductions in the degradation of antenna performance when

in proximity with the operator’s body [1].

It has been established that balanced antennas offer a genuine choice for the designer in
mitigating the effects of the user on the antenna performance [2], since balanced
currents only flow on the antenna element, thus dramatically reducing the effect of
current flow on the ground plane. Hence, balanced antennas are generally efficient and,
more importantly, maintain their performance when held or positioned adjacent to the

human body [3].

Recently, several novel designs of such antenna types have been successfully developed

and demonstrated [3-6], most of them being designed and implemented for operations in
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the current 2G and 3G mobile service bands. However, not much work has been carried
out for the potential frequency bands beyond the current frequency ranges, as expected
future integration of mobile applications. Therefore, there is motivation to develop this

balanced antenna technique for future mobile device applications.

Wireless local area network (WLAN) technology is a rapidly expanding area in the
modern wireless communication. The trend of integrating WLAN communication
system into the mobile electronic products leads to a great demand in developing dual-
band or multi-band antennas with compact size [7, 8]. In this chapter, the design of a
built-in multi-band balanced-dipole antenna is presented, and optimized for WLAN and
WiMAX applications over the corresponding frequency bands. The study covers the full
WLAN requirement, and the lower WiMAX service bands, via 2.4 GHz and 5.2 GHz

WLAN bands and 2.5 and 3.5 WiMAX bands.

Some success in reducing the size of the antenna has been achieved by introducing a
long slot into each folded arm of the dipole radiator. The performance of the proposed
antennas have been analysed and optimised for the targeted frequency bands. For
validation purposes, antennas prototypes were fabricated and tested. The prototypes
performance are characterised in terms of the antenna reflection coefficient, radiation
pattern, power gain and surface current distribution. The predicted and measured results
show acceptable agreement, and the results also confirm good impedance bandwidth
characteristics with excellent dual-band operation. In addition, a new design with
wideband impedance bandwidth for the future mobile communication systems is

introduced at the end of this chapter.
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5.2 First Design (Multi-band Balanced Antenna for WLAN/WiMAX

Operation in Handheld Devices)

The design concept established in the previous chapter is applied to a new multi-band
antenna. The requirements specification is based on the full WLAN and lower WiMAX
service bands for handset applications, additionally the design may also cover the 2.4
GHz remote control band (RF4CE — remote control using radio frequency for consumer
applications). A working model was constructed using CST Microwave Studio [9], and
performance guidelines for input return loss, power gain and radiation pattern were

established.

5.2.1 Antenna Structure

The antenna design is fundamentally based on the realisation of a folded dipole
structure. This is due to its symmetrical layout, and the fact that the structure easily
lends itself to low profile packaging. The geometrical antenna model is shown in Figure
5.1, the radiator structure is mounted 1 mm above a rectangular conducting plate (40
mm x 100 mm) which may be regarded as the base or chassis of the device, and which
acts as an effective ground plane. The positioning of the antenna is set with a spacing of
I mm to all surrounding edges of the ground plane, making the total antenna length 38
mm (including 1 mm gap between the two arms for feeding purposes). The simulation
model is effectively tuned in terms of three structure parameters: the height (h) of the

folded dipole, the antenna width (w), and the length (d).
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Figure 5.1: Balanced mobile antenna configuration studied.

5.2.2 Parametric Study of the Antenna

In order to fully understand the influence of these parameters on the impedance
bandwidth, a parametric study was carried out by varying each parameter, while holding
the remaining parameters at the assumed optimum values. The effect of varying h on the
input return loss was studied, where the parameters d and w were set to be 15 mm and 5
mm, respectively. It was found that the variation of the folded antenna height influences
the shifting of resonant frequency dramatically, as shown in Figure 5.2. Figure 5.3
illustrates the effect of varying the length of the folded arms, where /4 and w are 8 mm
and 5 mm, respectively. The antenna resonant frequency is observed to rise as the

parameter d decreases, which is as expected, since this is equivalent to decreasing the
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total length of a simple dipole antenna. On the other hand, the width of the arms (w)
principally affects the broadband impedance matching as it is varied (where 2 = 8§ mm

and d = 14.5 mm), this is shown in Figure 5.4.
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Figure 5.3: Effect of variation of the parameter d on the input return loss.
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Figure 5.4: Effect of variation of the parameter w on the input return loss

A first working design may be created as a result of this parameter study, with the
folded dipole covering all of the bands of interest, except for the 5.2 GHz WLAN. In
order to realise a design variant which includes this band, a technique was applied by
inserting an additional thin-strip at the side of each main arm of the folded structure, see
Figure 5.1. This produces the additional resonant frequency for the 5.2 GHz band. The
optimal length and width of this added arm was found, subject to the input return loss
required of the antenna in the 5.2 GHz band. It should be noted that this added arm has
little effect on the return loss of the main radiator. Therefore, the desired multiple
frequency operation of this balanced handset antenna, together with low profile, is

achieved with the dual-arm structure.

The optimised configuration of this dual-arm structure was studied in terms of return
loss, radiation patterns and power gain. The principal dimensions of this configuration
are tabulated in Table 5.1. The new compact design has overall dimensions of 38 (L) x

8 (W) x 8 (H) mm. The total physical length of the main radiator at 2.5 GHz is 35.5
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mm, which is longer than a quarter wavelength at this frequency in free space. This is
mainly because the bending and the proximity (I mm) to the ground plane of the

radiator affect the resonance length.

Table 5.1: Summary of the principal dimensions of the antenna.

Parameters Value (mm)

1 18.5

d 9

w 5

h 8

a 9.5

Ay 3

an 5

5.2.3 Prototyping of Antenna and Test Results

For practical optimisation, the simulation model was studied in terms of return loss,
radiation patterns and power gain, and then realized as a first cut design as follows.
Copper sheet with thickness 0.15 mm was used for fabricating the antenna, and 0.5 mm
for the associated ground plane. The prototype is presented in Figure 5.5. As can be
seen from the photograph, some of the non-conductive material was used to support the
radiator’s arms in order to constrain them at the same level, and to suspend the antenna

uniformly from the ground plane with distance of 1 mm.
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Figure 5.5: Photograph of prototype of the proposed balanced antenna design

5.2.3.1 Return Loss of the Antenna

The return loss measurement for this prototype uses a balun circuit as the feed network.
In addition, the impedance at the input port of the antenna was examined using the S-
Parameter method described in [10] (see Chapter 2). In this case, balanced antennas are
considered as two-port devices, and the S-Parameters can be obtained by using a
calibrated network analyser. A simple formula is then used to derive the differential
input impedance of the balanced antenna. Figure 5.6 gives the two versions of measured
return loss, both compared against the simulation model. The results are in fairly close

agreement.
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Figure 5.6: Comparison of simulated and measured return loss

5.2.3.2 The Radiation Pattern of the Antenna

Measurement of the radiation patterns of the prototype were carried out in a far-field
anechoic chamber, using an elevation-over-azimuth positioner, with the elevation axis
coincident with the polar axis (6 = 0°) of the antenna’s co-ordinate system. The azimuth
drive thus generates cuts at constant ¢. The fixed antenna was a broadband horn (EMCO
type 3115) fixed at a distance of 4 m. The elevation positioner was rotated over 180° <
0 < 180°, with an increment of 5° for principal plane measurements. Three principal-
plane pattern cuts were taken for the four designated WLAN/WiMAX operating
frequencies. The radiation patterns in the y-z, x-z and x-y planes for the design at 2.45
GHz, 2.6 GHz, 3.5 GHz and 5.2 GHz were measured and compared with the simulation,
as shown in Figure 5.7. The measured patterns at frequencies above the lower band (e.g.

in the 2.6 and 3.5 GHz bands) are similar to the patterns at 2.45 GHz presented in
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Figure 5.7. This is because the antenna’s behaviour at the lower operating frequencies is

controlled by the basic single-arm folded dipole, whereas at 5.2 GHz the antenna tends

to radiate with a partial bias towards the +z direction, since the ground plane acts as a

reflector in this band.
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f=5.2 GHz
Figure 5.7: Radiation patterns of the proposed antenna at 2.45, 2.6, 3.5 and 5.2 GHz for y-z,

x-z and x-y planes, where ‘000’ measured Eg ,‘ ----’ simulated Eg ,‘xxx’ measured E,

> simulated Ey

5.2.3.3 Power Gain and Current Distribution of the Antenna

The measured broadside antenna power gain for frequencies across the 2.4 and 5.2 GHz
WLAN bands and 2.5 and 3.5 GHz WiMAX bands were also investigated. The
measured antenna gains across the frequency bands of interest are shown in Figure 5.8.
The insertion loss of the feed network was adjusted to compensate the measured power
gain, to give uniform values over each band, where necessary. The basic antenna gain

varied over the range of from 2.12 dBi to 5.26 dBi over the frequency bands of interest.
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Figure 5.8: Measured power gain of the proposed antenna

Furthermore, the current distribution on the mobile handset ground plane was analysed
using the EM simulator. This confirms that most of the current induced on the ground
plane was at a maximum in the area beneath the antenna, and that a relatively weak
current distribution appeared on the rest of the ground plane. This prototyping study
clearly illustrates the advantages of the balanced design concept, and the next logical
step is to pursue the interaction of the user with the antenna (or handset), with particular

reference to radiation characteristics and SAR performance.

5.3 Second Design (Low Profile Dual-Band Balanced Handset Antenna

for WLAN Application)

By extending the work from previous section, a dual-band balanced antenna for mobile

handset applications covering the 2.4 GHz (2.4-2.484 GHz) and 5 GHz (5.15-5.35 GHz
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& 5.725-5.825 GHz) bands, is proposed. Up to 50% height reductions were achieved as
compared with the previous designs. This was achieved by introducing a long slot into
each folded arm of the dipole radiator, and the new low-profile design is therefore

realised.

5.3.1 Antenna Structure

In the first instance, the aim was to design a dual-band balanced antenna using two
clearly separated resonant modes. This design was approached using a two-tier process.
Firstly, each monopole arm of a planar strip dipole was folded. In order to achieve a
low-profile folded (i.e. minimised height) balanced antenna, whilst maintaining
sufficient impedance bandwidth to support the targeted WLAN bands, a long slot was
introduced into each folded arm of the dipole radiator, as in Figure 5.9. In this way, the
equivalent wavelength of the surface current at 2.4 GHz was increased, compared to the
case without the long slot. Thus, the folded antenna height (h) can be reduced by 50%,
and revised the low-profile design realised. Secondly, a technique for introducing
another resonant frequency was applied to the antenna after the first stage. A metal strip
with appropriate length and width was inserted into each arm of the planar dipole with
folded structure (see Figure 1.9¢). This additional arm was exploited to generate the
second resonant frequency for the 5 GHz frequency band [11]. The proper length and
width of this added arm was found with the aid of the structure parameters in the
simulation model, subject to the input impedance matching required for the 5 GHz
band. It was noticed that this addition had only a slight effect on the resonant frequency
for the 2.4 GHz band. Therefore, a dual-frequency operation with low profile was

achieved with the dual-arm structure, as shown in Figure 5.9.a.
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Figure 5.9: Geometry model of the proposed balanced mobile antenna, (a) 3D balanced

mobile antenna configuration, (b) Side view of the balanced antenna with connected

feed, (c¢) Unfolded arm of the balanced mobile antenna configuration studied
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5.3.2 Parametric Study of the Antenna

The dimensions of this antenna geometry must remain within realistic handset sizes
constraints. A parametric model was built up to establish the relationship between the
principal structure parameters, and the realisable impedance bandwidth. The model is
used to guide the optimisation of the impedance bandwidth, to include the WLAN band.
The antenna height parameters (4 and w) have a dominant effect on the impedance
bandwidth. The optimal value of h was found to be 4 mm, based on a sweep over the
range 2 < h /mm <5, this is shown in Figure 5.10. The corresponding value for w was 3
mm, based on the range / <w /mm < 4, see Figure 5.11. As discussed in the previous
section, the purpose of the additional strip was to produce the upper resonance of the
antenna. The controlling parameters are the dimensions f and g, as these values are

increased; the upper resonant frequency decreases (see Figure 5.12). This does have a

slight effect on the lower band.
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Figure 5.10: Effect of variation of the parameter 4 on the input return loss
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Figure 5.12: Parametric study of parameters f'and g (in mm) against

operating frequency.

The actual design values for this model analysis are summarised in Table 5.2. The

antenna is placed 1 mm above the ground plane (90 mm x 40 mm), and the equivalent

volume is 38 x 10 x 4 mm’. The length and positioning of each arm were fine tuned,
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together with second order effects from the remaining parameters to achieve a return

loss better than 10 dB over the WLAN band.

Table 5.2: Summary of important parameters defining the proposed antenna.

Parameters Value (mm)
a 18.5
b 8
c 11.5
d 5
w 3
h 4
t 1.5
f 2
g 10.5

5.3.3 Simulation and Measurement Return Loss

A prototype antenna was constructed using copper sheet of thickness 0.15 mm (Figure
5.13). A commercial balun (ET Industries, [12]) operating over 2 GHz to 12 GHz was

used as the feed network (see Figure 5.14).

Figure 5.13: Fabricated prototype of the proposed balanced antenna design.
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Figure 5.14: Photograph of prototype of the balun.

Figure 5.15 compares the return loss of the simulation model (ant) against the prototype
(ant) and the full assembly (ant & balun), the results are in general agreement, and

sufficient to verify the impedance response of the design.

Return Loss,dB

20

Measured(ant)

—7" Measured(ant&balun)

25 1 I 1 1 1 1 1 ] 1
2 25 3 35 4 45 5 55 6 65 7

Frequency,GHz

Figure 5.15: Comparison of simulated and measured return loss.
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5.3.4 Measurement of Radiation Pattern and Power Gain

Measurements of the balanced prototype radiation patterns were carried out in a far-
field anechoic chamber. Three principal-plane pattern cuts (i.e. zx, zy and xy planes)
were taken for three WLAN operating frequencies covering the designated bandwidth.
The radiation patterns were measured at selected frequencies of 2.4 GHz, 2.45 GHz, 5.2
GHz and 5.8 GHz, respectively; the measured patterns were normalised and presented
in Figure 5.16. The results indicate a reasonable agreement between simulated and

measured radiation patterns.

=2.45 GHz
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Figure 5.16: Radiation patterns of the proposed antenna at 2.4, 2.45, 5.2 and 5.8 GHz for
yz, Xz and Xy planes. ‘000’ measured Eq ,* ----” simulated Eq ,‘xxx’ measured E ‘——’

simulated E,

The antenna gain of the final assembly was also measured in the broadside direction for
frequencies centred on 2.4 GHz and 5 GHz see Figure 5.17, it should be noted that the
insertion loss of the feed network was added to the measured power gain at each
specified frequency in the plot. The measured antenna gain varied approximately
between 2.3 dBi and 4.3 dBi over the 2.5 GHz band and between 3.5 dBi and 5.3 dBi
over 5.2 GHz band. The variations in the measured antenna gains were mainly caused
by the balun, and from the wire connections between the antenna and the balun. The
peak antenna gain variations for the 2.4 GHz and 5 GHz bands are less than 1.0 dBi, as

compared with the simulation model.
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Figure 5.17: Simulated and measured power gain of the proposed antenna

5.3.5 The Current Distribution

54 66 58

The current distribution on the ground plane was studied in the simulation model, using

the three specified frequencies, 2.45 GHz, 5.2 GHz, and 5.8 GHz. The results are shown

in Figure 5.18, where most of the induced current on the ground can be seen to be

concentrated in the region beneath the radiator. The distribution elsewhere is minimal.

This is in close agreement with the established results of Kim et al [13] and Hayashida

et al [14], in which only negligible induced surface currents were shown to exist on the

underside handset chassis structures. Once again it may be safely inferred that this

balanced design will be insensitive to the loading effect of the user’s hand.
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Figure 5.18: Surface current distributions for the proposed balanced antenna at 2.4

GHz, 5.2 GHz and 5.8 GHz, respectively.

5.4 Antenna for Future Mobile Application

To date, most of the balanced antenna designs have been implemented for operations in
the contemporary 2.5G and 3G service bands. Therefore, there is a substantial
motivation to look beyond these immediate requirements for the folded balanced-dipole
antenna designs presented in this chapter. The usual mechanical constraints are
anticipated, i.e. small size, low profile, and internalised construction. On this basis a

more speculative folded structure may be proposed.

5.4.1 The Antenna Design Concept, and Basic Mechanical Structure

The initial building block of this design concept, ‘antenna 1°, is shown on Figure 5.19.

The eventual goal will be a wideband folded dipole. The antenna 1 structure was
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systematically modified to enhance its wideband performance; the dipole was mounted

over a rectangular conducting plate with dimensions 120 mm x 40 mm.

Figure 5.19: Geometry of wideband balanced antenna for future mobile

communication system

Antennal Antenna? Antenna3 Antennad

14

Figure 5.20: Antenna elements configuration

The initial basis for Antenna 1 is the single band folded design reported by Zhou et al
[15], which had a design frequency of 1.8 GHz. The detailing was provided via a
genetic algorithm, using a goal function derived from the impedance bandwidth
requirement. A second building block, ‘Antenna 2’, was designed for a higher resonant
frequency (2.68 GHz) [16], the structure is shown in Figure 5.20. This variant produces
an intrinsically wider bandwidth, which may be tuned in terms of the strip width

parameter wy, this may be easily seen from the reference model calculation in Figure
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5.20. Further analysis clarifies the tuning process in terms of a ‘fine tuning’ parameter
d, which is varied whilst keeping the main parameter (a) constant. For example,
consider ‘Antenna 3°, shown in Figure 5.20. In this variant, the principal dimensions are
summarised in Table 5.3. The corresponding return loss is given in Figure 5.21. The
design concept from the last section may be employed at this stage, and a further
resonant frequency may be incorporated. An additional thin metal strip was inserted into
each arm of the planar dipole; this structure (‘Antenna 4’) is given in Figure 5.20, with
return loss given in Figure 5.21. The result of these actions is a single dual-resonant
wideband variant of the folded planar dipole antenna, which is capable of operating over
a comparatively large bandwidth. The influence of the geometry on return loss,
radiation pattern and power gain was investigated in a detailed simulation model
constructed using CST [9]. The parameter table was seeded with the values quoted
above, and the frequency tuning was carried out using {a/ and d}, which control the
total length of the folded loop. The main effect is summarised in Figure 5.21. The trend
in the structure parameters is understood in terms of their impact on the impedance
bandwidth; it can be seen with reference to Figure 5.22 and Figure 5.23 that the optimal
values of d and a/ are 13.5 mm and 12.5 mm, respectively. These results should also be
understood in terms of the constraint on available volume for the final assembly. The
final dimensions for this design are 36 (/) mm x 6 (w) mm x 8 (A) mm, which are fully
consistent with Hayashida et al [16]. A small amount of further optimisation was
required as a result of the added volume on the arms, with respect to the bandwidth

requirement, i.e. 2.6 <f(GHz) < 5.8 and VSWR <2.
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Table 5.3: Summary of important parameters of the antenna.

Parameters Value (mm)
a 35.8
d 13.5
h 8
S 1
W1 1
Wso 4
d; 13
d> 9
a 12.5
ay 5
h; 1
1]
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Figure 5.21: Calculated return loss of the antennas presented in
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Figure 5.22
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Figure 5.23: Variation of the parameter g, on the effect of return loss.
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5.4.2 Simulation and Measurement Results

A prototype antenna and ground plane assembly was constructed from copper sheet
with thickness 0.35 mm and 0.5 mm, respectively, see Figure 5.24. The ET industries

balun circuit was used again to provide the balanced feed.

Figure 5.24: Photograph of the prototype antenna.

The return loss for the simulation model and prototype are shown in Figure 5.25. The
model was cross validated using a different calculation method, i.e. CST vs. IE3D [17].
Taking into account that some of the practical detail of the prototype is not present in

the simulation, the results are in acceptably close agreement.



Chapter 5 Dual-band and Multi-band Balanced Mobile Handset Antennas 111

Return loss, dB

— Simulated[C5T)
A0 = Simulated{IE3D) .
—— Measured|{ Ant+Balun)
_45 | 1 I I

2 3 4 5 6 7
Frequency, GHz

Figure 5.25: Comparison of simulated and measured return loss.

The simulated, normalised, radiation patterns are shown in Figure 5.26. Five specific
frequencies of the radiation patterns in the xz plane and yz plane of the prototype
antenna were selected in this study. These are 2.9 GHz, 3.5 GHz, 4.6 GHz, 5.2 GHz and
5.8 GHz. It can also be seen from Figure 5.26, that similar radiation patterns were
observed at yz plane, except for the one at 2.9 GHz. This prototype tends to radiate in

the +z direction, and the peak (simulated) gain was found to vary between 4.5 dBi to 6.6

dBi over the full band.
0 (+z)
-30 S~ 0
- - \
-60 / N £
A *
o
50 a0
0 30 70} 10
1 )
\\ !
. r/
120 #7120
[
A ”
\--" =
150 150




Chapter 5 Dual-band and Multi-band Balanced Mobile Handset Antennas 112

3.5 GHz

4.6 GHz

5.2 GHz

Figure 5.26: Radiation patterns of the proposed antenna for 2.9 GHz, 3.5 GHz,
4.6 GHz, 5.2 GHz and 5.8 GHz at: (left) xz plane; (right) yz plane; (‘—’
calculated Eg, and ‘- - - calculated Ey).
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5.5 Conclusions

Three new folded planar dipole antennas, with some novel design features, have been
presented for dual-band and multi-band mobile handset applications. The first antenna
was designed to operate over both low (2.4 GHz) and high (5.2 GHz) WLAN bands,
and the low (2.5 GHz) and mid (5.2 GHz) WiMAX bands. This was achieved by cutting
a long slot into each folded arm of the planar dipole, and the resulting height of the new
structure may be reduced by up to 50%, this size reduction was realised in the second
variant. The design concept was motivated in part by the desire to look beyond 3G, and
anticipate the possible evolution of mobile handset requirements. Therefore, new design
operating over wide frequency band (i.e. 2.6-5.8 GHz) has been proposed and studied.
These antenna designs concept have been studied through detailed simulation models,
with some level of cross validation where necessary. The simulation models have been
experimentally verified through physical prototypes. These antennas are seen to be
viable in performance terms, via antenna return loss, radiation pattern and power gain.
In addition, the stability and low SAR inherent in the balanced design is proven for
these designs. The simulated and measured results over the various frequency bands
show good agreement, making these designs attractive candidates for handheld device

applications.
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CHAPTER SIX

Interaction between Electromagnetic
Field and Human Body for Dual Band
Balanced Antenna Using Hybrid
Computational Method

6.1 Introduction

The finite difference time domain (FDTD) method is used extensively in wireless
communications both as a design tool, and for the general numerical simulation of
complex systems. FDTD was introduced into the electrical engineering community in
the late 1960s by Kane Yee [1, 2], its widespread applicability is in part due to its
comparative simplicity, especially for very large scale computations, and its natural
representation of complex inhomogeneous materials within the calculation domain [3-
7]. The equations linking the electric and magnetic field variables are offset in time over
a dual grid complex, the equations being updated using the leap-frog method. A major
practical advance on Yee’s basic scheme was Taflove’s total-scattered field formulation
which allowed the algorithm to be implemented using plane wave excitation from

arbitrary directions.
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The computational grid is discretised into a number of cells which are scaled as a
fraction of the wavelength. The associated time step must be kept small during the
simulation to satisfy the Courant-Freiderichs stability criterion [2, 8]. An absorbing
boundary condition (ABC) must be applied to the outer boundary of the FDTD space to
obtain the necessary spatial resolution to represent electromagnetic wave interactions in
unbounded regions i.e. to simulate the extension of the finite lattice to infinity. The
ABC should be able to absorb the outwardly travelling waves with an extremely low
reflection. The perfectly matched layer introduced by Berenger [9] allows boundary
reflections better than -80 dB to be realised. FDTD is currently the most widely used
method for numerical dosimetry, particularly for the field analysis required to estimate
mobile handset radiation effect on the human body [10-14]. In [10], an efficient
numerical technique based on the FDTD technique was used to investigate radiation
pattern distortion for three types of body-worn antennas. It was reported; the antenna
with the ground plane has the least effect from the presence of the human body but
suffers from a narrow bandwidth. The variation of path loss with the transmitter—
receiver distance also was investigated for propagation along the human body torso, and
it demonstrated that an antenna close to the omnidirectional source has the least spread

in a linear-fit path-loss curve.

This chapter focuses on the practical modelling of the human body interaction with the
dual balanced antenna structure detailed in the previous chapter [15], using a modified
FDTD approach. The antenna operates over bands centred at 2.4 GHz and 5.2 GHz,
respectively. The near and far field performance of this antenna is studied for several
locations in close proximity to the human body, and the radiated and absorbed power
distributions are computed at these locations, and for different polarizations. This allows

the radiation efficiency of this antenna to be inferred from the ratio of the absorbed
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power to the radiated power, under the operating conditions described. The cumulative
distribution function (CDF) of the radiation efficiency and the location based power

ratios are used to summarise the data.

6.2 A hybrid Method

The antenna — body interaction model is developed using a hybrid FDTD code. The first
stage in the modelling requires the definition of a Huygens’ surface around the antenna
as illustrated in Figure 6.1 and Figure 6.2 for linear horizontal (HOR) and vertical
(VER) polarisation states, respectively. Equivalent electric and magnetic sources on this
Huygens’ surface are generated at each time step from the electric and magnetic fields
created by the antenna in free space using NEC [16]. This field data is the used as an

input source for an in-house FDTD code.

The human body is represented by a very detailed tissue classified anatomical model
known as ‘Visible Man’ [17]. This model comprises forty-nine tissue types, and has a
resolution of 1 mm. However, the FDTD cell size of the present simulation model for
both frequency bands was 3 mm; forty-two tissue types were included. This cell size
was chosen to speed up the computational time required by the hybrid method, and
work within the available computer memory. The positions of the antenna on the human

model are shown in Figure 6.3.
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Figure 6.2: The balanced antenna with the equivalent Huygens box for linear

vertical polarisation.



Chapter 6 Interaction between Electromagnetic Field and Human Body 120

Locationsof
the mobile

Figure 6.3: Human body model and the balanced antenna locations

The electrical properties of different type of human tissues at 2.45 GHz and 5.20 GHz
are shown Table 6.1 and Table 6.2 respectively. Figure 6.4 shows the FDTD domain,
displayed in the xz plane (i.e. the front view), with different tissue at different cross-
sections for values of y (i.e., y =30, y = 38 and y = 42). Figure 6.5 illustrates the FDTD
domain model, displayed in the yz plane (i.e. the side view from left of the human to the
right) with different tissue at different cross-sections for values x (i.e., x = 34, x = 50
and x = 67). Figure 6.6 shows the human body model at xy plane (top view) with
different tissue at different cross-section of different values z (i.e., z = 15, z = 60, z =

100, z = 140, z = 165 and z = 205).

The human body was placed on a perfectly conducting ground plane, and the antenna
was replaced by an equivalent Huygens’ surface. The physical size of the Huygens’

surface was 9 cm x 7.2 cm x 16.2 cm and this is equivalent to 30 x 24 x 54 FDTD cells
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for horizontal and vertical polarisation as illustrated in Figure 6.1 and Figure 6.2
respectively. The Huygens’ surface was carefully placed at the surface of the human
model, where the distance between the antenna, and human tissues was only two cells.
The FDTD method is applied over the entire computational domain. The equivalence
principle is carried out in 3D by applying the hybrid electromagnetic method described
in [18, 19] with cell size dx = dy = dz = 3.0 mm, and time step dt = 5 ps. The FDTD
problem space was 180 x 118 x 633 cells, at which it is terminated by a PML with a
thickness of 6 cells. The number of running cycles was set to 40 for both WLAN
frequencies. It should be noted that in all cases shown in Figure 6.3 the antenna handset

was between the antenna and the human tissues.

220
200
180
160
140
120
100

g0

B0

40

20

B0 B0 40 20 80 G0 40 20 B0 B0 40 20
(a) (b) (©)

Figure 6.4: The human body model in xz plane of the computational domain. Cross-section at: (a) y =

30, (b) y =38, (c) y = 42.
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Figure 6.5: The human body model in yz plane of the computational domain. Cross-section at: (a)

x =34, (b)x =50, (c) x = 67
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(2) (b) (c)

0 B0 50 40 30 20 10 /0 BO 50 40 30 20 10

(d) (e) (H

Figure 6.6: The human body model in xy plane of the computational domain. Cross-section

at: (a) z = 15, (b) z = 60, (c) z = 100. (d) z = 140, (e) z = 165, (f) z= 205
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Table 6.1: Human tissues properties at 2450 MHz

Tissue & o (S/m) p(kg/m’)

AIR.(internal) 1 0 1300
BILE 68.361 2.8007 1010
BODY.FLUID 68.208 2.4781 1010
EYE.(cornea) 51.615 2.2954 1076
FAT 5.2801 0.10452 916
LYMPH 57.201 1.9679 1040
MUSCOUS.MEMBRANE 42.853 1.5919 1040
NAILS.(toe.&.finger) 11.381 0.39431 1030
NERVE.(spine) 30.145 1.0886 1038
MUSCLE 52.729 1.7388 1047
HEART 54.814 2.2561 1030
WHITE.MATTER 36.167 1.215 1038
STOMACH 62.158 2.2105 1050
GLANDS 57.201 1.9679 1050
BLOOD.VESSEL 42.531 1.4353 1040
LIVER 43.035 1.6864 1030
GALL.BLADDER 57.634 2.059 1030
SPLEEN 52.449 2.238 1054
CEREBELLUM 44.804 2.1014 1038
BONE.(cortical) 11.381 0.39431 1990
CARTILAGE 38.77 1.7559 1097
LIGAMENTS 43,121 1.6847 1220
SKIN/DERMIS 38.007 1.464 1125
INTESTINE.(large) 53.879 2.0383 1043
TOOTH 11.381 0.39431 2160
GRAY.MATTER 48.911 1.8077 1038
EYE.(lens) 44.625 1.504 1053
LUNG.(outer) 48.381 1.6825 1050
INTESTINE.(small) 54.425 3.1731 1043
EYE.(sclera/wall) 52.628 2.0332 1026
LUNG.(inner) 20.477 0.80416 260
PANCREAS 57.201 1.9679 1045
BLOOD 58.264 2.5448 1058
CEREBRAL.SPINAL.FLUI 66.243 3.4578 1007
EYE.(retina) 52.628 2.0332 1026
EYE.(agueous.humor). 68.208 2.4781 1009
KIDNEYS 52.742 2.4295 1050
BONE.MARROW 5.2969 0.095037 1040
BLADDER 18.001 0.68532 1030
TESTICLES 57.551 2.1676 1044
BONE.(cancellous) 18.548 0.80517 1920
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Table 6.2: Human tissues properties at 5200 MHz

Tissue & o (S/m) p(kg/m’)

AIR.(internal) 1 0 1300
BILE 64.5985 6.22219 1010
BODY.FLUID 65.5629 5.71315 1010
EYE.(cornea) 47.4335 4.95126 1076
FAT 5.0104 0.254695 916
LYMPH 53.0226 4.91859 1040
MUSCOUS.MEMBRANE 39.3647 3.76124 1040
NAILS.(toe.&.finger) 9.94599 1.0101 1030
NERVE.(spine) 27.7218 2.55136 1038
MUSCLE 49.2781 4.26699 1047
HEART 49,9416 5.10584 1030
WHITE.MATTER 33.2379 3.01319 1038
STOMACH 57.5392 5.43749 1050
GLANDS 53.0226 4.91859 1050
BLOOD.VESSEL 39.0306 3.73086 1040
LIVER 38.9769 4.02641 1030
GALL.BLADDER 54.4994 4.9104 1030
SPLEEN 47.8811 4.94994 1054
CEREBELLUM 40.7832 4.38914 1038
BONE.(cortical) 9.94599 1.0101 1990
CARTILAGE 33.2496 4.28557 1097
LIGAMENTS 37.9105 4.53603 1220
SKIN/DERMIS 35.61 3.21864 1125
INTESTINE.(large) 49.4063 4.82415 1043
TOOTH 9.94599 1.0101 2160
GRAY.MATTER 44.8612 4.31515 1038
EYE.(lens) 41.4273 3.757 1053
LUNG.(outer) 44,5829 4.15506 1050
INTESTINE.(small) 49.6503 5.99481 1043
EYE.(sclera/wall) 48.7005 4.73333 1026
LUNG.(inner) 18.8515 1.80831 260
PANCREAS 53.0226 4.91859 1045
BLOOD 53.6 5.66509 1058
CEREBRAL.SPINAL.FLUI 61.5861 6.89839 1007
EYE.(retina) 48.7005 4.73333 1026
EYE.(aqueous.humor). 65.5629 5.71315 1009
KIDNEYS 47.7298 5.1747 1050
BONE.MARROW 5.01891 0.246337 1040
BLADDER 16.5669 1.61034 1030
TESTICLES 53.2 5.14175 1044
BONE.(cancellous) 15.8811 1.89535 1920
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6.3 Validation of FDTD Technique

The FDTD technique was validated by calculating the electric field at a line located 4
cm from the balanced antenna, as shown in Figure 6.7, a flow chart summarising the
calculation process is given in Figure 6.8. The process is launched from the hyb.90 code
which generates the free space fields inside the Huygens’ surface box, these fields act as
the input to the gen.90 code which calculates the back-scattered fields inside the
Huygens’ surface. From here, the new surface currents were inferred. Later, Js in the
source code was run to compute the new E and H values as the new input source to the
gen.90 code. This process will continue until the maximum number of iteration was

achieved.

/ * «— Line(E,E,E,)
Balanced
antenna

Top view

- €— 20 cells
line

Huygens surface

Figure 6.7: The position of electric field at a line 4 cm from the balanced antenna
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Run gen.f90

v

Compute backscattered fields
inside the Huygens surface

A\ 4

Compute the surface current

i+ 1

A\ 4

Run Js to compute the new E
and H fields on the Huygens

No

Number of iteration > N

Print results

Figure 6.8: Flow chart to simulate the fields located 4 cm from the balanced antenna.
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Two cases were considered; near field and far field. In line with our expectations,
Figure 6.9 showed that the magnitude of the electric field has similar output for the
FDTD and MoM methods, for both Ex and Ez. In regards to the far field, Figure 6.10
illustrates the far field components of the cases under investigation for yz and xy planes.
From the pattern in the variations it is clear that the fields are quite similar to each other.

It can be safely concluded that proof of concept has been made.

——-Ex (FDTD)
Ex (MoM)

—_
N

10+

Magnitude of Electric Field (V/m)

Length of the Line (cm)
(a)
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Figure 6.9: The electric field obtained from FDTD and MoM: (a) Ex; (b) Ez

yz plane
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Xy plane

270
(b)
Figure 6.10: The far field obtained from FDTD and MoM: (a) yz; (b) xy

6.4 Near Field and Far Field

In order to investigate the performance of the antenna in proximity to the human body,
the near and far field radiation of the antenna for different locations has been
considered, as illustrated in Figure 6.3. A total of 32 locations were investigated: 16
locations on the back, and 16 on the front. Due to the electric field distribution of these
points being quite similar to one another, only one position for each case was
demonstrated. The total near field distribution at 2.45 GHz for two central vertical slices
is shown in Figure 6.11 for the vertically polarised antenna position. These fields are
normalised to 1 watt input power and the scale shown is in dB. It is clear that the
distributions within the human tissues, and in their immediate neighbourhood, were not
comparable to the fields pointing away from the antenna and the human body. This

figure also shows the variations of the standing wave due to the conducting ground.
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Further simulations were performed on the radiation performance using the same
antenna locations, but with different polarisations and they are shown in Figure 6.12.
Similarly, the near field distributions at 5.2 GHz are presented in Figure 6.13 and Figure
6.14 for horizontal and vertical polarization respectively. It can be also observed when
the antenna is very close to the human tissue, the surrounded fields are much stronger,

as indicated by the red colour distribution in the figures.



Chapter 6 Interaction between Electromagnetic Field and Human Body 132

(b)
Figure 6.11: Total electric field (dB) distributions at 2.45 GHz when the mobile

located in vertical position, (a) Back Location, (b) Front Location
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(@)

(b)
Figure 6.12: Total electric field (dB) distributions at 2.45 GHz when the mobile

located in horizontal position, (a) Back Location,(b) Front Location
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(2)

(b)
Figure 6.13: Total electric field (dB) distributions at 5.2 GHz when the mobile located

in vertical position, (a) Back Location, (b) Front Location
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(@)

(b)
Figure 6.14: Total electric field (dB) distributions at 5.2 GHz when the mobile located

in horizontal position, (a) Back Location,(b) Front Location
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The results of the investigation were conclusive, and made clear that regardless any
change in the polarisation, the electric field distribution was almost the same when the
mobile positions were changed. Again, as one may expect with the electric field
distribution of these points being quite similar to each other, only one position for each

case was demonstrated.

The far field components at 2.45 GHz for the cases under investigation are shown in
Figure 6.15 and Figure 6.16. Figure 6.17 and Figure 6.18 are presented the far field
distribution for 5.2 GHz. The fields presented are normalised to one 1 watt input power
for all y-z, x-z and x-y planes. The pattern variations in each case show that the fields
were stronger in the direction pointing to the normal axis of the handset antenna, and
away from the human body. It is clear from the results that the reduced field magnitudes
caused by the shadowing effect of the human body fall approximately between 20 dB
and 25 dB. In addition, due to strong coupling of the human tissue with induced surface
currents of the antenna structure, the cross polar filed components were increased as

indicated in the figures.
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Y-Z X-Z X-Y

Figure 6.15: The far field patterns at 2.45 GHz yz, xz and xy planes; for vertical polarisation

(a) Back Location,(b) Front Location; where ‘0-0-0’ computed E¢ and ‘x-x-x’ computed Es,.
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(b)
Figure 6.16: The far field patterns at 2.45 GHz yz, xz and xy planes; for horizontal polarisation

(a) Back Location, (b) Front Location; where ‘0-0-0’ computed Eq and ‘x-x-x’ computed Ej,.
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(b)

Figure 6.17: The far field patterns at 5.2 GHz yz, xz and xy planes; for vertical polarisation,

(a) Back Location, (b) Front Location; where ‘0-0-0’ computed Eg and ‘x-x-x’ computed E,,.
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(b)
Figure 6.18: The far field patterns at 5.2 GHz yz, xz and xy planes; for horizontal polarisation,

(a) Back Location, (b) Front Location; where ‘0-0-0’ computed Eg and ‘x-x-x’ computed E,,.
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6.5 Cumulative Distribution Function of the Radiation Efficiency

The absorbed power and radiated power are recorded from the simulation results. The
radiation efficiency for the balanced antenna can be calculated using the following

formula:

l)radiated

efficiency (n) =
Pradiated + Pabsorbed

The cumulative distribution function (CDF) is evaluated for each location in order to
estimate the probability of the power absorbed and radiation efficiency on the human
body. Figure 6.19 shows the radiation efficiency and the associated CDF evaluated
when the mobile placed on these locations for horizontal and vertical polarisation.
Figure 6.20 shows the absorbed power over radiated power (Pupsorbed / Pradiatea), and the
associated CDF evaluated when the mobile placed on these locations for horizontal and
vertical polarisation. Figure 6.21 and Figure 6.22 illustrate the related histogram of
radiation efficiency and P psorbeq / Pradgiatea fOr horizontal polarised antenna. It is a display
of statistical data that shows the power ratio distribution function for various locations.
It is more or less shown indication of the areas where radiation efficiency and P,psorpeq /
P,adiarea can be identified somehow from the graph. However, for the limited data
collected, it is difficult to have a strong confidence on these distributions. In addition, it
should be noted that the probability density function has been drawn subject to 16
points over the width 0 to 1 as illustrated in the figures. The histogram of radiation
efficiency and Ppsorped / Pradiarea Tor vertical polarised antenna is illustrated in Figure

6.23 and Figure 6.24 respectively.
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The CDF of radiation efficiency and absorbed power over radiated power is difficult to
predict from the results collected due to the limited sample size generated through the
simulation. Recognising the constraints surrounding memory and simulation time, a
total of 32 different locations (in line with the rest of the simulation) have been
considered, with a view to extrapolating the necessary data. The data from these
locations was combined to obtain probability of the radiation efficiency and absorbed

power over radiated power, and can be obtained from Figure 6.19 and Figure 6.20.
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The radiation efficiency values increase as the handset moves from the back to the front
of the human body. Hence, these figures clearly indicate that the CDF achieves better
radiation efficiency (typically 40% better) and consistent impedance matching for both
horizontal and vertical polarisations when the mobile been placed on the front of the
human model compared to the case of the back position. This may be accounted for by a
loss of tissue characteristics in the front region, and the greater degree of absorbed

power, as may be seen in the figure.

Further comparison of the figures shows that the qualitative details of the CDF results,
for the horizontal and vertical polarisations, at each location are very similar, which is in
line with expectations. Furthermore, using the data from Figure 6.19, it can be seen that
the standard deviation of the radiation efficiency is less for the mobile in the front
facing, as distinct from back facing positions. Taking the previous simulation results
into account, we may safely conclude that altering the position of the antenna over the

front region will not result in a large dispersion in the radiation efficiency.
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6.6 Conclusions

Effective simulation techniques for antenna performance when in close proximity to the
human body are needed for a variety of potential applications. This chapter has
considered the practical application of a hybrid FDTD / MoM simulation technique in
characterising the impact of the human body on the performance of a dual band
balanced antenna. The antenna design from the previous chapter was used, and a total of
thirty-two body locations were selected, front and back, each point being evaluated for
horizontal and vertical polarisation states. The MoM calculation, based on NEC, was
used to obtain the free space electric and magnetic fields generated by the antenna, from
which the equivalent magnetic and electric source conditions were derived on a
Huygens’ surface for each time step of the FDTD code. The FDTD analysis applies to
the whole structure at the point of interest, particularly within the human body in the
neighbourhood of the excitation source. Full near and far field data was extracted, this
was used to develop a better understanding of the impact of regions of tissue facing, and
offset from, the antenna. The results were presented statistically, using the cumulative
distribution function of the radiation efficiency and absorbed power to radiated power
ratio over the various locations. The results support the conclusion that there was a clear

improvement in the front compared to the back.
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CHAPTER SEVEN

Ultra Wide Band Balanced Antenna

7.1 Introduction

Ultra-wideband (UWB) technology allows new services to co-exist alongside current
radio systems with minimal or no interference. In 2002 the FCC approved the use of the
unlicensed UWB spectrum, in the 3.1-10.6 GHz range, for commercial purposes [1].
The proposed technologies are based on the use of extremely narrow RF pulses for
communication between TX and RX nodes. The system operates at low RF power
levels, and operates over a relatively short range. Such systems are relatively immune to
multipath fading. In summary, any UWB antenna design should be capable of operating
over the bandwidth allocated by the FCC, whilst at the same time, providing a
satisfactory radiation performance over the entire frequency range. This requires a

suitable time domain characteristic.

Some of the more common issues in handset antenna design have a follow through with
the extension to UWB. The general volume constraint remains ever present, along with
other practical integration issues. Planar metal-plate antennas may be designed with
ultra wide-band (UWB) characteristics [2-15] taking advantage of their simple geometry
and wide bandwidth [16]. They are suitable for several UWB communication systems

which require full, or substantial coverage of the available bandwidth [3]. As the name
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suggests these antennas use a planar metal plate as the radiator and this radiating patch

is placed over a finite ground plane.

Thus far the more commonly reported configurations include simple monopoles over a
ground plane [17-19], modified monopoles [20-27], dipoles [28], T-structures [29-31],
U-structures [31-33], meandered striplines [34] and planar inverted L (PILA) [11, 35-
37], and planar inverted F (PIFA) structures [26, 38-41]. Most of these designs operate
in an unbalanced configuration. Hence, there is an obvious motivation to apply the
balanced technique to develop antennas for UWB applications with particular reference

to mobile terminals.

It is obvious choice to select a wide band monopole antenna [42] and then extend the
design concept to balanced configuration by placing another element with less coupling
using parametric study. In this work, the orientation, locations of the monopoles
including the necessary feeding network are optimized to meet as possible as small

compact balanced antenna structure.

7.2 Design Structure of Ultra-Wide Band UWB Balanced Antenna

The geometry of the proposed antenna is shown in Figure 7.1. Two metal ground planes
are used for this particular antenna design; the vertical ground plane is constructed from
copper sheeting with dimensions of 0.5 mm x 75 mm x 60 mm (see Figure 7.1.a). The
horizontal ground plane is constructed from a different copper sheet with thickness
0.035 mm, the gap h is 10 mm and it lies below the substrate (see Figure 7.1.b and c).
The substrate is FR4 and with relative permittivity of 4.4, and thickness is 0.8 mm. It

should also be noted that printed feed lines of thickness 0.035 mm, length of 18 mm and
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width of 1.5 mm (see Figure 7.1.c), are used on the horizontal ground plane to feed the
radiating patches. The antenna is fed at the centre. The radiating patches are made up of
copper (¢ = d = 20 mm) with thickness of 0.5 mm and have square slot shapes of 8 mm

as shown in Figure 7.1.a.

b

a) Top view

1

b) Side view

Metal lines

Substrate Voltage source

¢) Substrate and metal lines

Figure 7.1: Antenna configuration, a) Top view, b) Side view, ¢) Substrate

and metal lines
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7.3 UWB Prototype Antenna, and Results

A development prototype for the balanced UWB antenna design is shown in Figure 7.2.
The internal input impedance for this antenna is 100€2; a balun circuit acts as a

transformer, the detailed design and layout are given below.

Figure 7.2: The prototype of proposed antenna

7.3.1 Balun Design

Two baluns were designed for this prototype development using ADS. It is obvious by
using the ADS; the execution time can be lee compare to other software (i.e. HFSS).
This can be attributed to the fact that the mutual coupling between the elements on the
structure is not incorporated in the design circuit configuration. In addition, an
optimized circuits with better performance can be achieved using such tools but with
less accuracy. One of the baluns is used for the lower frequency band, operating over
the interval 1.9 GHz to 3.6 GHz, whilst the other is for the upper frequency band which
extends from 3.0 GHz to 6.5 GHz. Figure 7.3 shows the lower band balun and its

measurement results.
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Unbalanced Port 1

Balanced Port 2
Balanced Port 3

o o

Sharting Pin to the ground

Figure 7.3: Balun for lower frequency band

It can be seen from the Figure 7.4 that the simulated input return loss of the unbalanced
port (i.e., port at unbalanced port 1 in Figure 7.3) was less than 10 dB over the required
bandwidth. Similarly, the other ports (ports that represent the balanced feed) were

showing same return loss variations. It should be noted that the characteristics

impedances of ports 2 and 3 are considered to be 100 Q.

C -
E m3 m3
-10— freq=1.900GHz
aae . dB(S(2,2))=-10.170
OAN— n
005 2] ma
mmm 7 freq=3.610GHz
coo 307 dB(S(2,2))=-9.823
'40 - T T T | T T T T | T T T T | T T T | T T T
1.5 2.0 2.5 3.0 35 4.0
freq, GHz

Figure 7.4: Calculated return loss for the lower band balun

The phase and amplitude responses are calculated in order to validate the balun
performance for the specified frequency band. In Figure 7.5 the phase difference was
approximately 180° between given markers m;, ms, and me. In addition, the amplitude

difference of the two output ports of the balun is shown in Figure 7.6. The maximum
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amplitude difference observed between these ports was approximately + 0.6 dB, which

is quite reasonable for this design.

phase(S(2,1))-phase(S(3,1))

Figure 7.5: Phase difference between the two output ports of the balun at lower
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Figure 7.6: Amplitude difference between the two output ports of the balun at lower

frequency band.

The second balun covers the upper band 3.0 GHz to 6.5 GHz, and is shown in Figure

7.7. Similar port notations are used, and the characteristic impedance was kept same as

for the lower band.
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Unbalanced Port 1

Balanced Port 2

Balanced Port 3

T E

-50 I L B N B OB A O
3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

freq, GHz

Figure 7.8: Simulated return loss of the upper band balun

Figure 7.8 shows the return loss of the given upper frequency balun for the three ports

P1, P2, p3 respectively. Similar results were observed for all input return losses over the

considered bandwidth. Similarly, the phase and magnitude differences between the two

output ports are shown in Figure 7.9 and Figure 7.10. The maximum variations in the

phase and magnitude responses of the output ports were + 3° and - 0.9 dB respectively.
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Figure 7.10: Amplitude difference between the two output ports of the balun at upper

7.4 The Return Loss and Radiation Pattern of the Proposed Antenna

frequency band.

The effects of the ground plane size on the input return loss were systematically

investigated. The length of the ground plane was reduced from the far side of the

antenna, and varied from 75 mm to 60 mm in increments of 5 mm. The length of the

horizontal ground plane was varied from 10 mm to 4 mm in increments of 2 mm. The

corresponding results are presented in Figure 7.11 and Figure 7.12, respectively. As can

be seen, slight variations in the calculated return loss were observed for the four cases.

This implies that the realised antenna has very little sensitivity with respect to ground

plane size.
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The relative impedance bandwidth and the centre frequency can be stated respectively,

as follows:
F, — F
B.wW=-2—"1 (7.1
E,
F, + F, 7.2
E = h2 1 (7.2)

Where Fj, F;, and F, are the upper, lower and centre frequency components
respectively. The computed frequency band achieved at an input return-loss of -8 dB

was between 1.7 to 6.3 GHz (i.e., relative bandwidth is 115 %). The centre frequency is

approximately 4 GHz.

Return Loss,dB

_35 1 1 1 1 1

Frequency GHz

Figure 7.11: Antenna return loss characteristics against the length of the ground plane;

lengths: 60 mm, 65 mm, 70 mm and 75 mm
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Figure 7.12: Antenna return loss characteristics versus the width of the ground plane;

widths: 4 mm, 6 mm, 8§ mm and 10 mm

By inspecting Figure 7.13, and taking into account any errors caused by the
manufacturing process, it can be seen the antenna covers an ultra-wide band-width with
promising performance. In addition, the agreement with simulations is very satisfactory
as presented in Figure 7.11. Furthermore it can be seen that the effect of the operator’s
hand and head on the antenna performance is very small, which implies that the antenna

has a reasonable balanced structure.
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Figure 7.13: Measured input return loss of the proposed antenna

The radiation patterns of the prototype antennas were measured inside a far-field
anechoic chamber, by placing the antenna under test (AUT) at one end of the chamber,
while placing a standard gain horn antenna at the other end of the room. Two pattern
cuts were taken for four selected operating frequencies that cover the designated whole
bandwidth in this study. The radiation patterns in the zx plane and zy plane for the
antenna were measured at 2000, 4900 and 5900 MHz, and presented in Figure 7.14. The
patterns of the prototypes are seen to be quite similar to each other for all three cases.
Moreover, as expected the figures presented a nearly omni-directional radiation pattern

in all intended three frequency components.
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2000 MHz

4900 MHz

5900 MHz

Figure 7.14: Radiation patterns of the proposed antenna for 2450 MHz, 4900 MHz and 5900

MHz at: (left) xz plane; (right) yz plane, where * " measured Eg and ‘- - - measured E,,.
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7.5 Modified UWB Balanced Antenna

In this section a variant of the previous antenna design is considered in which the
antenna size was reduced, along with the printed feed network. The first design iteration
was obtained by decreasing the antenna arms to 18.5 mm x 18.5 mm, whilst keeping the
same dimensions for the slots (i.e., 8 mm x 8 mm). In order to maintain the existing

compact profile, these arms were printed on FR4 using a 0.035 mm copper process.

A tapered microstrip layout with a 0.5 mm reduced line width was introduced on three
lines in order to obtain an extended bandwidth response, as discussed in [25], see
Figure 7.15. In addition, it was also found that by introducing this type of line transition
between the original 50 Q feeding lines and the antennas arms (i.e. the input impedance
of the antenna is 50 Q.), the conversion from the normal 50 Q to 100 Q impedance as

the previous design is no longer required.

The resulting design was prototyped on the usual FR4 material; the dimensions were set
to be representative of the final handset: 60 mm (%) x 94 mm (b) x 10 mm (4). The
thickness of the copper for the handset (i.e., ground plane in vertical position) including
the ground part in the horizontal position, from which the feed network tracks are

implemented, and the antenna arms is 0.035 mm (see Figure 7.16).
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Substrate FR4 \ /

Metal lines

] h

Figure 7.15: Top view of the feeding network; a; = 5.5 mm, a, =6 mm, a3 =6

mm, t =2 mm, h=10 mm, b =60 mm.

Figure 7.16: Prototype of the modified antenna

7.5.1 Simulation and Results

Figure 7.17 shows the simulated and measured return loss of the current UWB antenna
design. Allowing consideration of the difficulties and errors caused in custom
manufacture of the antenna, the results gave much confidence in the simulation carried
out. This can be seen from the generally good agreement results of the measured return
loss and the values from simulation over a wide frequency range from 2 GHz to 8 GHz.
Although there are some slight discrepancies between the fabricated antenna and its
simulation model, ultra wideband characteristics with less than -8 dB return loss can

also be confirmed.

Figure 7.18 shows the measured return losses of the antenna in free space, with

operator’s hand and in held in the talk position adjacent to the head. By inspection, it
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may be observed that when the antenna is held in the hand, or in talk position, the

antenna input return losses were not significantly affected. This is as expected for the

operation of a balanced antenna, in which the induced currents in the handset are

minimal; this is clearly shown in Figure 7.19.

Return Loss, dB

40

35

Return Loss, dB

1]

—
=
T

—
i
T

]
=
T

25

m— imulation

= [ easurerment

_3|:| 1 1
1 2 3

Frequency, GHz

Figure 7.17: simulated and measured return loss
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Figure 7.18: Measured Return loss of the proposed antenna
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Figure 7.19: Surface current distribution of the UWB antenna in its
vertical and horizontal ground plane at 3.0 GHz, 4.5 GHz, 5.5 GHz
and 6.5 GHz

It should be noted that the measured relative bandwidth at input return loss (< -8 dB) is
106 %, as extended over the frequency band from 2.3 GHz and 7.5 GHz. This
bandwidth is slightly less than in the previous design but it falls comfortably within the

FCC guidelines. The antenna size was reduced, along with the new feed network.
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Figure 7.20 and Figure 7.21 summarise the simulated radiation patterns of the modified
prototype. Two pattern cuts (i.e. Xz plane and yz plane) were considered for evaluation
purposes, and taken across the whole frequency bandwidth. The spot frequencies
considered were 2.45 GHz, 4.0 GHz, 5.0 GHz and 7.0 GHz. The antenna performance is
essentially omni-directional over much of the frequency range, except at the higher end,
where the balun performance appears to degrade. The simulated antenna gain values

were quite encouraging and fall into the range from 1.9 to 4.5 dBi.

x-z Plane

x-y Plane

z-y Plane

2.45 GHz

Figure 7.20: Radiation patterns of the proposed antenna for 2.45 GHz, 4.0 GHz at: xz

plane; yz plane and xy plane, where > calculated Eg and ‘- - -* calculated Eq.
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x-y Plane
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Figure 7.21: Radiation patterns of the proposed antenna for 5.0 GHz and 7.0 GHz at:

xz plane; yz plane and xy plane, where > calculated Eg and ‘- - -’ calculated E,.
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7.6 Conclusion

In this chapter, two different planar UWB antenna geometries have been presented.
These proposed designs have simple configurations and should be easy to implement at
low cost. Prototypes have been constructed and studied, the simulated and measured
input returns losses of both antennas showed a reasonable agreement. In addition, a
nearly omni-directional characteristic of radiation pattern is obtained over the entire
frequency range. The relative antenna bandwidth achieved was between 106% and
115% for the considered designs. The modified UWB antenna can be recommended as
an attractive candidate for mobile handset applications. In addition, the analysis of the
proposed antenna design in the presence of human hand and head was tested, and it can
be confirmed that the antenna exhibited low induced currents on the handset since the

input return losses were unchanged for all operated configurations.
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CHAPTER EIGHT

Folded Loop Balanced Coplanar
Antenna for WLAN Applications

8.1 Introduction

It has been established throughout this work that balanced antenna systems offer a
substantial advantage to mobile antenna designs, this is due to their stable performance
when held in close proximity to the user’s body [1]. The feed networks for balanced
antennas such as dipoles usually include a balun circuit, which in practice may result in
a narrowing of the achievable bandwidth of the antenna, compromising the intended
performance [2]. The symmetry of the antenna’s radiation pattern is determined by the
efficiency of the balun, and thus sub-optimal pattern shaping might be obtained [3].
This has the potential to limit the use of balanced antennas in many handset

applications.

A convenient alternative approach is through the use of coplanar structures. Coplanar
transmission line antenna configurations are attractive for antenna designers due to their
simplicity, and ease of integration with active and passive components in the same layer
[4]. The term “coplanar” has been used for those transmission lines and antennas in
which all the conductors are in the same plane, namely, on the top surface of the

dielectric substrate [5]. The coplanar structure as a transmission line has become an
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intensive topic of recent research due to its attractive characteristics, such as a
possibility for a wider impedance matching bandwidth and easy fabrication process [6,
7]. Moreover, coplanar antenna structures show less peak gain variation and higher

minimum peak gain [7-10].

In this chapter a new printed circuit antenna using coplanar waveguide structures,
covering the 2.4 GHz and 5.2 GHz WLAN frequency bands is described, analysed and
tested. The antenna is intended to eliminate the need for a balanced feed network. This
is achieved through systematically evaluating the consequences of modifying a number
of antenna parameters and carefully monitoring the impact of such changes. The impact
of making changes to the antenna is monitored and verified through using two standard
software modelling tools to ensure accuracy and verification of the results. The
optimised antenna was fabricated and tested, and its characteristics were experimentally
verified confirming the design concept a having good impedance bandwidth

characteristics and excellent dual-band performance.

8.2 Theory of the Shielded Balanced Loop

The balanced shielded loop is made from coaxial cable with a narrow gap in the outer
conductor (or shield). The basic loop antenna is modified for use with an unbalanced
coaxial line by incorporating a simple balanced to unbalanced transformer (balun)
within it [11]. The inner of the coaxial line (or equivalent coplanar transmission
structure) is terminated on the outer conductor or the grounded sheath (this is also
equivalent to the coplanar ground plane) of the opposite half loop at the gap. Energy
will still be transferred to the load Z; [12]. The balanced coaxial (or coplanar) structure

incorporating a balun transformer is shown in Figure 8.1.
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Figure 8.1: Balanced structure with incorporated balun

8.3 Microstrip Patch Antenna

Microstrip technology is one of the most common techniques used to design planar
antennas, and they have an obvious attraction for mobile terminal designs. Microstrip
characteristics have the potential to deliver significant reductions in size, and low costs
in production [13]. Microstrip antennas possess four generic features namely, a thin flat
metallic radiator, known as the patch, a dielectric substrate, a ground plane and a feed
network that supplies the radiator with RF power as illustrated in Figure 8.2. The
radiating patch could be of any arbitrary shape e.g. square, rectangular, circular,
triangular, semi-circular, and annular rings [13]. All microstrip antennas can be divided
into four basic categories: microstrip patch antennas, microstrip dipoles, printed slot

antennas, and microstrip travelling wave antennas [14].
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Figure 8.2: Microstrip patch antenna

Microstrip antennas can be easily integrated with other active, and passive components,
onto the printed circuit board of the handset [15]. The main issue however is the size of
the antenna. For operation in the low microwave frequency spectrum, a conventional
patch is simply too large to be accommodated within a handset terminal. These antennas
radiate due to the presence of the fringing field between the patch edges and the ground

plane [15].

For a microstrip antenna to perform satisfactorily, three loss mechanisms need to be
considered: conducting, dielectric, and surface waves. All are material dependent, so
substrate materials need to be carefully selected for good overall efficiency. If the
thickness and the dielectric constant of the substrate are kept at a minimal level, this will

result in improving the efficiency, bandwidth, and the size of the antenna [14].

Microstrip antennas have radiating elements on one side of a dielectric substrate, and
thus early microstrip antennas were fed either by a microstrip line or a coaxial probe
through the ground plane. Since then a number of new feeding techniques have been

developed. Major among these are coaxial feed, microstrip (coplanar) feed, proximity-
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coupled microstrip feed, aperture-coupled microstrip feed, and coplanar waveguide feed

[14].

8.4 Coplanar Waveguide (CPW) Antennas

When microstrip technology is applied to planar antennas, fabrication on both sides of
the substrate is required. This means that microstrip antennas must have ground planes
on the opposite side of the substrate material to support the feeding microstrip line.
They will need a ground plane on the opposite side of the substrate for electromagnetic
waves to travel along the feed line. However, by applying a coplanar waveguide (CPW)
feed network, only one side of the substrate needs to be processed. Both radiating
elements and ground planes are on the same side of the substrate. Therefore, most of the
electromagnetic wave travels in the slots on the surface of the substrate, and less energy
is lost in the substrate. If realisable, this a possibility for a wider impedance matching
bandwidth [4]. A coplanar waveguide approach was proposed by Wen [5], it consists of
a centre strip with two ground planes located parallel to it and in the plane of the strip as

shown in Figure 8.3.

Ground Plane
Strip Line rotngriane

Ground Plane

Substrate

Figure 8.3: Coplanar waveguide structure
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8.4.1 Advantages and Applications of CPW

Coplanar waveguide processes may be classified as conventional CPW, conductor CPW
and micro machined CPW. The main advantages and applications of CPW are reviewed

in [16-18]. Some of the more significant points are summarised as follows:

i.  The dispersion properties, and hence losses, realisable impedances, and A, of
CPW are comparable with microstrip, and may on occasions be superior.

ii.  The coupling between the neighbouring lines is reduced due to the presence of
the grounded lines between the signal lines.

iii.  The characteristic impedance (Z.) and phase velocity (v,) of CPW are less
dependent on the substrate and more on the dimensions of the plane of the
conducting surface.

iv.  Realisation of series and shunt elements are straight forward, and may be

achieved without the need to drill holes through the substrate.

CPW processes are used across a wide range of applications, with particular reference to
MMIC sub-systems, including attenuators, diplexers, antenna feeds and antennas. Some
common discontinuities require detailed characterisation, e.g. CPW to slot line and
CPW to waveguide [16, 17]. Detailed design strategies are not always available, and
some of the applications alluded to here are still a specialised in nature, in general one
of the major disadvantages in practice may be the lack of familiarity of CPW w.r.t.

microstrip.
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8.5 Antenna Structure

The coplanar antenna comprises three rectangular conducting strips; a centre strip and
two similar lateral strips that can be regarded as the ground plane. Figure 8.4a shows the
geometry of the proposed antenna in coplanar waveguide (CPW) technology for
wideband application. The antennas were designed and optimised to work at 2.4 GHz
and 5.2 GHz for WLAN. Here CPW is used as an antenna by extending the
transmission lines along with the ground planes. The shape of the transmission line is
like a letter ‘P, with an open circuit at the top, this can be seen as the right part of the
antenna in the Figure 8.4a. In order to have a balanced structure, the configuration is
replicated, then inverted and connected to the original figure through the inner with the
smallest possible gap. The antenna has a centre conductor of width n = 0.7 mm and the
outer strips are both of the same width (5.45 mm). The gap m (0.2 mm) separates the
centre strip and the two lateral conductors. The other parameters in this design are

summarised in Table 8.1.

In order to obtain a compact size, the antenna is folded from both ends with the smallest
height that can be achieved (3 mm), so that the antenna has a structure like a folded

dipole. The layout of this antenna is presented in Figure 8.4b.
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Table 8.1: The parameters of the coplanar antenna

Parameter Value / mm
a 16.5
b 11
c 25
d 16.5
h 3
g 1
r 1
S 5.45
f 12
t 1
n 0.7
m 0.2
e 2.75
a h d }Q';

Follding Lines S S
Feeding Source Britges

(@)
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Figure 8.4: The proposed antenna configuration, (a) dimensions of the unfolded

coplanar antenna, (b) The final folded antenna

8.6 Effect of Variation of Parameters on Return Loss

The most sensitive structure parameters of this antenna form a rather large parameter
space, and a systematic modelling approach is essential. The simulation was carried out

using the CST design suite [19]. The variables under consideration are:

1. The antenna height
ii.  The antenna length
iii.  The loop gap of the structure
iv.  The space between the folded ends of the structure
v.  The gap between the arms of the structure

vi.  The ground plane size
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8.6.1 Variation of the antenna height /

The effect of varying the antenna height on return loss is summarised in Figure 8.5. The
height was varied over an interval from 2 mm to 6 mm, in 1 mm steps. The resonant
frequency has an inverse relationship with 4, as 4 is increased, then the resonant
frequency shifts down in frequency. Therefore, changes to this parameter can be used to

control the size of the antenna.
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Figure 8.5: Effect of variation of the parameter / on the input return loss

8.6.2 Variation of the length of the antenna b

The direct effect of antenna length on impedance matching is summarised in Figure 8.6,
the length (b) was varied from 9 mm to 13 mm, with the other structure parameters

being held constant. These results indicate an inverse relationship between resonant
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frequency and length, as the b is increased, then the resonant frequency moves down in

frequency. This implies that b has a significant impact on the return loss.
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Figure 8.6: Effect of variation of the parameter b on the input return loss

8.6.3 Variation of the loop gap g

Figure 8.7 shows the return loss of the proposed antenna with variation of the loop gap
g. The resonant frequency is found to be relatively insensitive to the variations of this
parameter. However, there are small variations in the value of the return loss over 5.2
GHz. Therefore, it can be said that the impact of the loop gap g on impedance matching

is limited.
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Figure 8.7: Effect of variation of the parameter g on the input return loss

8.6.4 Variation of the gap between the folded ends of the antenna ¢

Analysis of the return loss of the antenna with respect to the spacing between its folded
ends (7) is shown in Figure 8.8 (the other antenna parameters are held constant). The
resonant frequency is very sensitive to the variation of this parameter. The resonant
frequency can be substantially decreased for small variations in ¢ (~0.5 mm). Therefore,
the gap ¢ has a great effect on impedance matching, and good impedance matching can

be obtained by selecting the spacing between the folded ends carefully.
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8.6.5 Variation of the gap between the electrical ends of the antenna

arms r

The gap between the ends of the armatures (r) is an important design parameter for
defining the resonant frequency of this antenna. Figure 8.9 summaries the simulated
return loss for different values of . There is a considerable change in the resonant
frequency when r is varied by a small amount (0.2 mm). Thus the smaller values of the
gap (r = 0.6 mm and » = 0.8) will tend to degrade impedance matching characteristics,
in particular at the higher frequency band. However, in the case of the lower band, the
resonant frequency remains unchanged, the smallest gap that can be achieved with

acceptable return loss is when » = 1 mm.
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Figure 8.9: Effect of variation of the parameter » on the input return loss

8.6.6 The effect of the ground plane size

An investigation of the effect of handset size (equivalent ground plane) on the antenna
performance was also carried out. The width of the handset was kept similar to the
width of the antenna whereas the length (equivalent to parameter GND) was varied
from 20 mm to 80 mm (see Figure 8.10). It is quite clear from Figure 8.11 that there is
only an insignificant variation on the return loss when this parameter increased from 20
mm to 80 mm. Therefore, the resonant frequency is found to be relatively insensitive to

variations in the ground plane dimensions.
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8.7 Prototyping of Antenna and Test Results

A prototype design using these simulation guidelines was constructed on a flexible foam
substrate of thickness 2.5 mm and permittivity 1.1. This allows the antenna to be folded
in such a way that the resulting armatures are held at a constant height above the
common surface. This prototype is shown in Figure 8.12. A complex process of
detaching the foam from the antenna was performed to ensure the most appropriate
development in line with the simulation results. Moreover, the proposed antenna
structure is completely composed of a CPW line that exhibits one dominant CPW mode.
This mode has an electric field with opposite polarities between the two slots; therefore
air bridges are placed along the CPW to keep the ground planes at the same potential.
This has the effect of eliminating the slot line mode on the CPW line as shown in Figure
8.12a, and then the antenna response is checked to achieve balanced features. In
addition, some dielectric material was added carefully between the antenna’s top and
bottom to support the arms in order to maintain them at the same height, and maintain

the same surface structure.
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(b)

Figure 8.12: Photograph of prototype of the proposed folded balanced coplanar

antenna design, (a) initial 2-dimensional structure, (b) folded in 3 dimensions

Figure 8.13 illustrates the current distribution in the antenna, with and without the air
bridges. When the air bridges are implemented between the outer strips (ground plane),

the induced current is much stronger, and this is clearly indicated in the figures.
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(a) (b)

Figure 8.13: The current distribution in the proposed folded balanced coplanar antenna,

(a) without bridges, (b) with bridges

Simulation of prototype antenna shown in Figure 8.14 was carried out using CST; a
further simulation was performed using HFSS [20] to verify the findings from the
primary simulation model. Figure 8.14 also shows the measured return loss of the
prototype antenna. Allowing for any minor errors in the build quality of the antenna, the
results gave much confidence in the simulation model. This can be seen from the
relatively well-correlated results of the measured return loss, and the values from both

simulations, as shown in the figure.
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Figure 8.14: The simulated and measured return loss of the proposed antenna

8.8 The Radiation Pattern and Power Gain of the Antenna

Measurements of the radiation patterns of the prototype were carried out in a far-field
anechoic chamber. Three principal-plane pattern cuts (i.e. zx, zy and Xy planes) were
taken for three frequencies that cover the whole designated WLAN operational
bandwidth. The radiation patterns were measured at selected frequencies of 2.4 GHz,
245 GHz and 5.2 GHz, respectively; the measured patterns were normalized and
presented in Figure 8.15. The results indicate a satisfactory agreement between

simulated and measured radiation pattern. In addition as can be observed from the

figure, these radiation patterns are approximately omni-directional.
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Figure 8.15: Radiation patterns of the proposed antenna at 2.4, 2.45 and 5.2 GHz for yz, xz and xy

planes. ‘000’ measured, Eqy ,* ----” simulated, E¢ ,‘xxx’ measured, E,, > simulated E,
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Figure 8.16 illustrates the measured antenna gain in the broadside direction for
frequencies across the 2.4 GHz and 5 GHz bands. As can be seen in the figure, the
measured antenna gain varied between 1.5 dBi and 1.9 dBi in the 2.4 GHz band, and 1.4
dBi and 2.4 dBi in the 5.2 GHz band. For the bandwidths of the three specific operating
bands, the peak antenna gain variations for the 2.4 GHz and 5 GHz bands are less than

1.0 dBi.

Gain in dBi

194 241 242 343 48 245 248 247 D4E 249 25
Frequency in GHz

(a)
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Figure 8.16: Measured antenna power gain at; (a) 2.4 GHz band,
(b) 5.2 GHz band.

Additionally, a Wheeler cap method for measuring radiation efficiency [21, 22] was
applied to this prototype. Figure 8.17 illustrates the simulated and measured radiation
efficiency of the antenna over the frequency ranges 2400 MHz to 2460 MHz and 5200
MHz to 5800 MHz. In the lower frequency band (see Figure 8.17a), the variations of
measured radiation efficiency are 0.92 to 0.87 which correspond to average of 90% over
the bands of interest. At the upper frequency band (see Figure 8.17b), the average
radiation efficiency of 87% is achieved (the corresponding values are 0.84 to 0.90).

These figures are in close agreement with those calculated from the simulation model.
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Figure 8.17: Measured and simulated radiation efficiency of the proposed

folded balanced coplanar antenna at; (a) lower band, (b) upper band
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8.9 Conclusions

A new class of dual band balanced antennas, with good impedance bandwidth
characteristics, and excellent dual-band performance, has been studied in this chapter.
The balanced feed network has been realised using a coplanar waveguide design. This
design has enabled a selective optimisation of the antenna performance from a well-
defined set of structural parameters. These include the height, length, ground plane size,
the spacing between the folded arms, the gap between the arms, and the loop gap. The
design was validated through detailed simulation of return loss, radiation pattern, power

gain and radiation efficiency, which were then realised in a physical prototype.
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CHAPTER NINE

Conclusion and Future Work

9.1 Summary of Thesis

The fundamental objective of this thesis is the development of new balanced structures
for antenna designs intended for use in mobile terminals and sensors held or positioned
close to the human body. This is to avoid the drawbacks encountered with unbalanced
antennas which suffer degraded radiation characteristics as a result of radiating current
paths on the human body. The unity of this research can be appreciated through the

following retrospective summaries of each of main the chapters.

Chapter 2 reviewed the characteristics of balanced and unbalanced antenna structures.
Two measurement techniques to find the differential input impedance of balanced
antennas were also presented in this chapter: (i) the monopole method, and (ii) the two-
port network method. A symmetrical structure which is fed with balanced currents can
achieve an electrically symmetrical operation, through which the balanced currents only
flow on the radiating element, thus dramatically reducing the effect of the current flow
on the ground plane or chassis. Therefore, if e.g. a mobile handset is held close to the
body, no coupling takes place between the antenna and the human body, thus the
performance of the antenna is not affected, and a reduced SAR may be achieved. This
constitutes the rationale for further development of this field, and the subsequent

designs presented in this thesis.
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Chapter 3 presents a new wideband balanced folded-arm dipole antenna, operating over
the GSM 1800, GSM 1900 and UMTS bands. A further improvement to the antenna has
been achieved by covering the 2.45 GHz WLAN band. The input impedances of the
proposed antennas were verified by the two measurement techniques described in
chapter 2. The measured prototypes showed good agreement with the computational
modelling. The performance of the prototype balanced antenna in terms the induced
handset currents are derived, and in comparison with unbalanced designs, it was proved
there exists an enhanced immunity to the effect of adjacent human body components.
This results in an enhanced stability of the proposed antenna for realistic mobile

operating conditions.

In chapter 4 a new compact wideband balanced folded dipole antenna, intended to
operate over the DCS, PCS, UMTS and 2.4-GHz WLAN bands, was introduced and
discussed. This antenna was simulated, prototyped, and tested. Some characteristics of
the antenna were investigated in detail in order to validate the performance of the
antenna. The measured and simulated differential input impedances were in good
agreement. This chapter also introduced and analysed the antenna performance in the
presence of a human hand. It was found that the antenna induces only a little current
into the ground plane, and thus the desired performance stability of the antenna can be
achieved. The antenna efficiency was tested using a radiometric technique, and the
results show a favourable performance. The proof of the design concept is concluded by

measurement of the gain and radiation pattern.

Chapter 5 presents two different antenna geometries covering the 2.4 GHz and 5.2 GHz
WLAN bands, and the 2.5 GHz and 3.5 GHz WiMAX bands. The design concept of

compact-planer folded-dipole balanced antennas was initially investigated using HFSS,
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and then supported by intensive prototyping and measurement. A new technique was
applied to the antenna, in which a long slot was introduced on the each folded arms of
the dipole antenna. A significant size reduction was achieved after performing a detailed
parametric study over several structural parameters. The antenna performances were
characterised over their target bands in terms of return loss and radiation patterns, the
return loss measurements were conducted as per discussion in chapter 2, and balun was

introduced to verify the impedance of the antenna.

Chapter 6 describes a hybrid computational method which efficiently models the
interaction between a small dual band balanced antenna, placed in proximity with the
human body, and operating over the 2.4 GHz and 5.2 GHz WLAN frequencies. Results
for several test cases of antenna placed in different locations on the body are presented
and discussed. The near and far fields were incorporated into the study to provide a
complete understanding of the impact on human tissue. Finally, the cumulative
distribution function (CDF) of the radiation efficiency, and the ratio of the absorbed
power to the radiated power of the identified locations were also provided. It was
concluded that there was a clear improvement in the front compared to the back. The
reason for this appeared to be due to a loss of characteristics in the tissue at the front,

and a greater degree of absorbed power.

In chapter 7 a planar UWB antenna covering a wide range of frequencies has been
presented. The antenna arms were considered as a wide planer monopole antennas, and
then mounted on substrate for further improvement and easy implementation. These two
wideband radiators were fed using tapered microstrip lines to meet the wide frequency
response. The handset geometry was modified to meet these modifications, such as the

feed network used in this particular design. Two baluns were utilised for this proposed
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antenna, each covering single band. A parametric study was performed over several
structural antenna parameters, to reduce the antenna’s size, and to verify the optimum
response. The prototype return loss and radiation pattern was in good agreement with
expectations. In addition the computed effects of user hand and head on mobile

performance were also investigated in this chapter.

A new idea of using a coplanar waveguide structure to implement the balanced feed
network covering the 2.4 GHz and 5.2 GHz WLAN frequency bands has been presented
in chapter 8. The antenna is intended to eliminate the need for a balanced feed network.
This structure enabled modification to selected antenna parameters with a view to
optimizing the antenna’s performance. Results were obtained by varying the following
antenna parameters: height; length; spacing between the folded ends; gap between arms;
loop gap, and ground plane size. The antenna was fabricated and tested to evaluate and
the design concept. The predicted and measured results for return loss, radiation pattern,
power gain and radiation efficiency demonstrated considerable success in achieving
this; with good impedance bandwidth characteristics, and an excellent dual-band

performance.

9.2 Conclusion

Several new developments in balanced antenna structures have been described, and
validated. The antenna designs have been motivated by applications in multi-band
mobile terminals and handsets, wireless LANs and UWB radio. Different techniques
have been applied to the antennas to meet the required design specification. These

antennas have been fabricated, and tested, and compared with theoretical results.
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Balanced antenna systems are of major interest to mobile phone antenna designers. This
is due to their stable performance when held adjacent to the human body by their users,
as compared with that of the unbalanced designs. It is believed that the mutual coupling
of the balanced antenna is not totally affected by the induced currents in the mobile
handsets. Consequently the resultant performance of these antennas would be preserved
even when the handset is loaded or in contact with human hands. It should be noted that
these antennas are fed by two sources carrying currents of equal magnitude and 180°
out of phase. The result of this emergent symmetric geometry is that the induced
currents appearing on the handset will be mostly cancelled (i.e., no current flows on the
antenna ground plane). In fact, the effects of the antenna radiation next to the human
head will also suggest reducing the possibility of electromagnetic energy absorption by

the user's head.

9.3 Suggestions for Further Work

Throughout the course of this research it was observed that there were areas for further

study that might be carried out.

e An important candidate for further development is the use of the coplanar
technique. For mobile terminals there is considerable scope for further
improvements to antenna performance, and extensions into more varied multi-
band operation, including GSM 1800/1900 and UMTS. Further size reductions
may also be achieved, without degrading overall antenna performance, and
investigations into ‘best fit’ assembly configurations could be pursued using

Genetic Algorithm (GA) optimisation [1].
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The results in chapters 3 and chapter 4 have proved the basic design concept for
mobile antennas using balanced techniques. Although attractive in mobile phone
design, there are still some substantial limitations in practice. This approach
does not cover the lower frequency GSM 900 band, which is a continuing
operational necessity, nor does it cover the 5 GHz WLAN band, which is an
emerging requirement for mobile handsets and terminals. Therefore, further
development of balanced antennas could be investigated to develop new
techniques for multi-band design.

There would also be considerable research value in establishing small balun
designs which meet the required wideband response, and enable the module to
fit a desirable volume size for mobile applications.

The possible use of EBG material [2] on balanced antenna could add
considerable value in studies to improve antenna performance. This is because
the EBG structure has the capability to exhibit a distinct stop-band for surface
waves [3, 4], whereby the gain and the efficiency of the antenna may be
increased.

One further possible study that might be considered relates to tuning balanced
antennas [5]. These antennas could be operated on single and multi-band

facilities on different frequencies which are not necessarily harmonically related

[6].
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Folded Loop Balanced Coplanar Antenna for
WLAN Applications
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unbalanced coaxial feed by routing the coaxial feed around to
the peutral point opposite the feedpoint. thus creating an
mtegrated wideband balun [13]. The inner of the coaxial line
(or equivalent coplanar transmission structure) 1= termunated
cmto the outer conductor. or sheath. (equivalent to the coplanar
ground plane) of the opposite half loop at the gap. The em £
mduced in the outer conductor of the loop and appeanng
across the gap will still be transferred to the load Z;. The
balanced coaxial (or coplanar) structure, mcorporating a balun
transformer is shown i Fig. 1.

- . - o -

Bomdwirs Brudges

Faldingiines Fespetdirt p Smarge
LM, i -
CuterStrps.  Cantre Sirip
[ rewanad Plasw]

e

(B}
Fiz 2. The propesed antenna confipmation smdied- {3) dimenviens of the
mnfolded eoplanar antenna, (b) folded verson of thes anferma

III. ANTENNA STRUCIUEE

The coplanar antenna comprises three rectangular
conducting strips; a centre sirip and two similar lateral strips.
Fig. 2a shows the geometry of the proposed antenna in
coplanar waveguide technology in the unfolded version of the
structure. Here the CPW is used as an antenna itself by
extending the transmission lines along with the ‘ground
planes’ (which actually radiate i thus configuration). The
shape of the transmussion line 15 like a letter ‘P’, with an open
circuat at the top (the right part of the antenna m Fig. 2a). In
order fto have a balanced structure, the configwration is
replicated, then inverted and comnected to the right part
through the inner conductor, with a small gap (see parameter r
m Fig_ 2a). The antenna has a centre conductor of wadth n=0.7
mm and the outer strips are both of the same width ¢=2.7 mm_
The gap m of 0.2mm separates the centre strip and the two
lateral conductors. The other parameters m final design of this
antenna are summarized in Table 1.

Bond-wires are alse employed along the CPW Lnes to
ensure the same potential across the CPW outer conductors.
To obtain a compact design, the proposed antenna 15 folded
again in a second plane by bending along the loag lateral of

the rectangular loop, while mamtamning the smallest height
that can be achieved (3mm), which must allow for the height
of the bondwire bridges of Imm_The layout of this antenna in
folded version is presented i Fig 2b.

TABLE1
The Paramesters of the Coplanar Antenna

Parameter Value (mm) Parameter Value (mmm)
a 15 T 3
b n e 27
w 16 # 31
d 14 t 1
h L 1 a7
E 3 m 02

IV. DISCUSSION AND ANALYSIS

The proposed antenna configuration was studied firstly by
simulation and then in a hardware realization In this section.
the characteristics of the proposed desizn are analyzed in
terms of antenna return loss, coment distmbution, radiation
patterns, antenna gain and efficiency. In addition, the results
of a study of an application of this antenna are presented. The
measured results of the fabnicated prototype are presented and
compared with the simulation predictions.

A, Effect of Variation of Paramerers on Return Loss

The importance of the parametnc study is tw  help
understand the behaviour of the antenna operation and
sensitivity of antenna imput impedance marching to the
variation of the parameters. In this study, the balanced loop
antenna is intended to achieve multi-band operation over the
2.4 GHz and 5 GHz bands At the lower band, the loop
antenna resonates when the structure has total electrical length
of ome wavelength at the resonant frequency. whereas it
resonates in the harmonic mode at the upper band. Accerding
to the dimensions of the final design the inmer conductor of
CPW structure has a total length of 71.7 mm (excluding the
length of parameter r), whaich comesponds to 0.38L (L is
wavelength in free space) at 2.45 GHz and 1.183 at 5 GHz. It
15 noted that its total electrical length ar the lower band is
significantly less than a free-space wavelength. which is due
to the modification of its electromagmetic behavior by folding
the structuse.

The most sensitive parameters of the antenna, including
height, length, spacing berween the folded ends, gap between
arms and loop gap, were studied. The mfluence of these
parameters on antennas impedance matching was explored
using the Ansoft HFSS software [13].

Parameter ¢ 15 an imporiant design parameter to achieve a
minimized design. since the overall length of the antenna
(parameter €) i the folded structure 15 almost fixed i order to
achieve the desired resonance at the lower band. Fig. 3 shows
the variation of the parameter ¢ while holding constant the rest
of the parameters, as stated m Table I. As can be seen, i
general the vanations do mot sigmificantly influence the
antenna tesonance over both bands. The shght frequency
shifting and the vanation in input impedance matching can be
easily tuned using other parameters. Thus, the smallest
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possible value of parameter ¢. 2.7 mm_ was chosen i the final
design.
[

[}
(=]

Fetum Loss, dB
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T 1~ 2 35 4 q'a 5 55 &

Fig. 3 Effect of vanation of the parameter ¢ on the mput retura loss

Fig. 4 depicts the variation of simulated return loss for
different values of the separation zap between the electrical
ends of the arms of the antenna ». which corresponds to mning
the capacitance between the two ends of the loop antenma As
can be seen. the resonant frequency remains unchanged at the
lower band; whereas there 15 considerable change in the mnput
impedance matching when r i3 vaned from 1 to 3 mm,
especially over the upper band. This 15 because the impedance
matching gradually changes from critical coupling to under-
coupling as » decreases.

s | M
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Fig. 4 Effect of vananion of the parampster r cu the it retun loss.

B. Effect of bondwire bridges on the antenna performance

The CPW line exhibits one donunant CPW mode. The rype
of this mode has an electric field with opposite polanties
between the two slots: therefore. bondwire bridges were
placed along the CPW to keep the outer ("ground’) planes at
the same potential. thereby elinunating the parasitic slothne
mode,

Fig. 5 clearly ilustrates the current distribution in the
antenna for two cases; with and without bondwire bridges at
two different bands. When the bridges are implemented
between the outer stnps (ground planes), the induced current
15 stronger at 2.45 GHz than without bnidges; whereas little
difference m curent distribution is observed at 5.2 GHz
(sinular behavior also observed at 5.8 GHz). In addition, the

effects of bridges on the antenna return loss were exanmned
and the correspending results are shown in Fig. 6. These
results show that the antenna matching and resonances
deteriorate wm the absence of the bridges, thus vahdating the
necessity of using bondwire bridges in the proposed antenna

Fig. 5 The cument disnibution in the folded balanced coplanar antenna with
buidges (lef) and without brdees (right). =t 245 GHz (upps) and 5.0 GHz
(loovar).
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Fig 6 The antenna refum loss with and without bondwire brdges

Fig 7. thagqﬁnfmmypenfﬂmﬁ:bd I:almednq:m anﬂna.'kﬂgl,
{2} mfolded struchwe. (k) folded stractme.

C. Prototype realization of the antenna

A protorype of the final antenna was fabricated on foam
dielectric substrate with relative permittivity & = 1.1 and
thicknesz of 2.5 mm Tlus substrate 1= flexible PCB, which
enables the antenna to fold mte a 3-dimensional strucmure. The
prototype of the proposed antenna is shown in Fig. 7. A spacer
of dielectric slab (see Fig. 7b) was added carefully between
the antenna’s top and bottom to support the antenna’s arms 11
order to maintain them at the same height and with the same
surface structure. In order to be consistent with the simulation
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model, the foam substrate of the flexible PCB was detached
using an intricate process during the fabrication.

D. Characterization and analysis of the antenna

Results for the simulation of the anmtenna were cross-
validated vsing Ansoft HFSS and CST MWS software [14]
priotr to the prototype fabrication. Fig. 8 illustrates both sets of
simulated antenna refurn loss results, compared to those
measured in the prototvpe. As can be seen, the prototype
antenna has impedance bandwidth (10 dB) from 2.39 GHz to
2575 GHz and from 5.1 GHz up to 6 GHz. respectively.
Taking into consideration the difficulties and errors caused in
custom  maoufacture of the antenna, the results give
confidence in the simulations camried out. This can be seen
from the relatively well-comrelated results from both
measurement and simulations.

e
(=1

n

Retum Loss, o5

avnnSimulated (HESS |
= Singlaed (CST]

broadside direction for frequencies across the 2.4 GHz and 5
GHz bands. The measured antenna gain varied between 1.32
dB and 1.8 dB over the 2.4 GHz band. and 2.65 dB and 2.95
dB over the 5.2 GHz band. For the bandwidths of the three
specific operating bands, the variation in the peak antenna
gaimn for both bands 15 less than 0.3 dB.

Additionally, the Wheeler cap method for measuring
radiation efficiency [16,17] was applied to the antenna. Table
ITI presents the measured total efficiency (including mismatch)
of the antenna over the 2.4 GHz and 5 GHz bands. As can be
seen, the antenna shows good total efficiency in both bands
with similar vanations, from 0.74 to 0.88.

TABLEII
Measured total radiation efficiency (1)
Lower band
GHz [ 24 [241 22 [28 244245 246 [ 247 [ 248
m [074 074 [077 | 080 [ 082 | 085 [ 088 [ 0.E% | 0.E7
Upper band
GHz [515 [ 52 [ 33 [ 54 [ 55 [ 56 [ 57 ]

3.15 5.
m [079 [ 074 076 | 078 [ 087 [ 0.86 | 0.87 [ 07

: o |5 1]
¥
;52 :'.‘.'- 3 asn 4 45 5 2% i}
Fraguancy, GHT
Fiz & The sanmlated and meazursd refom loss of the antemma
TABIED
Mezsured Power Gain of the Antenna.
Lower band
GHz [ 24 [241 [242 [243 [244 [245 [ 246 [ 247 [ 248
dBi | 152 [I58 | 154 |17 [ LT3 | 178 [ 160 | 165 [ 156
Upper band
GHz [315 [ 32 [ 33 [ 34 [ 35 [ 56 [ 537 [ 58 [5%85
dBi [275 [ 280 [352 [ 268 [ 295 | 220 [ 288 [270 [ 2

Measurements of the radiation patterns of the prototype
were carried out in a far-field anechoic chamber. Three
principal-plane pattern cuts (ie. zx, zy and xv planes) were
taken for three WLAN operating frequencies that cover the
whole designated bandwidth. The radiation patterns were
measured at 245, 3.2 and 5.8 GHz: the measured patterns
were normalized and are preseated in Fig. 9. The results
indicate generally satisfactory agreement between simulated
and measured radiation patterns, except at certain points where
the differences are noticeable. These differences may be
caunsed either by fabrication etrors or during the measurement,
which may happen if the anteana under test iz slightly
misaligned with the reference antenna.

Table II illustrates the measured antenna gamn in the

A. A study ef an example application for the antenna

The proposed balanced loop antenna possesses several
advantages compared to the prior-te-art antennas designs
operating at the same frequency bands. In comparison with the
balanced tvpe antennas, the proposed antenna reguires no
balun in operation [1-5. 18, 19]. In addition the antenna
features low profile design as well as a comparable volume
with the ones reported in the literature, 1nclnding some of the
unbalanced type [20]. On the other hand, when compared with
the unbalanced type antennas. the proposed balanced antenna
15 able to operate on its own without requiring a ground plane
to be part of the antenna system, unlike the unbalanced type of
designs [21]: or it can also be used integrating with the ground
plane. In thiz case. Performance of the proposed design has
little variation of the ground plane size, which implies that the
same antenna design can potentially be adapted for many other
mobile devices with little modification, saving time for
antenna customization for the mobile phone industry [4].

An investigation of the effect of handset size (eguivalent to
the size of the ground plane) on the antenna performance was
carried owt. The width of the handset, Gud wid, was kept
similar to the width of the antenna whereas the length
(equivalent to patameter Gnd_len) was vatied from 20 mm to
80 mun. as Fig. 10 presents. It 15 guite clear from Fig. 11 that
there is little variation in calenlated return loss observed for all
design cases. As a result, the antenna resomant frequency is
found to have a low degree of sensitivity to the ground plane
size. These results indicate that the balanced antenna ocaly
induced a little cutrent into the asscciated ground plane at both
bands. The computed current distributions at spot frequencies
in the three different operating bands studied (2.45. 5.2 and
5.8 GHz) are shown 1o Fig. 12, in which it 15 seen that the
induced current in the ground plane is negligible except very
close to the antenna. These encouraging results prove the
advantage of this balanced loop antenna, in which a stable
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petformance can be expected when the handheld device is 0

held by a user since the interaction between the antenna and
the handset 15 minimized.
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V. CONCLUSION

A npew dual-band balanced antenna wvsing a coplanar
waveguide structure fo eliminate the balanced feed network
has been presented. Several antenna parameters selected with
a view to optimizing the antenna’s performance have been
studied and analyzed. The effect on the antenna performance
of bridge wires supperting the coplanar wavegmde has also
been studied. The best antenna model was fabricated and
tested. The characteristics of this balanced antenna design
were analyzed in terms of antenna retwn loss, current
distribution. radiation pattern. radiation efficiency and power
gain. The simulated and measured results over three license-
free frequency bands wete in adeguately good agreement,
confirming the desizn concept and demonstrating the good
impedance bandwidth characteristics and excellent tri-band
radiation performance. A study for the proposed antenna in a
handset application has demonstrated the advantage of this
balanced loop antenna. in that the antenna is insensitive to the
associated ground plane and to size variations of the ground
plane. These results prove the antenna performance was stable
in handheld devices since the interaction between the antenna
and the hand would be minimized.
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Abstract: In this study, & low profile and dual-band-balanced antenna for mobile handset applications, covering the 2.4 amnd
5 GHz WLAN frequency bamds, is investigated and discussed The antenna s a thin-strip planar dipole, wath folded structus,
and a dual-arm on each half of the dipole. The performance of the proposed antenma has been analysed and optimised for the
two tarpeted frequency bands. For vahidation purposes, an antenna prototvpe was fabricated and tested. The prototype
performance is characterised in terms of the antenma reflection coefficient, radiation patem, power gain and surface curment
distmbution. The predicted and measured msults show relatively pood agreement, and confirm good impedance bandwidth
charactenstics and excellent dusl-band performance. In addition, the antenna radiation perfommance is mvestgated when the

antenna is placed in seveml locations on the human body, using a hybrid computational electmmagnet s technique.

1 Introduction

Mary mobile handsets have design constmints on size and
weight, partly driven by customer expectations, and partly
owing to the increasingly ubiguitous use of location-aware
applications. From an antenna design perspective, these
constraints may be summandsed thus: (i) to reduce the
antenna size with unchunped or improved, performance
characteristics; and (i) Lo continug to seck reductions in the
degradation of antenna performance when in pmximity with
the operator’s body [1].

Balanced antennas offer a genuine choice forthe designer in
mitigating the effects of the user on the antenna performance
[2]. simce balanced curments only flow on the antenna
element, thus dramatically reducing the effect of curent flow
on the ground plane. As a mesult, halanced antennas should
have good efficiency and, more importantby, should maintain
thetr performance when in use adjacent to the human body
[3]. In mecent years, seveml novel mobile antennas designed
with the balanced technique have demonstrated the enhanced
stability of performance, compared to the unbalanced tvpe,
when the hundset s in proximity with the human head and’
or hand [4-10].

Designing a pood balanced mobile antemna is always a
challenging task mvolving the compromise of certain
construints in the design, where small antenna sice and
multiple  frequency  bandwidth  operation  are  usually
required. Recently, several novel designs of such antenna
tvpes have been successfilly developed and demonstrated
[3-5, B, 9], most of them being designed and implemented
for operations in the cument 2 and 3 G mobile frequency
bands; however, not much work has been carmed out for

{ET Microw. Antemnas Propag., 2011, Vol. 5, lss. 8, pp. 1045- 1053
doi: 10, 104%iet-mep 201000219

the potential fequency bands beyond the current mobile
frequency ranges, as expocted to be used for future mohile
commumnication systems. Therefore, there is motivation o
apply this balanced technique to develop antennas for future
mobile device applications.

The paper presents and investigates 4 new design for a
built-in dual-frequency balanced antenna for WLAN, and
short-range wireless communications allocated Sequency
bands, that is, 2.4 GHz (2.4-2484 GHz) and 5 GHz (5.15-
535 GHz and 5.725-5.825 GHz). The charactenstics of
this balanced mobile antenna are analvsed i terms of input
return loss, power pain and mdiston pattern, wsing the
HFSS simulation package [11]. In addibon, the WLAN-
hand anterma radiation performance is examined when the
anterma is placed in several locations on the human body,
simulated wsing a hvbrid compuotational electmmagnetics
technigue.

2 Antenna design concept

In omder to create the balanced antenna with dual-hand
operation, it was necessary o generate two  separats
resonant frequencies. This design was approached using a
two-tier process. Fistly, each monopole amm of a planar
strip dipole was folded. In order to achieve a low-profile
folded (ie. minimised height) balinced antenna, while
maintaimng sufficient impedance bandwidth to support the
tarzeted WLAN hands, a long slot was intmaduced into each
folded arm of the dipole radiator, as Fig. o shows, In this
way, the equivalent wavelength of the suface cument at
24 GHz was increased, compargd to the case without the

1045
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Fig.1 Geometry model of the proposed balanced mobile antenna

a 3D batanced mobile antenna configuration
b Side view of the balanced antenna with connected feed
¢ Unfolded arm of the balanced mobile antenna configumtion studied

long slot. Thus, the folded antenna height (#) can be reduced
by 30%, and the low-profile design realised.

Secondly, a technique for introducing another resonant
frequency was applied for the proposed antenna after the
first tier process. A strip stub with appropriate length and
width was inserted into each amm of the planar dipole with
folded structure (see Fig. lc). This additional arm was
exploited to generate the second resonant frequency for the
5 GHz frequency band [12]. The proper length and width of
this added arm was found with the aid of the simulator tool,
subject to the input impedance matching required of this
antenna design at the 5 GHz frequency band. It was noticed

1046
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Unfolded arm

c

Fbldinglines

that this added arm for generating antenna resonance at
5 GHz had little effect on the antenna resonant frequency in
the 2.4 GHz band. Therefore a dual-frequency operation
with low profile of this balanced mobile antenna was
achieved with the dual-am structure, as Fig. la shows.

The dimensions of this antenna geometry were found to be
comparable with practical handset sizes. In order to fully
comprehend the influence of these parameters, based on
impedance bandwidth, a parametric study was carried out
by varying each parameter, while holding the remaining
parameter values at the assumed optimum values. The
procedure optimises the impedance matching bandwidth for

IET Microw. Antennas Propag., 2011, Vol. 5, Iss. 9, pp. 1045-1083
doi: 10.1049/iet-map.2010.0219
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the proposed antenna to achieve the required impedance
matching, covering the WLAN frequency bands. The
antenna height parameters h and w were considered to be

o a o
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the most sensitive parameters in controlling the impedance
bandwidth relative to the target design.

The parameter h was varied from 2 to 5mm, with a
1 mm step. The optimum value of & was found to be
4mm, as shown in Fig. 2. Similarly, the parameter w
was varied from 1 to 4 mm with a I mm step. The
optimum value for w was found to be 3 mm, as Fig. 3
shows. As mentioned in the previous section, the purpose
of the additional thin strip was to produce the upper
resonance of the antenna and it is characterised by the
dimensions f and g. This can be established by studying
the variation in resonant frequency when they change.
Fig. 4 shows that as parameters / and g increase, the

Table 1 Summary of important parameters defining the
proposed antenna

Parameters Value, mm

18.5
a8
115
5
3
4
15
2
10.5

| s~ F30O0 0

Fig.5 Fabricated prowtype of the proposed balanced antenna
design
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Fig. 6 Comparison of simulated and measured retwrn losses
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F|p. 10 Mueran oy el unad ifer propossl soumon beafas
& Armenang baeamord on e ook |
b il geoncey shoe wthe 3z pane

Cannd peomaey dioe e i plae

iiwvesigaied wang the b elecimimagnetic inethinl
descmbed in [1T] The haman body modd used im0 this
sialy i keown os the “Visible Man', the tne.clasafied
mumerice] model fiv which was developed at Brooks A
Fosgg  Hase, San Astonia, USA (1%, The mixlel
characiorsod by 49 &y ol Dssues gnd Bes o sesobalion of
| mum, Howeever, the finae didfaence mme domngin (FIVTTE
el sipe ol the presenl maded for Bogh bamds comudenxd
was 3 mmn, for which 42 types of tissess were included m
the analyss. This oell s was choses o spesd up the
oempumtone tme reqaived by the hybod meshod, wnd
wimk within the mailshle memory limms. The positioms of
the proposed anlenna on the haman medds sre showm in
Feg. 10 This Bgure also deowmitrpies the FIVITY doman
mndiel, deplaved over central slices n the © md = planes
The buman body wos placed on o perfecty  condacing
prodmd phine, od e antema owas  repliced by oan
quivalent Huygens' surface. The physcal size of the

|

Fa 11 Ekomc Aol muapsmsle dam farmon o the oenirgl § =

1054
£ Tha Iretlbatiae of Englrsang and Techaslogy 2011

L

Parhalmggrued
b

Huygens' mitece wis 9¢m = T2 o = [h.J e i this s
oguwivalent o 30 = 24 x 84 FOTD codls The Huvgess'
mrface was cancfully plhosd a1 the srfice of the man
modsl, when the distnee between the antenna, handser pd
iman wsines was only o cells, The FIFTD problem

Tahla ¥ FResdisied and sbsodtmd povess diginibations of the
proposesd antenne when & & mounied on the buman body ovar
i e 1 o boss

748 Giklr 6.2 Gk
PP PP i PisaPls PotaPrmi

wation 1: harki .44 1.4 aTh i
ko atien T oni) 0.m o2 = 8: 1] neg
oz i X Sl o LR aaz n.a7
*» | = 4

) . Lir

L]

i P ]

L - 3 =

w - "o
| S i

] s

T ok awd v= o {rphy sicer for | I faput poser a8 24° GIE Sawsl

ET M. Anfanmes Progep, 2001, Vel 8 e 8 pp 10481050
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s wan 1R = 118 = 633 cells, ot which i is lomminased by
u perlectly maiched leyer (IFML) with o thickne=s of b cells
The pussthes of paiming oychs wig 560 1o 40 Toe hath
WLAN megmencics. 1t shoadd be noted that in all cases
shown m Fig 10 the ontenm handset was hetween the
mnierns mnid the human sssues.

Remdinted and absoebed power distribsations of the proposed
miemna for the thee cses comsidoed are presenisd @
Tahle I. The mesults are in quire rensomble agreament with

[ﬁ:ﬂmﬂ:&plfnrm:;mwllﬂ achieved af 2.4%
amil 5.2 Gz aben the antenna way placed & e back of

.‘4': s
- TR R ]
™
Fig. 12 Farfeld paverns o 245 GIE lor vz, xo aned v pilomes
o Cases |
W e T
© Caim §

A O’ W o] Ll tvaa” B genpEeal By

ET Moo, Artennas Propag, 29011, Wol 6, s B, pp. Weab- 453
dhiri: 118 DOt - 20100018

www.ietdl.org

tht humnan nwsdedl. This w belived o be wemsse ol the
tissue chamcenstics ot this kecoton being quite oy,
colpured 1 other anienng psilEi,

T o] me- Rkl distritation o 2,45 CiHe for fwo ceniral
vertical slices = shown m Fig 11, These felds are sommatised
w0 | W inpm perwer and the scale shown is indB. 0t is clear
that the distribnmions within the human nssues, and m their
mredile meighbourhood, were mot compamble w0 the
fiekds pomting oway from the antenna md de homan body
This figure alsn shims the varistioes of the smnding wave
due 40 the comducting grommil  Simslely, the sew-ficd

19051
ing el Tichnedogy 2671
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Cose 13

Fig 13 Fordield paterse @ 50 Gz for pr. xz ond 1y planer
a O |
b U 7
& Cma ¥

whoe ‘vo0’ o dompiod Ey ond “wonen” mocomplind By

istribrtsons al 52 Cible ore quite comparakble o §luse shown
in Fig. 11, snd ane thuss not presented here.

The fiar-fekd for the ghree comes mentned ae
shivem im Figs. 12 and 13, The Gelds presenied are nomma ised
i e | W ingut power for all y— 2, o 2 anad sy plones, Tho
patiern vonmbions im each case show thal the fields wene
simnger in the direction possing o the sl axis of the
hamdsert motenna, aed gwy fom e hawn body, 1 e cler
fmm the resalis thar e rediced feld megnitades cnse by
ihe diadivamy oliect of the uma body Gl appros mmmely
between 2 ond 15 S8

2
C Tha Ingtimition of Engrmenng and Tachnobogy 201

4 Conclusions

A verv-low-pofile dual-hand balanced handsel onbenme, wiih
o miwel structure, for mobile devices opermtmg over the
2.4 GHz amd Fall 5GHz WLAN hands has horm presented
The propeesed antenna model was sonubsel, fsbncted aml
tested o venfy the deggn concepl. The charsctersstics of
i halmcad unienen design were onalyssl = terms of
miemna refum loss, mii patiern and power gam. The
wimilined ol mesaired poule over the Dwo Troguen
bands weme in sfiomily pood agreemest oo propose this

ET Microw. Andsnnss Fropag., 2011, Vol i ks 5 pp. 10451063
i 10, TR s -reng, 2010 00 B
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Compact wideband balanced antenna for
mobile handsets

D. Zhow' R.A. Abd-Athameed! CH. See' A.G. Alhoddod’
PS. Excell’

'Wokile ond Sotoiite Communications Rescarch Cewire, Diswversty of Srodiord, Srodiord, Wiest Yorkshire 807 168 LW

“School of Computing ovsd Commundcotions Techoology, Givndwr University, Wieviom, LUTT 2400 Wokes, L
Fannil £ 0. obd i bravfond, o ak

Abstrach: A nowel miniature badanced mobile hardsol anteénna s presenbed in This sudy, which cowers digital
communication sysbem [DCS) (1710-1850 MHz), personal communication system (PCS) | 1B50— 1990 MHz),
updversal mobile telecommurications ysiem “JMTE-? (1920- 2170 MiHI) and wireless local area nepwork
[WLAN] (2400-23484 MH1) frequency bands. The antenna i a built-in planar dipale with folded structure and
with the addition of a dual arm an cach half of the dipobe. The performance of the antenna is analysed and
optirised under certain dl"."i-‘l-'l canstrants, The dability performancs af the proposed ankenna aEamst
proximity effects is evaluated. The effects of the phore user's hand on the neturn koss and mdiation patbems
have been characterised by simulation with o simple hand model. A prototype of the preposed antenna B
fabricated and tested. & wide bandwidth planar balum is wsed 1o feed the wideband balanced antenna from
an unbalanced source The calculated snd measured resulls show lﬂﬂﬂ‘ agréement and conlem good
wideband characteristics with mubtiband operation. The speofic absorption rate [S8E) perfformance of the
antenna is also studied expersmentally by measuring near field exposure, The messured results haee shown
low indsced cument in the ground plane and thus confirm minmdsation of perlormance varatiors and SAR.

n the handset cse i oales o axcheoe d p:nul. m||ﬂ|:ru.':
1 I u-'udu':tiu" inafids that i stable in the jresence of 4 lium=an |.1.l.'i:|l

Frogress wemnds  worldwide  wirdess  commniorton

=3 ksl e, aend the antenig dement of A good camdidate techmigue = o oose halanced andennas
the r::.E—.i::.- ja eructil te bs osacces, Teads s ] w eelses e ..:ui'lhl; of the mobids snrenna o e
eeilutiom indicatr the gp bereren collular and WILAN hanadert, since usbalinced anwnne doive curment indp
iechmologies b earmvdng end devdopimens s sffware the handsetr chasss, which interacn strongly with ﬂ:ln.'
tefinesd racllis [SIFR) poine e=oegdy o the eead e nes factable  chera of #he body [31-5]
sirnna desiges 1o peremt ueer forminale & acors. seversd riantinns SR ol v byoa dheowt 10 b lltwrnhull'r
iEferen mldio eewweres & difftsem frequensdes aoconding el whon placed newt o the lrman bazsl, domgen u|
m sevice  regquremesis . Aley, @ redio  ooeseciad with convension] wnlubisced sntenmss, o dese g

wnvices hevine | - ﬂ:" RN I""'P the Funill[; arr well .,l;l.imu;l,! |-hJ

Ievgplicetions of aser moposure i emisions Tom haed-hedd

temiinals e cosing incresing  concem., Therefore s An aneenma with symmerrcal snanoe tar s fed wish
mblitzn to thr sadibonal ||.:Rigr| .:l‘itl.'h-:l ol sl s halaneed azreents o mube o g-b_-mu]'_'_&; |:..r|l-'r|e|:|'i|:|: 8 said
] | cout it B ow essentid woakdres the neal for i he a bubrued sdom, EH|-|I=- winl hq'u arg Bhe it

o} wide, or mufri-hand operaton, (b complince wath iommonly enooaeesl  halanoml  anfennas.  In o addition,
tonal salry puideines om spetilic alsopition e elancel aroemnas may also be realised i omessder-line, !'-r.'ln
(SARI [1, 2] and (o) wesk oourpling of tho antenna with micsaatryy (e med S0 on A bl i

&0

& Tha Institution of Enginoering and Tachnology 2010

IET Microwe: Andernos Propog., 3010, Yol 4, ks 5, pp. GO0-608
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halanes] aneenns el In the halancel swiesma
with balsiind fonl keops the geound plane aimast e off
mchicmd] cument anil skudics [7] have confiemand e this
b indeed the wse Henor degradaion of the smesma
perbaromer becase of the influsnce of dee hasman body can
b larpedy elimamainl As o madr, balanesl antennes shoubd
b good effidoey and mone importantly dhoukl maintin
thiesr perfismunce when in me sdfscent o e human body:

Rabamord spicemes may have Bmitations, mch ae maluced
banidwidt sl son-opiimal parem shaping, which can
hl:ir tlidr vzl r-;l'ﬁ\.l'rrl.'-ln,-. Thoss imtaSems draec

www.ietdl.org

munly becmse only the snrenna dement el acts = a
ruligor while the landet i net inchudad in the dosign
Another s s that the balun neadal o perovide halancnd
muments: may e limit the  ansennas  impedance
lunduddih. For msmmesid eploietion, it b osoil o
e oovel techniges o oy hralanced - amenna
lanchuidsh and guitem pedoomance, and e ostod the
pefonuance of mbineed smuctures 0 achieve muli-hand

pErESo.

In this paper, the design of & compact lhoced dipok
matepma e fiddied ;,-r-u"wn-im wigh o fueed dhiil m

Figure 1 Astenaa configerofion studied

o Bylarced arcerea with corducting plate
& importand paremeten of 1Be proposed anbe e

IET Microw, Asdennd Propag, 2000, vl 4, 155, 5 pp. 600508
doi; 3030 rap 005 53

i,
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siracture for mohile handses = imtroduced and  analysed
in oeder 1o reabee mraliple-band opermion, incudieg DS,
PCS, IIMTS omed WLAN (24 GHz) A planar bakan with
ulnni.lnl'd“ whie bandwddel for El:diuﬂ il ||h'|'|.l:|]
interw wan implemented g henbwam readistion, 1o the
snzhais, an drhlqurlh’ sl s on the foate
integranon vechndgee was applied o calculase e [oss
il rulision meems Bl The mumml effecy of the
proposaal antesna asem in. the presence of 4 human hand
||||.I|!|||:| w addesieed and e SAR p:riunnnu.': al the
anbemma i rvaliased by coporiment. Finally, the alodkind
sinl tremwumd mailts for He cumsbuaal frofotype wx
presented and discossed

2 Antenna design theory
and structure

Fanar  owml-plae mooopole  evimeas hor - been
invesnlgmad previnsly o good asdidses for Wrewide
banef  appboations % 10) A pair of sich widchand
||u|n:|n|E anlczmds cam e mbl;nl'n] I.q‘,:l|=| L] L:'ﬂl-l"u.rd
d dipuile antenna and #51 mrowin o wide handwidih frasm
FI.“IJM“I: il |r:||'i|'&. a wdelanul [J.lr:l ke anlenns
in free space can be developed. Thie design comoept was
applied and lmplesmensed s the balineed handeet anienina
in e wthors” previos work [11], in whach & simple
1k | Eari | K E bandwahh  was
sploned by spmwetrsally mimemimg @ tmnghe al the
ke rd:F noe e ioal ing, o gve a hp:r:l]. feal

In addition, a kot = imtroduced in cach ome of the anme of

the plinar dipole s mitgare the effecs of che ground
plane thar cmse dee degradaton of antenna performanco

I'n Fliis wimde, 3 lyrthes ..in'l_-]""rl'lli of thee anterma munld
s carmad eng Ln:.l.l‘l.i.rrr | 'bin"
onmgact siec o operation over maiiphe irsqumces onels
In arder o compnmise between cthe aneenna sise ad
mainmining rediced mumual iweracton of the proposed
tnubile anresma with the handeest grownd plase, 4 cospan
|||.1i|,|:r| was achimnal, with rlative thin lll.'ip- wadth., ae
|1||qur:|l with ke th g [11] where the ot m cich
arm uf’ the Folded idipole anenna & mmevel. Mormover,
the rechmique fie genemong mukiple fegqeency resomnces
that was previoiel appliad for foldsd balanoed  dipole
untenis, i descssrnal b [12] wes adgied s deis
||ni"1| tir hrdhe mmpnrnuTt, The disusws incdhales
I!=- i '] i i .I|‘!‘| I- IM ] I"I IJ“I
IgrIrvE

H.'I.JI.:

Firsdy, o single arm balanced dipofe sntenma with folded
srscrare ohi mperad feod ncar the edge of the Eedmg
|Hﬁ|l, ||-F=|ii||= o w3 GHz, woas ulu]':.lln] nul
Jniglln]. T achicse & mare Coanipe’E lkl‘!ll. tlie Lixfr ol
il the fidded arm was exondod ad bemt diwn irelerrme
o prrameter 3y shown im Fig. 1) oo mefy the roquoed
lengdh for osch orm w0 provide the swoime semnoes
i the desied opemting fiequencies. Subsequendy, =

Figure 7 Phorograeh af profeeype of the propased
balanced onienre dexign

addifioml tan-amip o s intnaduced and inssned in
cach g of the planar dipole w0 genemate the adiliviol
il I":'uil\.'l:m,j' srvarad the 24 GHe bamd a0 sbessn in
Fig. 1. Using this techmique, the smgly msonant anivorm
s indified s devdoped @ 8 widdhand Joal-eesonem
varianr for mulki-band opemton.

The biteral keegrh of the taper food and i kacaiwon on
the dnséiina, hpdl:r widy the L:n:ﬁ gl limatiom of e
udditimal mw, amd oiber prameters of che  proposed
antenng, weee ailfused anil @ ferther opEimiseion prooss
was carmied ang o essure tha the design enriredy ool
the rogesed froquency basds (1.710-1805 GHzl =
FRWH = 3,

3 Measuring input impedance
of balanced antenna

The rII:FI.:Ij Eritires of dhe iangea |.=h1:iy;u onmld wr=
crmifingd within dvensbons of 48 (1) = 15 (wd = ® (8
imin, El.]l.'h’l’“ the 3 fmm Ry s fiir tr||ir‘g, The
optimal mienma configumation smdied in terms of renem
lewa, rudiarion paniems and pees ges was fond sibgo
o the weenms  mpedince handwadih sd  Eviesew
sinlatursetion. castmats: = follbws: £ = X, oy = 1,
wpe Lo ¥, o=, By ] L= LE e 4, =Tl

Table 1 Comparison betwesn the present desipn and the
priar @n

Hem Frequency | Inseriion | Aelstive | Rieburn
range loss rran. BrTErY by
{GHz] [a]:H] amplit uda Pl
(1T [=1iH]
nhasi
idegl
prgear | 17-33 - +03 55 1k
i 13
priment 1.7=30 na 01 +3 1%
11T

e

£ The tnstEution of Trgineering and Technology 2000
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Fipare § The oemedirded ong’ seosured retuny lozs apainsf
the operntmp freguescy

Ly= F=mb =] bah d=3 sy=3 ay=22
iy = A5, gy = by deneniline we monom, Fea walidatsem, a
promonge of the peoposed Balimced anterma and
wasnciated gound plane we fabocated wsing copper shect
of thedmess 035 mm and (03 mm, respectively, & dhown
= Fye 1

For 4 lalineed ainles [0S ||i|l.-::| avibim, § badin i
rajuired i & ;:nliu.; netwnk, o Fuwil‘lr a balanead fead
fram an unhalanced sowrce, En this shudy. 8 wickdbard
Pl baben  was  adeped  [13] for  the  practeal

Figune 4 Wand ghanfos mods)! witk the propoied desips

www.ietdl.org
L]
L]
1—1!
a
.E L]
1
e Y
— My w1 Pl i
=== Aniorea hold in hend
II‘I. ih  d a8 a
FieapeEiey, GHF

Fgure 3 Covmpnrisces of onfenno refen doss in feée sppce
pd in prevence of howd mosel

=TT = T ‘I.|,p:1:|:|l| ADIS (14 wes used o sdmdass and
anase the chanctedsoc perfemance af the balun Tabda |
sammmaress the mowsnmed peformance of the planar baun
wed m this worke compared with the publshed dam in
I!.'-_I. Ba o opan Ie oeeen, thas bmlin FreEnl a ::l:l.i'!n':f
witldail Frateme and shows goesd agresnent with the race

i feailste

Fig 3 presents the memuired retum o= of the proschype
anpenm agaitet the compated cne. As can be seen, a dairdy
poodl wgrermoent betwren the caloslied and  messsed
return e was chered. It dwodd be neal den 1o
diffred micsised wpedseo woe prsmbnd bee The
Dk wid obeenwl g e inpud etz o the S|
wntenne using the S-paromenr method [15] in which e
wnemmy is oinsdeed @ oo rem-por dedee. The seconil
Impeilance was congidersd ar the inpur port of the haken

2 24
ey, CHF
Fgeire & Porometiac Shudy on posossstors sl sgaing
oErEting fregesncy

T Microw. Antennas Fropag., 2000, Wl 4, lss. 5, pp 600-E0E
ot 1L IO et -mmap. 2006, 0153

L= 1E
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Figure 7 Comparison of radiation patterns

a In free space

b In presence of hand model at 2 and 2.45 GHz
'—' calculated Eg4

---', caleulated £,

4 Analysis stability performance
for the antenna and hand model

The mutual effect between the antenna and the human hand
model was investigated in order to evaluate the performance
dependence of the proposed design. For the electrical
properties of the hand model tissue at 2000 MHz, a
relative permittivity (g,) of 54 and a conductivity (o) of
145S/m are uwsed. In addition, the dimensions and
position of the hand model that helds the phone are

2.45 GHz

2GHz

2.45 GHz

illustrated in Fig. 4 and lsted as follows: g1 =835,
by = B0, by = 395, b, =30 and ml = 24 (all dimensions
in mm). It is notable that a gap between the hand model
and the memllic ground plate is 4 mm in the model.

Antenna performance in presence of human hand model
was characterised in terms of the antenna return loss and
radiation patterns. Fig. 5 shows the antenna return loss
with and without hand model. With the hand model m1
was chosen to be 50 mm in the analysis. As can be seen,
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Abstract—This paper deseribes a hybrid computational method
which efficiently models the interaction between a small antenna
placed in proximity with the human body. Results for several test
cases of placed in different locations on the body are presented
and discussed. The near and Car fields were incorporated into the
study to provide a full understanding of the impact on human
tissue. The cumulative distribution function of the radiation
elliciency and absorbed power is also provided. The antennas are
assumed to be operating over the 2.4 GHz and 5.2 GHz WLAN
frequencies.

I. INTRODUCTION

In wireless communications the finite difference time
domain (FDTD) method has become very well established as
a both as a design and general anmalytical tool due to its
comparative simplicity, robustness, and capability for
handling inhomegeneity within volumetric complexity [1][2].
The introduction, by Taflove, of the total-scattered field
formulation provided a major step forward in practical
implementation [2], allowing algorithms to be implemented
using incident plane waves from arbitrary directions. The
computational FDTD domain is discretised into a number of
cells which are scaled as a fraction of the wavelength. The
associated time step must be kept small during the simulation
to satisfy the Courant-Freiderichs stability criterion [2][3]. An
absorbing boundary condition (ABC) must be applied to the
outer boundary of the FDTD space to obtain the necessary
spatial resolution to represent clectromagnetic wave
interactions in unbounded regions — ie. to simulate the
extension of the finite lattice to infinity. The ABC should be
able to absorb the outwardly travelling waves with an
extremely low reflection. The perfectly matched layer
introduced by Berenger [4] allows boundary reflections better
than -80 dB to be realized. FDTD is currently the most widely
used method for numerical dosimetry, particularly for the field
analysis required to estimate mobile handset radiation effect
on the human body [5-9].

This paper presents a hybrid method to model the human
body interaction with a dual band balanced antenna structure
covering the 2.4 GHz and 5.2 GHz bands. The near and far
field performance of the antenna is investigated, with the
antenna mounted on several locations of the human body. The

978-1-4244-7307-6/10v§26.00 ©20 10 [EEE

radiated and absorbed power distributions are computed for
the antenna in the wvarious locations, and with different
polarizations. From this we may infer the radiation efficiency
of the balanced antenna operating in proximity to the human
body: the cumulative distribution finction (CDF) of the
radiation efficiency for these locations is also evaluated.

PML |
| Scatterer
| region
¥ B

Source
region |

A \

H

o

Mel

Equi\.lalﬂn‘["+""-"_“"-"- FOITD Ground
surface Plane |
e Ea T

Figure 1: Hybrid MoM/FDTD configuration for the single source
and scatterer geometries

II. THEORETICAL FORMULATION

Consider the electromagnetic geometry indicated in Fig. 1.
This shows two regions, one representing the source region A,
and the other the scatterer B. The source region is bounded by
a closed Huygens surface S,.. The method starts by computing
the fields due to the real currents of the source region
(previously evaluated from the internal excitation) on the
surface S, excluding the scatterer region B. These fields are
computed by applying Galerkin's method with set of variable
polynomial basis functions [10].

The equivalent surface currents on the surface S, represent
the outward travelling wave-fields from the source to the
scatterer, due to the fields of the source region A, these may
be written as:

Jiy =nxHy (1)
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Abstract— A built-<in planar metal plate antenna for mobile
handsets with balanced operation is presented. The antenna was
designed by folding a thin strip planar dipole with extra arm on
each monopole. The antenna features balanced operation, is to
reduce the current flow on the conducting surface of the handset
body. The antenna design model intends to cover Z4-GHz and
the 52-GHz WLAN applications. For practical validation, the
antenna prototype was fabricated. The measured return loss,
radiation pattern and power gain of the prototype antenna are
presented to verify the antenma performance. The measured
results are found in good agreement with the calculated resulis.

L INTRODUCTION

Wireless communication has been gained popularity over
last decade; this advances the mobile electronic equipments.
In order 1o cater this high demand and increase competiveness
from the commercial market, it is impemative to manufacturers
to make mobile handsets as small and light as possible;
without compromising functionality. Small antenna design has
been a challenge for small handsets. These challenges include
keeping the antenna performance unchanged or improved,
even though the antenna size becomes small and reduce the
degradation of antenna performance caused by the opemtor's
adjacent effect [1].

Unbalanced antennas such as Planar Inverted-F antenna
(PIFAs) have been used extensively in mobile communication
systems and have attracted much attention from researchers
and engineers because of their advantage of compact, low
profile and casy to manufacture. However, it has a narrow
bandwidth and needs a height from substrate to ground for
matching [2-3]. Morcover, these antennas exhibit inferior
performance when it is held by users, This can be attributed to
the user holding the mobile phone, which largely covers the
ground plane since the ground plane is used as part of the
radiator in these antennas. Therefore, mdiating currents are
induced on both the ground plane and the antenna element
resulting in currents flowing on the human body, which
degrade the performance of the antenna’s radiation
chamctenstics and introduce losses and uncertainty in its
matching [4].

As a symmetric structure is fed by balanced lines and has
two conductors carrying currents of equal magnitude but 180

GTE-1-4244-2721-5/09525.00 C2009 [EEE 681

Fig. 1. The new proposed sntenna design model.

degree out of phase, a balanced structure is a genuine
altemative 1o avoid the aforementioned degradation of the
antenna performance. As these currents cancel the effect of
each other, the current flows only on the antenna element and
not on the ground plane. So if the mobile phone is held by a
human, no coupling takes place between the antenna and the
human body thus the performance of the mntenna is not
affected [5]. A major dmwback of balanced antennas is that
they have a namow bandwidth; nevertheless this bandwidth
can be improved by certain techniques like using genetic
algorithms [6]. A balun is one key component to excite a
balanced antenna, as it is a device which enables compatibility
between systems and is used for converting signals between
an unbalanced wcircuit structure and a balanced circuit
structune.

Recently, several antennas for mobile handsets to cover dual
band operation (2.4 and 5.2GHz) have been reported [7-8]. In
these papers, characteristics of a buili-in wideband planar
metal plate antenna are introduced and analyzed in order w0
achieve dual-band operation. In this paper, a new designed
dual band balanced handset antenna for 2.4 and 52GHz
applications is presented. Simulation and measurement results
are given to illustrate the chamctenistics of the p sed
antenna. An electromagnetic field simulator Ansoft HFSS [9]
was employed to predict the retum loss and radiation pattern.
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I, ANTENNA DESIGN CONCEPT

Through multiple simulated attempts, by conducting several
modification of the antennas in [10] to move toward the
desired outcome of developing highly compact and multi-
application antenna  for WLAN and Short  range
communication systems. The simulation process yielded a
design where the antenna is mounted above a rectangular
shaped metal plate of 46 x 120 mm, which acts as the mobile
handset chassis or what today we would identify as the ground
plane of a practical mobile phone handset, as seen in Figure 1.

The proposed dual-band balanced mobile antenna was
achieved to generale another resonant frequency by using a
two tier process. Firstly, it was stamed by folding the
monopole arm into a zig-zag shape that was folded into itself,
as shown figure 1. Secondly, an additional thin-strip arm was
inserted into each arm of the planar dipole [11]. This folded
element of the proposed antenna is designed to operate at 2.4
GHz with a single arm to generate the second resonant
frequency for 52 GHz This enabled the development of a
wideband dual-resonant variant for multi-band operation,
through the modifications of the single resonant antenna.

The proposed antenna design and simulation swdied in
terms of return loss and radiation pattems was performed
using Ansoft HFSS (High Frequency Structure Simulator),
which uses a 3D full-wave finite element Method (FEM). The
dimensions of the antenna geometry are given in Fig. 1,
whereas a= IEmm, d=4mm, w=3mm h=8mm,s =2
mm, ¢l=¢2= 6 mm. There are two identified vanable
parameters h and w, which is considered to be the most
sensitive geometry parameter for meeting the design goals.
Both H and W control the individual length of each one of the
folded arms, Therefore it is desired to fully understand the
performance of this proposed antenna by tuning these two
parameters to achieve the reguired 2.4 GHz and 5.2 GHz for
WLAN and Short range communication systems,

Parametric study has been carried out to optimize the
impedance matching bandwidth for the proposed antenna at
2.4 GHz and 5.2 GHz bands, the optimum value of h and w
were found to be 8 mm and 3 mm respectively, and this can be
described in figures 2 and 3 respectively. Moreover, by
modifying the length and location of the additional arm of the
proposed antenna, this ensures the antenna can cover the
required two frequency bands (ie. 2400-2485 MHz & 5150-
5350 MHz) at return loss < -10dB.

111, SIMULATION AND MEASUREMENT RESULTS
In order to effectively chamcterize the proposed antenna, two
antenna properties were measured; return Loss and mdiation
pattern. In regards to rmewrn loss, two methods were
undertaken for this measurement exercise, which includes
using a balun and implementing the S-Pammeter method. By
using the first method, o commercially hybrid junction from
ET Industries [12] that operates from 2 to 12 GHz has been
utilized in this measurement exercise, as a balanced feeding
network. In this case, this balun is required as a support

16-17 November 2009, Loughbomugh, UK
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feeding network, to provide a balanced feed from an
unbalanced source.

Figure 5 illustrates the measured return loss of the prototype
antenna.  With considemation to the errors caused by
manufacturing the proposed antenna, this measured result
shows fairly good agreement with simulated result. Using the
S-Parameter method for measuring input impedance for the
balanced antennas [13] was the second method to verify the
impedance of the proposed antenna. As for this methodology;
balanced antennas are considered as two-port devices and the
S-Parameters can be obtained from a wellcalibrated Network
Analyzer. By employing some mathematical operation
formula used by [13] the differential input impedance of the
balanced antenna can be obtained.

The results from this exercise also gave much confidence to
the measurement carried out, as the measured return loss in
this method was relatively correlated with the firse
Furthermore there was also fairly good agreement between
this and the previous method, and the whole simulation
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Fig 4. Photograph of prototype of the proposed balanced antenna design,

exercise too, as can be seen in Figure 5. From this
measurement exercise it was found, this result verifies the
actual impedance of the proposed antenna and the
effectiveness of proposed antenna system with integrated
balun, for which both of them confirm the validation. Besides,
it also supports the evaluation of the radiation performance of
the prototype antenna.

In regards to measuring the radiation pattern, this was done
from taking two pattern cuts for two WLAN operating
frequencies in which it covers the designated whole
bandwidth in this study; the measurements of the radiation
patierns of the protoiype were carried oui in a far-ficld
anechoic chamber. As illustrated in Figure 6, the radiation
patierns in the xz plane and yz plane for the balanced folded
dipole at 2450 MHz, 3000 MHz and 5200 MHz were
measured. The measured radiation patterns showed
asymmetrical radiation, and this would be attributed
essentially to the asymmetrical antenna structure in fabrication
and imbalanced outputs from the balun device in testing. By
investigating the impact of the operator’s hand and head on
the antenna performance, it was found there was very little
effect, which explains that the antenna has a perfect balanced
structure.

Measured broadside antenna power gain for the frequencies
across the 2.4 GHz and 52 GHz WLAN bands were also
investigated. It was found that the maximum measured
antenna gain at lower and upper WLAN bands were 3.5 dBi
and 3.4 dBi, respectively.

In addition, current distribution on the mobile phone ground
plane was analyzed using the EM simulator, as can be seen in
the Figure 7 a high proportion of the current induced on the
ground plane and the currents were concentrated in the area
beneath the antenna. Moreover, a minimum current
distribution appeared on the rest of the ground plane
Therefore this investigation clearly illustrates the advantage of
using balanced antenna design for fiture mobile handsets.

IV. CONCLUSIONS
A new dual-band balanced dipole antenna with a ‘zig zag’
structure for mobile devices operated at 2,4 GHz and 5.2 GHz
WLAN bands has been presented. This study has sought to
verify the characteristics of the proposed antenna in terms of
antenna return loss and radiation pattem. The simulation and
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measured results over the two opemting frequency bands
showed reasonable agreement, and therefore indicate this
antenna can be able to be implemented in mobile phone.
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Abstraci— In this paper, a balanced antenna for mobile handset
applications with broad bandwidth performance, covering
frequencies from 2.6 GHz to 5.8 GHz, is investigated and
discussed. The antenna is a variant of folded dipole antenna and
a dual-arm on each monopole. The performance of the proposed
antenna was analysed and optimised under certain size constrain.
For validation, the antenna prototype was fabricated and tested.
The performance of this balanced antenna was characterised in
terms of the antenna return loss, radiation pattern and power
gain. The calculated and measured results in terms of return loss
show good agreement and the results also show good wideband
characteristics.

I INTRODUCTION

Over recent years, balanced antenna systems have become
of interest to mobile phone antenna designers due to their
stable performance when held adjacent to the human body by
mobile phone users [1-4]. compared with that of the
unbalanced designs (e.g. PIFAs) [5-8]. In this type of antenna,
balanced cuments only flow on the antenna element, thus
dramatically reducing the effect of current flow on the ground
plane (1e. phone chassis). The implementation of anmtenna
designs using balanced technique causing miminused coupling
with the human head/hand and hence minimised SAR would
be attractive to many consumers, thus increasing the market

Antennat

i

4 b |
o,
i

acceptance of mobile devices using such antennas.

Dipoles and loops are the most commonly types of
balanced antennas wused in the handset applications.
Designing a good balanced mobile antenna is always a
challenging task in order to be able to compromise certain
constrains in the design, where small antenna size and
multiple frequency bandwidth operation are usually required.
Recently, several novel designs of such antenna type have
been successfully developed and demonstrated [9-11], in
which most of them were designed and implemented for
operations in the current 2G and 3G frequency bands:
however, not much of work has been done for the frequency
band beyond 3G for the future mobile commumication systems.
Therefore, there 15 motivation to apply this balanced technique
and develop antennas for future mobile devices applications.

This paper presents and investigates a new design of a
built-in, small size and low profile folded balanced-dipole
antenna with  wideband 1mpedance bandwidth. The
characteristics of this balanced folded dipole antenna with a
novel dual-anm structure integrated on the vanant of folded
loop for mobile handsets are analysed. For the analysis. an
electromagnetic simulator based on the finite integration
technique [12] was used to calculate the return loss and the
radiation patterns for comparisons.

Antennad

1 *

Fig.1 Antenna configuration studied.
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I, ANTENMNA DESION OONCEFT AND STRUCTLURE

Basically, 3 widshand folded dipole antesma, developed on
the bass ol the “Antesmal” as dlwetated m Fip. 1 was s
altrprel and then arveral modileabmia vere e ed B
schieve an enbapeed walehand [estoe for mobsle handse
applications. The asesma, as shiown @ Feg. 1, s mounted on
the top of @ rectangaler conductor plate [dimennon: 13040
mxm), which can be regarded as the mobile handses chassas or
ground plane of a practical mobde phone.

In the previows work, a sumgle band folded loop amienna
(see “Antennal” m Frg. 1) [13]. operahng a1 GSMIE00 mobale
pleme frequencaes, was and epimmazed usmg gpenetic
algoithim wnth the mm of dpeoinig  the  ompedunee
bandwsdih  Moreover, a vanant of the folded loop asienns
system {eee “Antenmal’ m Fig. 1) was mvestigated ot bhigher
pesanant frequency 2GR0 MHe mn [14], abere wder banduadeh
vy pbilmmed by praficusng o passnchac sbsdy cm e wldh
{w;) of strip lees for such as senna. This reponed desegn
was analysed m this shady and the caloulated retumn loss was
shown m Fig 2. Then it was found that the actual resomamt
frevpoencees of the anterma can be easidy confrolled wrb mmmg
the parameter o while keeping the mam pmameter o constant.
An example of such 3 design was dlustraied 2a "Antensad’
Fuyr 1. where the wnpedtent danenivss i sm are a=315 8,
d=135, h=8 r=1 wel., w4, d=i3 and d=8. and the
corresponding return koss was presensed in Fig. 2.

bl

Fig. T Caleulited pemurs leas of the amensas pressied is Fig 1.

Hmh:rnme ] d-rm comcept ﬁ:-r pencraag  asaithey
wrdh folded
sbracture was -unplug,luﬂ This herJ:.nlq'u.: was applied by
wieining an edditivsal then-ving arm @ each aon of the planar
dapaole (see "Amenna 4" m Fig | aod resnltast cetum koss m
Fig, 2); a5 @ resolt, the single oot asienns was modified
and developed as & widebind dnal-sesonam vanan for muls-
band operaton. Fually, flis new proposed antenna was
awcesfully developed and  achieved with wery  lamge
mpedance bandwidth operatiem over the Gequences.

The ogrimnal asvienna configarabion oiodwed in terma of
retuen Joss, indiataon patterne sl power gain was ohieryed
with aid of C5T umslator (a=358, &=13.5, =8, =1, wy=1,
w=d, =13, d=9, al=115, aw=3 and h;=1). As can be seen
frans Fig. 1. there are pag vansble parsmelers & and @f, whach
control the overall length of the proposed folded loop and the

ln;uﬂauflhdh]um_ddhmuﬂ:m{mﬂyhmﬂr
effect on tunsng the resonant frequencees for thas wideband
desigm. In onder to fislly compeehend, the milvence of these
pararneters based o 55 impedance bandwadth, the paamesnc
sy 18 camsed oot bere by varving each peramecer, while
holding the remammng paramiier vabies a8 the sssumed
optimum values. From the observation of Figs 3 and 4, the
optimusn valoe of d and &l was found 1o be 135 men and 125
mm respectively, for the best performance nfhmupmd
amenna on B fegeescy bandwdth with small saze as

s b

T
i
| § [eeeitim]
1 Irnlr L
1 | === g B
| :"—Fu-I:IE-I'in
2 3 i L] B T
Frequeiey G

T
- e ] I i 1
vammn o] e
i — e | 1
| - e T

Fag. 4 Varmfion of ke paramnster ol oo the effect of petum low

The proposed amenna feavacs of the coinpact desagn, has
used the size domenssons of (1 =< w = h) of 36 = § * 8 mm,
which mn fact possess the same overall dsmensson as the design
deinomsiraind o wotk [14]. The lemgh and location of the

4d I arm, mchudng cther peameters of the propooed
amtenna, wers adjused and farther opeméied 1o essure that the
lEuF wovered wade ﬂl:q_n:::]. Ioazsdwendsh [.i.:. 26-5.8 GHEz)
o umtable workmg VESWR £ 2.

01 5RULATION AND MEASUREMENT RESULTS
Fari the hardwase sealshon, cogper shest with 035 mm
and 0.5 mm theckness were used for fabncatmg the proposed
balanced avienna and the associasted ground plane (see Fig 5}
Fen a balanced antenna (e g dipale) svssem, a balun o8 wsually
reguieel @ 2 st [eeding setwank, e previde 3 balaond
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feed from an unbalanced source. A commercially hybrid
junction from ET Industries [15] that operates from 2 to 12
GHz has been utilized in this work. Fig. 6 presents the
measured and simulated retum loss of the prototype antenna.
As can be seen, taking mnto account the errors caused in the
antenna fabrication and assembly, a close agreement between
the calculated and measured return loss was observed.

Fig. 5 Photograph of the prototype antemna.

The calculated radiation patterns of the prototype were
normalized and shown in Fig. 7. where two pattern cuts (1.e.
xz plane and yz plane) were taken for the whole frequency
bandwidth covered. Five specific frequencies of the radiation

35GHz

patterns in the xz plane and yz plane of the prototype anten
were selected in this study. These are 2.9 GHz, 3.5 GHz, ¢
GHz, 5.2 GHz and 5.8 GHz. It can also be seen from Fig. 7
stmilar radiation patterns were observed at yz plane except t
one at 2.9 GHz; the proposed antenna tends to radiate at t
+z direction. The calculated peak gain for this antenna, w
found to vary between 4.5 dB1 to 6.6 dB1 over all operat
frequency bands.

-5
R0
m 15
k-]
& oo
]
E .
S -30
-35
m— i datedCST)
a0 - Simuated E30)
~ —=— Measursd| Arc+Baluny
e 2 7

4 g
Fraguency, GHz

Fig. 6 Comparison of Simulated and measured retum loss.

Fig. 7 Radiation patterns of the proposed antenna for 2.9 GHz, 3.5 GHz, 4.6 GHz. 5.2 GHz and 5.8 GHz at: (left) xz plane; {nght) yz plane;
(*— measured E;, and ‘- - - measured Eg) -
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O4z)

5.8 GHz

Fig. 7 (contimed) Radiation pattems of the proposed antenna for 2.9 GHz, 3.5 GHz, 4.6 GHz, 5.2 GHz and 5.8 GHz at: (left) xz plane; (nght) yz

plane;

In addition, current distribution on the mobile phone ground
plane was analyzed using the EM simulator: 1t was observed
that most of the current induced on the ground plane were
high m the area beneath the antenna and mummum current
distribution appeared on the rest of the ground plane, as
theoretically expected. This proves the model advantage of
using a balanced antenna designs for future mobile handsets.

IV. CONCLUSIONS

A new wideband balanced folded dipole antenna operating
over wide frequency bands, has been presented and analysed.
Hardware realisation was applied to evaluate and validate the
design theory. Comparison of return loss measurements
showed good agreement with the computational predictions.
The results are encouraging for further practical mnvestigation
of this antenna in finding the human effect with the phone,
including performance of radiation and SAR of this new
development.
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Dual-frequency Balanced Mobile Antenna for WLAN and Short
Range Communication Systems
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S. W. I Chung'. A. G. Alhaddad!, and P. 8. Excell?

IMobile and Satellite Communications Research Centre
University of Bradford, Bradford, West Yorkshire, BD7 1DP, UK
*Glyndwr University, Wrexham, LL11 2AW, Wales, UK

Abstract— ln this paper, a balanced antenna for mobile handset applications with dual-
frequency performance; that covers 2.4-GHz and 5.2-CHz WLAN bands, is investigated. The
antenna is o thin-strip planar dipole with folded struocture and o doal-arm on each monopaole,
Performance of the proposed antenna was analvsed and optimized against the targeted two fre-
quency bands. For validation, a prototype of the antenna was fabricated and tested. The perfar-
mance of this balanced antenna was verified and characterized in terms of the antenna return loss,
raciation pattern and power gain. The prodicted and messured results show fairly pood apree
ment and the results also confirm good impedance bandwidth characteristics for the proposed
halanrced antenna with dual-hand operation.

1. INTRODUCTTION

The need to expand the bandwidth of antennas in mobile handheld devices follows from the ever-
increasing data rates, and hence spectrum requirements, of mobile devices. Antennas are s major
part of the complete design in mobile deviee desipgn, Conventionally, the unbalanced planar inverted
F antenna (PIFA) is one of the most popular candidates for compact built-in antennas for mobile
handsets. PTFAs use the ground plane as a part of the radiator. which enables very small antemnas
to achiove sufficlent gain and bandwidth [1-4]. In almost all eases, radiating currents are indueed
on both the ground plane and the antenna element. In use, however, these antennas exhibit poor
poerformanee when held by users, This is mainly beeanse the nser holding the mobile phone largely
takes the place of the ground plane resulting in eurrents fowing on the human body, which degrade
the performance of the antenna’s radiation properties and introduce losses amd ancertainty in its
matching.

Balaneed antenna is a good alternative candidate since balanced eurrents only flow on the an-
tenna element in this type of antenna, thus dramatically reducing the effect of current How on
the ground plane. As a result, balanced antennas should have good efficiency and more impor-
tant to maintain their performance when in use adjacent to the lmman body [5]. In recent years,
several novel mobile antennas designed with the balaneed technigue have demonstrated the en-
hanced stability of antenna performance, compared to the unbalanced type, when the handset is
approximately placed next to the human head and /or hand [6-8].

This paper presents and analyses a new design of a built-in dual-frequency balanced-dipole
antenni for WLAN and short rafge wireless communicntions. The characteristies of this balaneed
folded dipole antenna with a novel dual-arm structure for mobile handsets are analysed. In the
muslysis, sn electromaguetic simulator based on the Ooite integration techuigque was applied o
ealeulate return loss and radiation patterns [9].,

2. ANTENNA DESIGN CONCEPT

Basically. the first antenna design attempted was designed in free space and then several modifica-
tions were introduced to achiove a dual-band feature for mobile handset applications. The antenna,
as shown in Fig. 1, is mounted on the top of a rectangular conductor plate (45 = 100mm), which
enn be rL'-E:ul't]ul as the mobile handset chassis or gruuud phu.u.' of a pru.ctit'ul mobile |}}.|u1w.

The design concept for producing dual-band balanced mobile antennas was applied and imple-
wented in the authors’ previows work, as illusteated o [10], where a lechnique bo generate apother
resonant frequency was employed by inserting an additional thin-strip arm in one of the arms of
the planar dipole; as a result, the single resonant antenna was modified and developed as a wide-
band dual-resonant variant for multi-band operation. In this study, the new proposed antenna was
developed using the same design principle, but designed with simpler configuration for different
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applications in WLAN and short range communication systems. Initially, a folded antenna with
single arm, operating at around 2.4 GHz, was designed and optimized using the EM simulator.
Subsequently, a new technigque was applied by inserting an additional thin-strip arm (see Fig. 1)
that will be used to obtain the resonant frequency for 5.2 GHz band.

The proposed antenna features a compact design, with dimension (I = w = i) of 38 x § « 8mm.
The length and location of the additional arm, including other parameters of the proposed antenna,
were adjusted and further optimised to ensure that the design entirely covered the required two
frequency bands (Le., 2400-24585 MHz & 5150-5350 MHz) at VSWR < 2.5,

Singhe @1m Adldiforl @ Dual &rm
Single band Dual band

2.7

Figure 1: Balanced mobile antenns confipuration studied,

3. SIMULATION AND MEASUREMENT RESULTS

The optimal anteénna confipuration studied in terms of return loss, radiation patterns and power
gain was found with aid of CST simulator ({ = 185, d = 145, w =5 h =8, of = 10, aw =3,
al = 4; dimensions are in mm), For the hardware realisation, copper sheet with 0.15 mum thickness
was nsed for fabricating the proposed balanced antenna (see Fig. 2). For a balanced antenna (e.g.,
dipole) system, a balun is nsnally required as a support feeding network, to provide a halanced feed
from an unbalanced source. A commercially hybrid junction from ET Industries [11] that operates
from 2 to 12GH2z has been utilized in this work, Fig. 3 presents the measured and simulated
return loss of the prototype antenna. As can be seen, taking into account the errors cansed by

0
=P

Kl
-15}

Retum lass, 8
b

gl | == haasuned [Anl + Bakn)
- Sirilated (At )

L L

2 FE 3 35 4 45 5 55 &
Fraquency, GHz

45 L "

Figure 2: Photograph of prototype of the proposed  Figure 3: Comparison of simulated and measured
halanced antenna design. return loss,
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manufacturing the proposed antenoa, a fairly zood agrecment between the caleulated and measured
return loss was ohbserved.

Measurements of the radiation patterns of the prototype were carried out in a far-field anechoic
chamber, Two pattern ciits were taken for two selected ulluratiug ﬁ.’i‘il‘liulu.‘i{'ﬁ that cover the des-
ignated whole bandwidth in this study. The radiation patterns in the o: plane and y: plane for
the balanced folded dipole at 2450 M1z and 5200 M1z were measured, as presented in Fig. 4. The
messured patterns at the lower band shown ssymmetrieal radistion, which is mainly due to the
asyvrunetrical antenna structure in fabrication and imbalanced outputs from the balun device in
testing. It is worth mentioning that the measured patterns of the prototype at higher frequencies
in the lower band (e.g., 2600 MHz, 3000 MHz and 3200 MHz) are similar to the ones at 2450 MHz
presented in Fig. 4, as observed, This is because antenna impedance matching at those frequencies
were all penerated and controlled by the single-arm folded dipole containing; whereas, the proposed
antenna at S200MHz tends to radiate at the +: direction in both plane cuts. In this case, the
ground plane in this band acts as a good reflector,

S5200MHz

Figure 4: Radiation patterns of the proposed antenna for 2450 MHz and 5200 MHz at: (left) 2z plane; (right)
w2 plane, where *—" measured Fy and - - - measured E,.

Measured broadside antenna power gain for the frequencies across the 2.4 GHz and 5.2GHz
WLAN bands were also investigated. It is notable that the insertion loss of the feeding network
was subsequently compensated for each measured power gain over all bands. It was found that
the maximum measured antenna gain at lower and upper WLAN bands were 2.3 dBi and 6.2 dBi,
respectively,

In addition, current distribution on the mobile phone ground plane was analyzed using the EM
simulator: it was ohserved that most of the current induced on the ground plane concentrated in
the area beneath the antenna and minimiun eurrent distribution appeared on the rest of the ground
plane, as expected. This proves the model advantage of using a balanced antenna in designs for
wwbile handsets. The results are encouragiog [or practical nvestigation of this sotenus o Godiog
the performance of radiation and SAR of this new development.
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4. CONCULSIONS

A dual-band balanced folded dipole antenna with novel structure for mobile devices operated over
24GHz and 5.2 GHz WLAN bands has been presented. The proposed antenna model was experi-
mentally verified in terms of antenna return loss, radiation pattern and power gain, The simulated
and measured results over all frequency bands considered, show a good agreement and this made
the proposed antenna an attractive candidate for mobile handset applications.

ACKNOWLEDGMENT

The authors would like to gratefully acknowledge the support by the Engineering and Physical
Sciences Research Council (EPSRC) under grant EP/E0220936/1.

REFERENCES

1.

2,

=11

L* 4]

Li, Z. and Y. Rahmat-Sammii, “Optimization of PIFA-IFA combination in handset antenna
designs " IEEE Trans, on Antennas and Propagation, Vol. 53, No. 5, 1770-17758, May 2005,
Wang, Y.-S., M.-C. Lee, and S.-J. Chung, “Two PIFA-related miniaturized dual-band anten-
nas,” {EEE Trans. on Antennas and Propagation, Vol. 55, No. 3, 805811, March 2007,

. Janapsatya, J., K. P. Esselle, and T. S. Bird, “A dual-band and wideband planar inverted-F

antenna for WLAN applications,” Microwave and Optical Technology Letters, Vol. 50, 1358141,
January 2008,

. Huynh, M.-C. and W, Stutzman, “Ground glane effects on planar inverted-F antenna (PIFA)

performance.” JEE Proe -Microw. Antennas Propag., Vol. 150, 200-213, August 2003,

. Zhou, DL, I AL Abd-Alhameed, and P. 5. Excell, “Wideband balaneed folded dipole antenna

for mobile handsets,” Proceedings of The European Conference on Antennas and Propagation:
EwCAFP 2007, Paper No. MoPA.012, Edinburgh, UK, November 1116, 2007,

. Morishita, H., H. Furuuchi, and K. Fujimoto, “Performance of balance-fed antenna system for

handsets in vicinity of a human head or hand,” [EE Proc.-Microw, Antennas Propag., Vol 149,
Nao, 2, 85-91, April 2002.

. Morishita, H., 5, Hayashida, . Ito, and K. Fujimoto, “Analysis of built-in antenna for handset

using human (heand. hand finger) model,” Electronics and communications in Japan, Part 1,

Vol. 86, No, 9, 35-45, 2003,

. Abd-Alhameed, R. A., P. 5. Excell, K. Khalil, R. Alias, and J. Mustafa, “SAR and radiation

performance of balapced and unbalanced mobile antennas using a hybrid formulation,” Invited
paper, IEE Proceedings-Science, Measurement and Technology special issue on Computational
Electromagnetics, Vol. 151, No. 6, 440-444, November 2004.

. Computer Simulation Technology Corporation, CST Microwave Studio, Version 5.0, Germany.
. Zhou, D, B, A, Abd-Alhameed, C, H. See, and P. 5. Excell, *Design of multiband balanced

folded dipole antenna based on s dual-arm structure for mobile handsets,” PIERS Ondine,
Vol. 4, No. 8§, 821-824, 2008,

. ET Industries, USA, http://www.etiworld.com,/.



Author’s Publication Record 256

Proceedings of

Mosharaka International Conference on Communications,
Propagation and Electronics

(MIC-CPE 2009)

6-8 February 2009, Holiday Inn, Amman, Jordan

organized by
MOSHARAKA FOR RESEARCHES AND STUDIES

Hands On Jordan E\% -y “’,'

MoHAMMAD M. BANAT, JORDAN UNIVERSITY OF SCIENCE AND TECHNOLOCY, JORDAN

conference organizer and Editor

JASER MAHASNEH, MOSHARAKA FOR RESEARCHES AND STUDIES, JORDAN

ISBN: 978- 9957- 486- 06- 8



Author’s Publication Record

257

Wideband Reduced-Size Balanced Antenna Design
for Mobile Handsets

O Fhou™, B A Abd-Alhamesd™, © H See™ A G Alhaddad™, P 5 Excell”

* Mabile and Sarailine Commuwicarions Rereavch Canire
University of Bradiord, Bradford, Wast Torkshire, BD7 1DP UK
d. ehcusenradford . §c.uwk
'r.0. 6. abddbradfard. ao.uk
‘o.h.see2dbradford. ac.uk
‘A. 3. Alhaddadebradford. ac.uk
- GEilyndvwr Daiversing Whavkam, LET] 240 Wik, 0E

s|:- Jenoelliglyndwr .. a0, alk

Aditraci— A cempeit Balagesl aiitennd foi imobile hamdsed
applieations with saliaiesd hanidwidrk ManEs, cavering
four bamds (GSMO1IBN, CEM18W, UMTS and D4-GH:. s
mvesmgated. The antenma is & bailrdn planar dipsle wich folded
vt rure and with addinional of & dual-arm on each monspalks. 4
wide Bandwidth planar balun b0 med o feed the widebasd
halansed smienna from an anbalaneed wurre, 4 profnpe of the
pilnpised aiteams i Taliieand il raimd. The teianie of
e anrenma i verifed sod claracterized b erms of returs loss,
radinton parearns and pewer gaim. The caloslated amd measured
pesnley gl Banl agresinsnt aad alve (e anrenna conls g 2ol
wiitehamil s etk witk milrihand speinrsi.

I DaRoDUCTION

Oves several vears, the oeed 1o expand the operated
bamddwidih of anemmas m meknle handisek] devices [ollews
from the ever-moreasmg dma pates, and hemer specinum
requirements, of mobsle devices. The moplemestaton of
anserna designg cansmp cansmised couphing witls the human
bead and hand and hence mamimised SAR would be attractive
o many consmnser, tns sereating the market scceptasce of
devities iising soch anbéings

A good candidate 15 a balanoed andenna [1. 2] An antemma
wall symmmetneal sucnge g s fed wath balasesd cudrents
w0 make o elecencally symmeemical s sasd o be a balanced
amterma. Dapoles and  boops ape the most  comnmsonly
encountered balanced agiemmas [3-5]. In tns type of antemna,
balanced cumests oudy flow on the anseons ebenewnt, thus
dramatically reducg the effect of current flow oa the ground
plane. As 2 resule. balinced amiennas should have pocod
efficiency and more miponialy 1o ot ther performance
sehien o i wdyseest bo the buman body [8]

T thus paper, chamactenismcs of o bade-m balmend fobded
dipole amienna with 3 novel dual-arm srucnere for mobale
fuandiets wre mivodnced aod analysed ia oder o realsse
multiple-band  operaton, GEMIS00, GSM1S00,
UMTS and WLAN (24 GHz) A planar balum with
comtespondmag wade bandwadts fon feedimg the propesed

wak el pil m a lankvare fealisbon Tnothe
analvaa, an electromagnene ssimelsior hased on e finae
wnteggitson fechoaque win appleed to cabeulme sermm low asd
mdeasion parrerns [7]

II. ANTENRA DEXIGN CONCEPT AND STRUCTURE

Flanar  metal-plae  momopole  antesmas  have  been
investigaced m the past as good candadates for uhrawide-band
apphcations [3. %] A pawr of such wideband moncpole
amtennas can be meegmated together fo configure a depole and
stall repazin 3 wade bandwideh featare Following ths precaple,
a widehand planm dpole anterma @ free space cam be
ilrveloped  Thow ileupn comeepd afl habaesl anbenmas wea
apphed and deplesinied i the sellics’ mmunwnr.‘:.n
aluseinted = [10], 1 wihaseh o senple el farr
sntenns  wopedance  bandwidth  was  emploved by
syEnemxaily mmmng a wangle ar the monopole edge near
the feed peant, to give a mpered fred In sddinon. a slot =
troduced m each one of the amys of the planar dipole 1o
mutegate the effects of the pround phoe that cavees the
degiadatien of mbenm performance

I thos il & Baither development al fis antenia meilel
was carmied out for the grpose to achieve the design feanires
sueh as a compact small size sd operatsg over asaltple
frequescaes bands, 0 ooder w0 compronsse e aatenna s
and maanmming the less musual effect an the proposed mohile
antenna with the basdset gromnd plane, 3 compact desrgn was
achoeved, with relative than strp wadth (compared widh the
desygn m [10]) 18 whech, e slod oo each am of the folded
dipale antenna @ pemoved (b Fig 1) Moreover the
terhingie for penecatmg snltple feguemey sesomanees thal
was preveously spphied for folded halanced dspole antensis, a5
demoastrated i [11], wos alse adepred in des design for
further umprovement  Thn also discusses the mpedance
bandwadth o enable multiple-band operaton.

Emaally, a smgle amm talanced dipoie antezma wath folded
wmmmmmﬂulhmm
operating ot drownd T GHz, was designed and optinased usang
the EM hﬂﬂamﬂ packspe In order e achicve compact

of the plaar dpede 10 geoerste the addional resomml
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Fig 1 Aumsndis condgarsten onsend (4] balumced folded dipob smwenns widh comecning plase; 06 Son view of de sarenas sl (51
rundalded ttnuctore of the propowed miema

freqaency aromsd T4 GHz band Uwsing this wchnwme, e
wimple resmant subenna was modified amd developed as 3
widebud dual-resemant vanant for maln-hand operation.
The proposed soienna feanmes of e compact despn
mide], was evtablisked with dsmension af 48 ([ = 14 (W) o &
(b} nem. The lateral lengdhi of taper feed amd locxivon on ithe
agienna, iogether with dee lengeh and lecation of the addiciosal
agen, michahng oiho pacaucicrs of ibe gnoposed antena, weie
adjusied aud furdsey opummzation precess cained omt o ensue
thar ehe dessgn enmmedy coveped the reqeaed freqeency bamids
(37102485 MHz} at VEWR = 5.

I RESULTS AND DISCLSSI0N

For a balanced antensma (2.g dipoled system, a balun s
seguued av o sgeot feedg eclwodk. e provale o Tulasced
feed from an usbalanced sowrce. In chis snady, 2 wadeband
planag bahs was adapeed [17] and fursher modsfhcanons weoe
agphed by remmangement of ihe element kocatens for the
purpose af the pracucal messurement. Agilent ADYS [13] was
nard 1 midate and smalvee the Fharaeteratss perfarmanse afl
the modified babm The balos sruciee was mounned oo
Duroid naatenal (g,= 348 h = 0.0 mm. and tand = 0001%)
Tabde | sammanzes the measaed performance of the planm
balun wsed in this work, compared with the pubfisbed data av
reporied m {12] As can be seen, ths balun presemt a
relanvely widebund feamuce and show good sprecment wath
the prsor ant resudis.

The ephmal sienma comfipmabon stedied m ferms af
retarn loss, radistion pafienns and power gam was foond wath

nad of C5T wmalaer (=20, w=121, wi=10, 1=5%, h=5, =23,
11=12, aw=3%. ab=0, al=22; dunensions ae @ gan). For the
hardware sealssanon, copper sheet of ducksess 035 mm was
used for fabricsmg the proposed balanced anwenna (wee Fig
2). The grosmd plase of the propossd amienna was previed oa
one wde of the dilecizee wobstrate and plinar balus was
placed on the other sade of the substmte The non-conductive
nsatsizal wis usald e susprsd the agicma o e gowsld
plase wath 1imm disssnce. The associated planar bakan locanicn
way carefally sanged 1o feed tlse proposed anrenas a=nd he
posiiim m details for o was descnbed fn sotsers previous
work [11]. In thus way, the prototype balanced amtenna and sis
feedmp nerwork verenally share the cume pronsd plame s eme
whole sywiem with close mdspraticn

Tbie: 1 Conoparisan berween the prasent detgn mmd e priog an

[rein Froqpency | [nsemaon | Felanive Emors Feeram
rage lota max Amzplatude lost max
(Y (112 §] 4BV i1
M%E
Prsran 17-3¥ TR ] 13
13
17.En [X] aflral 1%
Elakiti

Fig ¥ precents the meanuged and winmbred etom loss of
the protorype afenna As can be seen, talong into the accoms
the emors caused by manufachunng the proposed amenma, &
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farty pood agreement between the calculared and mexsured
refurn boss was obeerved.

Fig 1 Pastograph of proionype of e propassd habmced spienns desim
Moreover, am S-Parsmeter method for measunng inpot

mmpectanice fon the balanced aiennas [14] was sl adopied m
ceder to venby the umpedance of the propoued antemna. L thes
case, balamced amitennas are commudered as rwo port devices
and the S-Parameters can be obtamed from a well-caibraed
Mebtawsk  Asnadyen,  Sulscquenily, 2 somple omula
employed to derive the dafferential input impedance of the
balanced antenma The measured retem boss in thas method
was also presemied m Fig. 3. mn wioch a famly good apreensent
berween the samulased asd messnied rensm Joss (e suwalaied
{ant) and messured (=m0) wis cbeerved This result venfies
m::mumdsutﬂmwmdmmm m addition, the
fferircenens af oy wath mirgraied
hnlm,:m&m:ﬂu'n'u.dm:- llnlwnwurh.hznhnh::l:

of thee madiatson performance of the prosotyps antenia.

i

i
'_rln "__#IH.I'HHIJ'". B -
i

LRLLL B By |

=== Wil e

Ml

L1 2 2E

Foy 3 The rzrmadsied and mesnesd setern loas veenn e operating Ssyomcy

The measured raduation paferns of the protobype were
carrued ol 1 8 DirBeld aneclicoe chassher. Twe patern culs
were taken for four selected operanag frequencies thal cover
the desigmved whole bandwidih in this ssady. The radiaton
patterns m the = plane and zy plane for the balanced folded

dipole at 1795, 19200 2045 and 2445 MHz were measured.
The pesults were venfied and plotted agaimst the predectson in
Fig. 4. in which the paitterns of the prodotypes antenma e seen
1o ke qumie sl o oeach other for the firse theee cases,
Moreover, the x plane presests 3 oeaddy comi-divectional
radanon pamern i all mrended three fequency bands
whegeas, e propesed ansewss ar 2447 hMHEID rends oo madire
at ibe -x dwechion m 2% plane qut and 81 the +2 duechion m 2y
plane cut. In this case. tee gronnd plane m s band acts a2
pood reflector

Fug. 5 allustrases the astasured broaduds antensa peves
pain for the fequencies across the GEMIEDD, GSRIIS00,
UMTS and 24-GHz WLAN bamds. I:numbl:lh.lltt
mswrteen Joax of B fend e
:mwumdiwmhnmﬂdﬂwmmﬁﬂlm As
whserved, the measared anbenna gain was vansed berween 2.7
dB and 5 4 dB over the extire bandwidsh considered.

T T T

k=]

Amberineg gain. dBi
L -

na

ie 5 2 FF] 74 6
Fregisncy, JHE

Faa 5 Ninastoed anteeiy ges St G propeaed Talind basicsd unee

IV CONCLUSIONS

A pew comipas-t widchand bulaneed folded dhpale apimipsa,
together with dis fredang setwork. operated over GSMIBM,
LS 1900, UBLTYS and 24-0GHr WLAN bands, has been
presented. The proposed antenma was expenumentally vendied
an B the gl snpedance, radabon patern md poaer gam
The wmudsied and meaneed recalts over all Seqoency bands

complered, show 5 posd sgrerment snd this made e
proposed anfenna an aftractive camchdate for mohele handust

apglications.
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1795 MHz

1920 MHz

2045 MHz

2445 MHz

Fig. 4 Radiation patterns of the proposed amfenna for 1793 MHz, 1920 MHz, 2045 MHz and 2445 MHz at: (left) zx plane; (nght) zy plane: ("ooo’
measured Es, ‘— simulated Eg. ‘++" measured Ey and * " smnulated Eg)
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Ultra-Wideband Balanced Antenna for
Mobile Handsets

A G Alhaddad, D Zhou, B A Abd-Alhameed and C H Sec

Abstract=- A built-in planar mets) plate Ultra-Wideband
antenna for mebile handsets with balanced speration s
proposed. The antenna exhibits balanced operation. to
reduce the currenl Mlow on the condecting surface of e
hondset body. The antenna performance is abo examined
and tested with the existence of the operator™s hand. The
measured resalts show  gosd promiving of wideband
converges of most of the wircless frequency banas.

Kevworady: Balanced Antennas, Planar Antennas, Llira-
Wide bandw idih,

L INTRODUCTION

One of the mends observed in the mobile telephone
wechnologies in the last fen vears 5 10 dramotically
reduce the size and the weight of the handsel Antennas
used for such handsets must also follow down-sizing of
the handser unit, Probloms considered here on the
design of antenna systems for small handsets are firstly,
on how o keep the antenna performance unchanged or
improved, even though the antenna size becomes small,
and secondly, how o redoce the degradation of antenna
performance coused by the operutor's adjocent effect.

An unbalanced antenna such as Planar Inverted-F
ontenna (PIFAs) is among the most used mdinting
elements for mobile terminals. An advantage of PIFA is
compact, low profile and casy W manufacture
However, it has o nirrow bandwidth and needs o height
from  substrate W ground for  matchimg [ 1-4].
Furthermore these antennas exhibit poor performance
when held by users. This s mainly because the user
holding the mobile phone largely takes the place of the
ground plune since the ground plane is used as poart of
the mdintor in these antennas therefore  mdisting
currents are induced on both the ground plane and the
antenna ¢lement  resalting in currents Aowing on the
human body, which degrode the performance of the
untenna’s rediation properties and introduce losses and
uncertainty in its maiching [3].

The alternative strstegy is 1o use 8 balunced antenna,
as it has o symmetnc structure and is fed by balanced
lines one thar has two conductors carrying currents of
equal magmitude bu 180 degree out of phase. These
currents cuncel the effect of each other and hence the
current lows only on the sntenna clement and not on
the ground plene. So if the mobile phone is held by a

'hie st ire weth the Mebile und Satellive Cominunscstions
Research Cenire, University of Bradiord, Bradiond, BT 10DP, UK
g aheddndbrd ac.uk. BAA A Hrodford ac.uk.

Wb s el g sk, chiscedisd bl g uk,

human, no coupling takes place between the antenna
and the human body thus the performance of the
antensa i= not affected. A major drawback of balanced
antenras is that they have o narmow bandwidth; however
this bandwidth can be incressed by cenain technigues
like wsing penctic algorithms. The mos common
encoumered baktanced antennns are dipole and loops, In
addition, because a balanced antenma requires a
balanced feed, a balun is needed. 11 is a device used for
converting  sipmals between an  unbalanced  circoit
structure and a belanced circmt structure. A balun
provides compatibility between systems [6], Through a
balun an unbalanced coaxial wire is connected o a two

conductor balanced lines.

P e dret S 5 ety

@i

Fig. | Antenna configuration, 2) Top view, b} Side view,
¢} Substrate and metal lines, p=T5mm, b=Gdnm,
c=20mm, d=20mm, e=Emm., FEmm, g=]8mnm,
=1 0mm, =1.5mm

Recemiy, many conventional balanced antennas have
been sucoessfolly designed 1o cover operation in the 1.7

2.2 GHz and 1.7 - 2.5GHz bands for mobile handsets
[7-8]. In these papers, charactenistics of a built-in ultm
widchand balonced planar metal plate antenon ane
mroduced and analvzed in order 1o achieve maltiple-
band operation from 3.1 wo 10.6 GHz.

In this paper, o newly developed planar metal plate
whtm-widehand balanced antenna 18 presented (see Fig
11. The antenna exhibits & balanced operation which
leads to a significant reduction of current on the handsct
body and as a result of which the antenna’s performance
is not affected by the human operator’s hand,
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L ANTENSA DESIGN AND EXPERIMENTAL RESULTS
The proposed antenna design and simulation was cormed
ot wsing Ansoft HFSS (High Frequency Structure
Simulator), which uses a 3D full-wave finite element
Method (FEM). The details of the antenna geometry are
shown in Fig. 1. in which two metals ground planes ane
used for this parficulsr antenna design. The vertical
ground plune of the proposed sntenna is made up of
copper with thickness of 0.5mm and dimensions of a < b
(see Fig 1a). The horizontal ground plune is also mnde
up of copper with thickness of 0.035mm, height h and it
lies below the substrate (see Fig |b snd lc). The
substrale used s FR4 and its thickness s 0.8mm. It
should also be noted that printed feed lines of thickness
0035mm, length g and width 1 (see Fig le), are used on
the horizontal ground plane w fieed the antenna radisting

Peturn Lo (el

o,

Fig 2 Input retumn loss of the antenno; (1op) simulated
return loss, {bottom) measured retums loss,

The antenna is fod at the centre. The radisting paiches
are made up of copper with thickness of 0.5mm and
have square shapes of exf as shown im Fig la
Furthermore, the anteana is fed by balanced network
which provide equal magnitude but 180 degree out of
phase current for the two wrms of the antenna. The input
impedance of the antenna iz 100LL The conversion from
the normal 301 o 1000) impedance s provided by
badun.

The proposed antenna structure has been sinulated
and tested for studying the charmactenistics of the
wrtenna. The mewsuroment of the retum loss and
rudiation pattern ix camried omt using the anechoic

chamber of the mobile and satellite communications
research centre.

Fig 2 shows the response of the return losses of the
antenna for o wide frequency mnge from 1 to 7 GHz
range. Fig 2b shows the measured returns loss of the
antenna in free space, in operator’s hand and in talk
position.  The simulued bandwidih for retum loss of
£dBs is around 4.6 GHz mnging from 1.7 1o 6.3 GHz
{i.e., relative bandwidth is 115%). The measured retumm
loss for the measured bandwidth of <6 dB is found from
|.6t0 7.3 GHe. By inspecting Fig 2b, it can be revealed
that the effect of the operator’s hand and head on the
antenna performance is very small which explains the
the antening has a perfiect balanced structure.

NSO LUS NS

A mew ultri-widebund balanced antenna, together with
it feeding network been presented and  analyeed,
Hardware realization was applied to evaluate and
validate the design theory, The simulated and meazwned
input return loss of the antennn showed o reasonable
agreement.  The relative antenna bandwidth schieved
was ground 115% that made the antenne sn sttractive
candidate for mobile handsct applicanions.
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