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Abstract

The research work to be presented focuses on the study of multiband antennas for
wireless indoor communications and wearable transceivers. An introduction to the
essential antenna parameters and the theory behind the electromagnetic simulators
used for this research sets the background necessary for understanding the procedure
used when designing and measuring antennas. A study of the characteristics of textile
materials at microwave frequencies using non-resonant transmission methods is later
performed. The basis of small antenna design by top loading and the design of the
Planar Inverted F Antenna is also covered.

The main research work is divided into two parts. The first part investigates antennas
for mobile and wireless indoor communications networks. The antennas are intended
for Distributed Antenna Units to be located in buildings. A dual band Planar Inverted
F antenna previously developed at the University of Kent is chosen as the prototype to
achieve multiband and broadband operations. A parasitic resonator on the ground
plane and side resonators are introduced in a study where additional bands are added.
The derivation of equivalent function planar antennas from three dimensional
multiband PIFAs is also covered.

The second part of the work focus on antennas for wearable applications. The
antennas are intended for WLAN on-body communication networks. A novel
approach is taken by using metallic button structures to create wearable antennas.
Dual frequency band operation is achieved on the button structures by adding a
metallic plate on the top of the antenna and a cylindrical via connector.
Miniaturization techniques are later applied to the button structure to reduce the size

of the antenna while maintaining a match at the 2.4GHz and 5 GHz wireless bands.

Benito Antonio Sanz-Izquierdo

December 2006
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Chapter 1.

Introduction

Wireless communications have experienced fast growth over the last few decades.
This growth has been driven by the rapid development of systems such as: GSM, 3G-
UMTS, CDMA2000, Bluetooth- WLAN, hiperlan systems [1] and the strong demand
for mobile voice and data services. Mobile communication systems such as: GSM900,
DCS1800 and UMTS have been typically supplied by Basestations located on the roof
of building or in high towers, creating a cellular system. Recent years, however, have
seen an increase in demand for broadband services while on the move. This demand
for data services has required closer basestations, creating microcells or even picocells
[2]. Picocell basestations are designed to serve a very small area, such as part of a
building, a street corner, or an aeroplane cabin.

Wireless networks using the 2.4GHz and 5.25 GHz frequency bands are seen as the

most cost effective solution for wireless computing within buildings and commercial
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centres with access points that are typically spread around a building and connected
directly to the IP network.

Novel approaches to provide wireless computing and mobile communications
services within buildings have appeared in recent years. Some tend to provide both
services from the same access point and transmit low power. The access points are
distributed antenna units which are connected to a common basestation [3].
Distributed antennas systems would typically need multiband antennas working with

several communication systems at the same time.

1.1 Multiband antennas for wireless indoor communications

The requirements for antennas working in indoor environments (shopping malls, train
stations, public places) are typically less stringent than those outdoors. The reason for
that is the rich multipath characteristic of indoor environments that makes the need for
single polarization unnecessary.

This work places its emphasis on designing multiband antennas able to operate in an
indoor environment and work at as many commercial and wireless systems as
possible. The frequency bands targeted for the mutiband antennas in this research
work have been specifically:

- GSM900 (890-960 MHz) [Europe]

- DCS1800 (1710-1880 MHz) [Europe]

- DECT (1880-1990 MHz) [Europe]

- UMTS (1900-2200 MHz) [Europe]

- Bluetooth (2400 — 2500 MHz, varies between countries) [International]

- Hiperlan bands (5150GHz - 5150-5350, 5470-5725, spectrum used varies between
countries) [International]

The multiband antennas in chapters four and five have been developed for a research
project  entitled  “Radio-optical  systems Engineering in  Transmanche
Telecom™(Rosette). The research project covered all aspects in the development of
inexpensive technology for antenna units in the distributed antenna systems in radio
over fibre Networks with the final work published in [4] and UK patent ... applied

for.
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Multiband operation was studied in a single antenna for mobile handsets in [5] where
a quad-band antenna was achieved by connecting two extra resonators directly to the
feed.

Dual band antennas suitable for indoor communications were successfully realised
with planar inverted-F antennas in previous development by D.Viratelle and
R.J.Langley [6] at the University of Kent. The antennas, initially intended for
automotive applications, had two wide band resonant modes and omnidirectional
radiation patterns which made them appropriate for the initial study in multiband

antennas.

1.2 Wearable antennas

Wearable antennas have been traditionally used at the UHF and TETRA bands for
military and emergency services applications. Currently, there is an ongoing trend to
add consumer electronics into everyday clothing; i.e: MP3 players that can be sewn
directly into shirts or jackets [7] or even shoe trainers [8] with sensors that send pulses
wireless on every step to a mp3 player.

On body propagation channels have already been studied and characterised for
narrowband [9] and UWB [10] communication systems aiming to understand device
to device links as part of a wearable area network (WAN).

Antennas designs for wearable applications have been developed mainly on textile
materials, for example metal patches in [11 and 12] and with probe feeds and linear
polarization or in [13] with a microstrip feed and circular polarization.

The totally novel approach is taken in the second part of this literature studying the

use of metallic buttons as means of radiating structures for wearable applications.

1.3Thesis Outline

This thesis “Compact Multiband Antennas for Wireless Communications”
summarises the research work carried out by the author on multiband antennas for

wireless indoor communications and wearable transceivers.
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The author begins by providing a general introduction to indoor communication
systems and planar inverted F antennas suitable for the environment. It follows with a
review on wearable technology, looking at the current trend on wearable electronics
and antennas being developed for wearable on body applications. Chapter One is

concluded with the Outline of the thesis.

Chapter Two provides a general theoretical background to antenna technology and
electromagnetic simulators. It firstly reviews the parameters involved in the design
and measurement antennas, such us, S parameters, resonant frequency, bandwidth,
input impedance, radiation pattern, polarisation, gain and efficiency. It follows with a
discussion on commercial electromagnetic simulators, the methods used in the

simulators and the reasons for choosing specific simulators for antenna design.

Chapter Three considers the explicit theory concerning the research study. Firstly, it
looks at methods of calculating dielectric permittivity of materials and the method
used for calculation of dielectric permittivity of textile substrates. The second part
looks at the theory concerning planar inverted F antennas and top loaded monopoles,
the two antenna types mostly used in this research work. It finalises with a study of

parasitic resonators and the conclusion of the chapter.

Chapter Four studies bandwidth enhancements on a dual band planar inverted F
antenna previously developed at the University of Kent [6]. The chapter begins with
an introduction on distributed antennas systems and multiband antennas. It follows
with the development of a novel technique for bandwidth enhancement of dual band
antennas using ground plane parasitic resonators. It continues with a further
improvement of the antenna by adding commonly used side resonators. The antenna
is finally optimized by rearranging the side resonators and by side extending part of

the ground plane.

Chapter Five investigates the transformation of the multiband antenna with a parasitic
resonator developed in chapter four into a uni-planar antenna. The first part of the
chapter looks at the issues concerning the transformation from a three dimensional
antenna into a planar form. It shows how current modes cancelled in the first

transformed antenna can be re-established to obtain good input matching by the
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rearrangement of the different metal segments of the uni-planar antenna. The second
part of the chapter studies the issues concerning the balancing problems at the lower
frequency band of the uni-planar antenna and the development of a double layer
design to improve the balance. An optimized version of the antenna is finally

presented which is able to cover all the systems targeted in section 1.1 of this chapter.

Chapter Six provides an introduction on wearable technology and studies the use of
metallic buttons as wearable antennas. The introduction on wearable technology
reviews existing wearable technology and previous work done on wearable antennas.
It follows with the study and development of a single band metallic button antenna. A
further dual frequency version of the metallic button structure is later developed and
studied. The dual band version is finally fed by a microstrip transmission line and
studied on the human body. The human body study is done through simulation and

computational analysis of the S-parameters and radiation patterns of the antenna.

Chapter Seven optimizes the dual band metallic button structure developed in chapter
six and presents a novel small size dual band metallic button. The first dual band
antenna presented in the chapter is a version of the dual band metallic button antenna
in which the top plate connection has been shifted to fit to any solid metallic button.
The second and final metallic button antenna uses dielectric material between the top
plates and the connection of a centre wire to ground which increases the rigidness of
the structure and miniaturizes the antenna while maintaining the two operational
bands. A summary table at the end of the chapter provides information about the four

metallic button antennas presented in the current research work.

Chapter Eight concludes the work and looks at future developments. The key subjects
of the research thesis are summarized and concluded in this chapter. Emphasis is done

on future antenna developments for wearable applications.
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Chapter 2.

Theoretical Background and

Simulation techniques

The basic antenna theory necessary for antenna design and analysis and the different
electromagnetic simulation methods used in the developing of the antennas for this
work are covered in this chapter. The aim is to set up a background which defines the
parameters considered when designing antennas such as: S-parameters, input
impedance, radiation patterns, gain and efficiency. The practical calculation and
representation of the main antenna parameters will also be covered. Finally, the theory
related to general electromagnetic software modelling and specifically for the

software packages used in this research work will be discussed.
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2.1 Basic Antenna Theory

Antennas, defined in [1] as a “means of radiating or receiving electromagnetic
waves”, are considered as the transition structure between free-space and a guiding
device [2].

The general condition for radiation in any antenna is a charge accelerating or

decelerating and is expressed by the formula [3]:
IL=0V [Ams"] (2.1)

Where, / is a time-changing current (A s™), L is the length of a current element (m), O
is the charge (C), and o is the time change of velocity which equals the acceleration of
the charge (m s™). The interpretation of the formula is that time changing currents and
accelerated charges radiate.

A lossless matched radiating antenna will appear to the transmission line as a
resistance R,, called radiation resistance. It is not related to any resistance in the

antenna, but it is a resistance coupled from space to the antenna terminals.

2.1.1 Scattering parameters

Scattering parameters describe the electrical behaviour of linear electrical networks
when a signal is applied. The scattering matrix [4] relates the voltage waves incident
on the ports to those reflected from the ports. The scattering matrix (S matrix) is

defined as:

I/]_ ’_Sll Sl2 S]N_ —K+
I/]_ SZl V;
=l . =l (2.2)
_VN__ __SNI SNN__ _V}\T_
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Where Vn is the amplitude of the voltage wave reflected from the port #n and Vn' is
the amplitude of the voltage wave incident on the port .

Any element of the [S] matrix can be determined as

£
Sl,j = V—+ (2.3)

J Vk+:0f0r k#j

Thus, Sj; is found by driving port j with and incident wave of voltage V;", measuring

the reflective wave amplitude, V;', coming out of port i.

The antennas used in the present research work use a single feed which is considered
as a single port network when the antenna is isolated. Thus, the first parameter
analysed when designing antennas is the return loss or reflection coefficient (S11).
The reflection coefficient of the antenna relates to its input impedance as follows

S K_:r:Zln—ZO

”:I/YIJr ZH+ZO

1

(2.4)

Where I is the reflection coefficient, Z;, is the input impedance of the antenna and Z,

is the characteristic impedance of the system.

The systems used for the antennas in this research have an impedance of 50Q. This
value has also been used in the electromagnetic simulators when calculating the
antennas. The graph of the return loss (S11) from the simulation and measurement of
the antennas developed for the present research work are presented in decibels (dB),
and the antennas have been considered to work at a given frequency band when the

S11 is lower than -10dB or 90% of the power is transmitted to the antenna.

2.1.2 Radiation Patterns

The radiation pattern is the graphical representation of the relative field strength

transmitting from or received from an antenna. Two main regions of radiation are

considered when designing antennas, the near-field and the far-field. The near field is
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a region close to the antenna where the angular field distribution is dependent upon
the distance from the antenna. It is that part of the radiated field that is within a small
number of wavelengths of the diffracting edge or antenna. The far field is the region
outside the near-field region, where the angular field distribution is independent of
distance from the source. The far field region exists for distances greater than (2D)%/\
where D is the maximum overall dimension of the antenna and / is the operating
wavelength.

The radiation patterns are three-dimensional quantities involving a variation of field
or power (proportional to the square of field) as a function of the spherical coordinates
theta (#) and phi (¢) as shown in Fig.2.1. Practically, the radiation pattern will
normally be measured in an anechoic chamber as the power received in the antenna
when a broadband directional antenna transmits a signal. The measured radiation
patterns in this research work are presented through the three main plane cuts of the
full three dimensional pattern. The planes, shown in are the XY for § =90 (p from 0
to 360), the XZ for ¢p=0 (6 from 0 to 360) and YZ for ¢ = 90 (6 from 0 to 360).

Az

Figure 2.1 Coordinates system for antenna analysis

2.1.3 Directivity and Gain

Directivity and gain [3] are two important parameters of the antenna that can be
extracted from the radiation pattern plot. The directivity of an antenna is equal to the
ratio of maximum power density P (6, ¢)max [watts/mz] to its average value over a

sphere as observed in the far field of an antenna. Therefore:



CHAPTER 2. Theoretical Background and Simulation Techniques 11

L _PO.9),,
P©0.9),,

Directivity from radiation pattern (2.5)

The gain G of an antenna is a real quantity which is a less than directivity D due to the
ohmic losses in the antenna. When transmitting, these losses involve power fed to the
antenna which is not radiated but heats the antenna structure. A mismatch in feeding
the antenna can also reduce the gain. The ratio of the gain of the antenna to the

directivity is the antenna efficiency factor. Thus,

G=kD (2.6)

with k the efficiency factor (0 <k < 1), [dimensionless].

The gain measured at the University of Kent has been calculated by comparing the
maximum received power density of the Antenna Under Test (AUT) with that
received by a reference antenna of known gain, such as a broadband standard dipole.

Thus:
Gain= G = e (AUT)
P (Vef.ant)

The limitation of this method is that, for good accuracy, the standard antenna should

x G(ref .ant.) (2.7)

have similar gain to the antenna under test.

2.2 Electromagnetic Simulators

There has been a rapid growth in commercial electromagnetic simulator over the last
few decades. In the past, the simulators used by scientists and antenna engineers were
mostly written in house and for a specific application. Simulations used to be time
consuming to code, validated and test were highly costly to produce and were limited
to the academic community. The development and expansion of existing commercial
electromagnetic software in the 1990°s such us Zealand Software’s IE3D, HP EEsof’s
ADS, ANSOFT’s Ensemble and HFSS and the introduction of CST microwave studio
has facilitated the design of antennas and other microwave related components.

At present, three main mathematic methods seem to be dominant in the commercial

electromagnetic software market for antenna applications: Method of Moments
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(MoM) [5], Finite Element Method (FEM) [6] and Finite-Difference Time-Domain
(FDTD) [7].

The electromagnetic software packages used in this research work are: Zealand IE3D
[8-9], based on the Method of Moments and CST Microwave studio, which uses time
domain techniques. Both simulation packages and the basic electromagnetic

formulation and techniques are discussed in the following sections.

2.2.1 IE3D and Method of Moments

The primary formulation of IE3D [9] is an integral equation obtained though the use
of Green’s functions. Both the electric current on a metallic structure and a magnetic
current representing the field distribution on a metallic structure can be modelled. For
reasons of simplicity, the discussion in this section will focus on the formulation of
electric current only. The magnetic current is obtained, using a complementing

argument.

Fig.2.2. An incident field is applied to a metallic structure.

For a general electromagnetic scattering problem, a conducting structure in a stratified
dielectric environment is assumed, as shown in the IE3D model in Fig.2.2. An
incident field is imposed on the structure, inducing a current distribution on it. The
induced current will create a secondary field to satisfy the boundary conditions on the
metallic structure. For a typical conducting structure, the induced current is

distributed in the conducting surface and the boundary condition is,

E(r)=Zs(r)J(r), reS (2.8)
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Where S is the conducting surface; E(r) is the total tangential field on the surface; J(r)
is the current distribution on the surface; Zs(r) is the surface impedance of the
conductor.

When the structure is in a layered dielectric environment, the total field can be written

down as [9],

E(r)=E,(r)+ [G(r/r)-J(r")ds' (2.9)

Where G (#/r’) is the dyadic Green’s function for the dielectric environment; Ei(r) is
the incident field on the conducting surface. G (r/r’) satisfies the stratified dielectric
boundary conditions except the boundary condition on the conductor S.

Substituting (2.9) in (2.8) yields the integral equation,

Zs(r)J(r)=E (r)+ IG(r/r') -J(r")ds' (2.10)

The incident field and the surface impedance are provided and the Green’s function
can be derived. The unknown is the current distribution J(7).
By assuming that the current distribution is represented by a set of complete basis

functions,

J(r)=>.1B,(r), n=12,.. (2.11)

we obtain

Z,(r)>. IB,(r)=E )+ 1, IG(r/r') - B(r')ds' (2.12)

By taking the Galerkin’s procedure, we convert (2.12) into a matrix equation,
SHI .[dé‘El (r).B/] (r)
S

m=n=-n
S

=881 {IdsZs(r)Bm (r)-B,(r)+ [ds[ds'B,(r)-G(r/r') - B”(r”)} (2.13)

S S
The above process is to enforce (2.12) with a complete set of test functions and the
test functions are the same as the basis functions. A complete set of functions consist
of an infinite number of terms. Therefore, (2.13) is an infinite dimensional problem
and it can be approximated as a numerical solution. The approximation is to truncate

the infinite series with a finite number of terms. Mathematically, the truncation is a
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projection process. The actual solution in infinite dimensions is projected to that of

finite dimensions. If finite dimensions are chosen so that the major components of the
actual solution are all in the finite dimension, the result should be a very good

approximation of the solution. After the projection, equation (2.13) becomes an N by

N equation,
[Zmn][Im]=[Vm] (2.14)
Where
Z, = jdszs(r)Bm(r) Bn(r) + jdsjds B, (r)-G(r/r')-B, (") (2.15)
Vim = [dsEi(r)- B, (r) (2.16)

$
The solutions of equations (2.15) and (2.16) are the current distribution coefficients.
After the current distribution is solved, the s-parameters and radiation pattern can be
calculated.

All moment method (or method-of-moment, MOM) formulations, no matter how
simple or complex is, take the form of equations (2.14 -2.16). The differences are on

the choice of basis functions and the Green’s function.
2.2.2 CST Microwave Studio and Finite Integration Method

The antennas developed for this work have been simulated using the Finite difference
time-domain calculation (FDTD) included in CST Microwave studio. The FDTD
method belongs to a general class of grid-based differential time-domain numerical
modeling methods. Maxwell's equations are modified to central-difference equations,
discretized, and implemented in software. The electric field is solved at a given
instant in time, then the magnetic field is solved at the next instant in time, and the
process is repeated over and over again. CST Microwave Studio is an electromagnetic
simulator based on the Finite Integration Technique (FIT), first proposed by Weiland
in 1976/1977 [10-11]. FIT discretizes the following integral form of Maxwell’s
equations, rather than the differential one [10]:

{E-ds = j— -dA, A -ds = j(—+ ]J (2.17)

04 04

{D-d*:—jp-dl/, cj.é-d}i:O (2.18)
V oV

oV
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E [V/m] - electric field H [A/m] - magnetic field
D [q/m?*] - displacement vector B [Wb/m?’] - mag. Flux density
p [q/m*] - vol. charge density A [m?] - element area

¥ [m’] - volume

Equations (2.17) and (2.18) are solved numerically by defining a finite calculation
domain enclosing the considered application problem. This domain is divided into
several small grid cells as is shown in Fig.2.3. As shown in the figure, for every grid
mesh a secondary grid mess is defined orthogonally to the first one. A spatial
discretization of Maxwell’s equations is performed on the two orthogonal grid

systems, where the new degrees of freedom are introduced as integral values as well.

Ah; hiy
S d; hid
/( g ek' b12
[:> 1| =) B
\‘/f e bn e_A

|~ € J
ei: electric voltage bi: magnetic flux
hi: magnetic voltage d;: electric flux

Figure 2.3 Orthogonal grid system used for spatial discretization.

Maxwell’s equations are formulated for each of the cell facets separately. Considering
Fadaray’s law the closed integral on the equation left side can be rewritten as a sum of
four grid voltages without introducing supplement any errors. Therefore, the time
derivative of the magnetic flux defined on the enclosed primary cell facet represents
the right side of the equation, as shown in Fig.2.3. By repeating this procedure for all
available cell facets, the calculation rule can be summarized in a C matrix as the

discrete equivalent of the analytical curl operator.
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Ck
e A %
A |
A/bn e]
e.
An o ! ej

- 0 o '
Eas=-2 [[fp-ai -y T : T
C e b

Figure 2.4 Matrix C as the discrete equivalent of the analytical curl

Applying this scheme to Ampere’s law on the dual grid involves the definition of a
corresponding discrete curl operator C. Similarly the discretization of the divergence
equations (2.18) introduces discrete divergence operators S and S, belonging to the
primary and dual grid, respectively. Finally, the complete discretized set of

Maxwell’s Grid Equations are obtained (MGE):

oDy é'h=id+j (2.19)
dt dt
Sd=gq, Sb=0 (2.20)

The FIT discretization still maintains the important properties of the continuous

gradient, curl and divergence operators:
SC=8C=0 < divrot = 0 (2.21)

AR

CS'=08" =90 & rotgrad =0 (2.22)

The material equations add numerical inaccuracy due to spatial discretization. By
defining the necessary relations between voltages and fluxes their values have to be

approximated over the grid edges and cell areas, respectively. Therefore, the resulting
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coefficients depend on the average material parameters as well as on the spatial

resolution of the grid and are summarized again in correspondent matrices:

D = ¢k d=M,e (2.23)
B=uH = b=Mh (2.24)
J=0F +J j=Me+j, (2.25)

The topological and the metric information separated in different equations have had
important theoretical, numerical and algorithmic consequences [12] which are the

basis of CST Microwave Studio Software package.

2.2.3 Comparison between IE3D and CST Microwave studio

The main differences between [E3D and CST Microwave studio’s time domain solver
are summarized in the following points:

- CST Microwave Studio uses the Finite Integration Technique while IE3D uses
Method of Moments.

- The discretization of geometry in IE3D is 2.5 dimension using triangles and
rectangles while CST Microwaves studio uses 3-D cells.

- The projects in IE3D are normally run in open space while boundaries need to be
introduced in CST.

- Near to far field approximations are used in CST Microwave studio while IE3D
obtains direct far field calculations.

- The results on CST Microwave studio are broadband compared to the single
frequency point calculation in IE3D.

- CST Microwave Studio performs well with inhomogeneous structures while IE3D is

inefficient for such structures.
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Chapter 3.

Dielectric measurements and Small

Antenna design

The study of the characteristics of materials at microwave frequencies is an essential
part of microwave engineering. Through the understanding of the properties of
materials it is possible to obtain a better prediction of the electrical behaviour of
microwave devices, including antennas. Typically, the responses of materials to
electromagnetic fields are determined by the displacement of their free and bounded
electrons by electric fields and their atomic moments by magnetic fields [1].

The materials used in this research work can be mainly classified as conductive
(copper and brass) and dielectric (PTFE, FR4 and textile materials). Little literature

has reported the characteristics of textile materials used for wearable antennas [2]-[3].
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In addition, the characteristics of the textile materials can vary regarding the property
of the textile and the additions to it, such as colour or any other chemical agents
which may change the dielectric permittivity of a specific textile fabric.

To enable the design of wearable antennas it is necessary to characterise the textile on
which they are mounted and the first part of this chapter covers the theory behind a
dielectric measurement method used for denim and Velcro.

The second part discusses the basic theory related to the specific antennas used in this
research which are: the planar inverted F antenna and the top loaded monopole

antenna.

3.1 Methods of Measuring the Permittivity of Substrates

The methods for electrical characterisation of materials generally fall into resonant
methods and nonresonaant methods[1]. The resonant methods are based on the fact
that the resonant frequency and the quality factor of a dielectric resonator with given
dimensions are determined by its permittivity and permeability. In the nonresonant
methods, the properties of the materials are fundamentally deduced from their
impedance and the wave velocities in the materials.

Non resonant methods mainly include reflection methods and transmission/reflection
methods. In the reflection method, the material properties are calculated on the basis
of the reflection from the sample. In the transmission/reflection method, the material
properties are calculated on the basis of the reflection from the sample and the
transmission through the sample.

Non resonant methods require a means of directing the electromagnetic energy toward
the material, and the collecting of what is reflected from the material, and/or what is
transmitted through the material. All types of transmission lines can be used to carry
the wave for nonresonant methods, such as coaxial line, hollow metallic waveguide,
dielectric waveguide, planar transmission line, and free space.

In this research, a hollow waveguide transmission/reflection, broadband, non resonant

method has been used and is explained in the following section.
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3.1.1 Waveguide Method for Measuring Dielectric Textile

In the transmission method used for the material measurement, the textile material is
placed at the centre of a rectangular waveguide [4-5] supported by expanded
polystyrene foam. The scattering parameters of the structure with and without the
textiles are compared to determine the dielectric constant and the loss tangent. The
advantages of this method are:

e The material is supported by the foam and can be accurately placed in the
waveguide.

e Since this is a comparison measurement, any mismatch or inaccuracies in the
measurements are subtracted.

e The length of the material sample can be increased at will to obtain a bigger
difference between the two measurements and thus increase the accuracy.

e Unlike a resonance method, the measurement can be performed over a wide
band of frequencies between the cut-off frequencies of the TE; and the TEy
modes.

The method has been used to determine the dielectric constants and loss tangents of
Velcro and Denim. With reference to Fig. 3.1, in the transverse direction we have a
waveguide with equivalent width of a where 4, is the wavelength of the propagating
mode in the longitudinal direction. Thus A, represents the cut-off wavelength of the

transverse guides.
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Figure 3.1 Waveguide cross section width a with textile sample width d (left). Equivalent
network (right).
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At the interface in the transverse direction we have

Y= i/)’(nlco{ﬁ'((;_ a)) and y, — jy tan[ﬁ;dj (3.1)

2n 2
ﬁlZT\ll_(’l}/;tg)H 2

2r
B, = /1 ,/1—(/12//1_k,)2 ;

2

A=2/Je s A=Al \e, (3.2)

and A, is the cut-off wavelength of the guide with the dielectric .

The characteristic admittances Yy, and Y, are given by [4,5]

v=tfimayr and v, o L TGy (3.3)
m

M,

where M =/ & and My =M /& -

For propagation to be sustained, resonance must be achieved and we have ¥; + 1, =0

and substituting (3.2) and (3.3) we get

JKe, - B* tan(d+[ks, — B /2) = (3.4)

Vi = B cot((a—dWk* - B2 1/2)

where £ is the propagation constant in medium 1, f=2n/4, is the propagation constant
in the guide with the dielectric and & =g /¢;. If both or either dielectric media are
lossy, then &) and/or &, are complex and f in (3.4) is replaced by y = o +j .

For the measurement procedure: the sample is inserted in a C-band waveguide and
the transmission parameters S>; with and without the sample are measured in
amplitude and phase. The measured phase of S>; with and without the sample are ¢,
and ¢, respectively, where ¢ > ¢ due to the dielectric. The measured phase also
includes phase shift due to the length occupied by the sample, any extra length of
waveguide, the waveguide to coaxial transitions and the cables connecting to the

network analyser. If the same length of waveguide and all the other components are
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used with and without the sample, then the difference between the two phase shifts
will give us the extra phase due to the sample.

Thus ¢ = 6 + 6. and ¢, = 6, + O, where 6. is the extra phase shift due the
measurement components, 60; is the phase shift due to the dielectric sample and 6, is
the phase shift of the length of waveguide where the sample was placed but after it
has been removed. The angles 6, and 6, are related to the guided wavelengths by

6, =2nl/A, and 0, =271/, where A, and Ay are the guide wavelengths with and

without the sample.
From measurement of the difference A¢ between the phase angles ¢ and ¢, we

calculate 4, from

Ag0 (3.5)

Ag=— 5
$ 1 AgA,/2n]

The attenuation constant is calculated from the ratio of the amplitude of S>; with and
without the sample. When both 4, and a are known, equation (3.4) is used to calculate
&~ These equations are also applicable when the slabs are dissipative and characterized
by a complex dielectric constant; in which A, is complex.

Figure 3.2 and Table II give the results for Velcro and dry denim using a sample
length of 40mm. The a and b parameters of the waveguide were 60x28mm. The small
fluctuation for the permittivity of denim between 3.5 and 4GHz is due to residual

inaccuracies in the measurement.

Relative Dielectric Constant

High Order Mode

I
‘ I
4.5 5 5.
Frequency GHz

Figure 3.2 Measured dielectric constant of Velcro and
dry Denim.
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TABLE I
MEASURED RELATIVE PERMITTIVITY AND LOSS TANGENT OF
VELCRO AND DRY DENIM

Loss Tangent

Material Relative Permittivity
Velcro 1.34 6x107
Dry Denim 1.8 7x107
PTFE 2.1 5%107

Solid PTFE was also measured, giving an average dielectric permittivity of 2.1 and
loss-tangent of 5x10™ which approximates the values expected for this material. For
tolerance observed for the permittivity calculation using this method was lower than

10%.

3.2 Small Antenna designs

The design of small antennas operating a many frequency bands has become essential
in recent years. Size reduction in early antenna designs were achieved by folding the
top wire in antennas operating at very long wavelengths [6]. Nowadays, with the wide
spread use of wireless and mobile communications, antennas have become part of our
everyday life and are embedded onto slim mobile phones, PDA’s and laptops. The
antennas in these devices are required to be electrically small and be surrounded by
complex electronics devices, such us speakers and cameras.

The present research focus on compact antenna designs for wireless and mobile
communication systems and the following two sections give an introduction to the
basic antenna designs from which many mobile antennas have evolved. The first
section (4.4.2) discusses top loaded monopoles which are the basis of the button
antennas developed in chapters 6 and 7. The second section (4.4.3) looks at the later
developed planar inverted F antennas for mobile communications which is the type of

structure used for the antennas in chapters 4 and 5.

3.2.1 Top loaded Monopoles

Electrically small dipole and monopole antennas using top loading metal structures

have been employed for many decades. A study of electrically short antennas for very
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low frequencies (VLF) using top loading can be found as early as 1965 [6] where the
umbrella top-loaded antenna is discussed. Since the height required to achieve self
resonant in antennas at VLF was prohibitive, top loading used to be an economical
solution to reduce the capacitance reactance and in many cases to increase the
radiation resistance for a shortened antenna height [7]. The inverted L antenna
(Fig.3.3) provides the simplest example of top loading with early discussion on this

antenna and the T (Fig.3.3b) and four elements antenna (Fig.3.3) presented in [8].

(a) (b) (©
Figure 3.3. Elementary top loading structures with 6, = 90°. (a) Inverted L antenna,

(b) T antenna and (c¢) Four-element top loaded antenna.

For a given vertical height, resonating the antenna with top loading results in much
bigger radiation resistance, of an order of two to four times [8]. The effect of such top
loading is to increase the current at the base of the antenna, and also to make the
current distribution more uniform [9]. To illustrate this effect, Fig.3.4 shows a
simplified schematic of current magnitude in a resonant antenna and the L and T top

loaded antennas.

Height =% Height under = %

Figure 3.4 Effect of top loading on the current of the antenna.
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In [8], the formulation of the capacitance of the top hat antenna with the structure as
in Fig.3.5 is as follows:

- The characteristic impedance of a vertical antenna is found by:
Z;= 60(ln(ﬁ) - 1] (3.6)
d
Where

h is the length (height) of vertical radiator

d is the diameter of the radiator

- The capacitive reactance for the amount of top loading can be found from

X= tjloﬂ (3.7)

Where
X is the capacitive reactance, in ohms [ohms]
Zy is the characteristic impedance of the antenna [ohms]

0 is the phase due to electrical loading [degrees]

z

Material = PEC
Type = PEC >
x

Figure 3.5 Top hat antenna

The button antennas to be presented in chapters 6 and 7 are more complex than the
simple structures mentioned here, though the small electrical size of the buttons is
mainly due to top loading by a metallic disc. There is an analysis of monopole top
loaded by discs in [10] though its formulation is not necessary for the designs to be

presented here.
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3.2.2 Planar Inverted F Antenna

The Planar inverted F Antenna is currently one of the most common designs used in
modern mobile phones. The antenna originated from the inverted L antenna already
shown in Fig.3.4. Extending the top part of the Inverted L. Antenna (ILA), the antenna

will become a very short monopole with a long horizontal wire as is shown in Fig.3.6

Figure 3.6 ILA antenna with extended long horizontal wire

The length of the horizontal element of the ILA structure is typically a quarter
wavelength and has low input impedance. The impedance is given by a very short
monopole with the addition of the reactance from the element in closed proximity to
the ground.

The Inverted F Antenna or [FA [11], shown in figure 3.7, is a later development of the
ILA and is able to achieve higher radiation resistance by shorting the top of the
vertical monopole of the structure at a calculated distance from the feed. In [11] the
IFA was described as a “shunt-driven inverted L. antenna-transmission line with open
end”. The IFA has been often applied on moving platforms such as rockets and
aircrafts due to its low profile, high strength and easy control of its input impedance

matching.

Figure 3.7 IFA antenna
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The Planar Inverted F Antenna (PIFA) is an IFA where the top wire has been
transformed into a planar structure. A simple PIFA on a large ground plane is shown
in Fig.3.8.

Figure 3.8 PIFA antenna geometry

In [12] it was found that the resonant frequency of a planar inverted-F antenna can be
determined approximately from:

c

o=y ow

(3.8)

Where
c is the velocity of the light [m/s]
L is the length of the radiating element [m]
W is the width of the radiating element [m]

The PIFA was initially suggested for use in mobile systems due to its compactness
and sensitivity to both horizontal and vertical polarization. The same reason has been
considered when choosing PIFAs as multiband antennas for indoor communications

as described in chapters 4 and 5.
3.3 Conclusions
Material measurement methods and small antenna designs have been presented in this

chapter. The methods to determine the material properties at microwave frequencies

have been classified as resonant or nonresonant. The method used here to characterise



CHAPTER 3. Dielectric Measurements and Small Antenna Design 29

the permittivity and loss tangent of textile materials is a nonresonant transmission
methods using a rectangular waveguide. The permitiviy of Velcro and Denim have
been measured and found to be 1.34 and 1.8 respectively.

The basic designs from which antennas in this work evolved have also been discussed
in this chapter. Two antennas are considered from which the work originates:

- The top loaded monopole, as precursor to the wearable button antennas in chapter

6 and 7.
- The planar inverted F antenna which has been used as a basis for the indoor

communications antennas in chapter 4 and 5.
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Chapter 4.

Multiband Antennas for Wireless

Indoor Communications

4.1 Introduction

The communications standards being currently used indoors in Europe are typically
identically to those used outdoors such us GSM900 [1], DCS1800 [1], GPRS [2],
UMTS [3] and those used for wireless computing such as Bluetooth [4] and WLAN
[5]. Normally, GSM900, DCS1800 and UMTS communications are supplied
throughout a building via a basestation on the roof or a nearby building while WLAN

and Bluetooth are supplied by wireless access points inside the building. In some
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cases, such as large commercial centres and underground stations, the number of users
exceeds the bandwidth of the standard rooftop basestation or there is not full coverage
of the building, in which cases the basestation is required to be closer to the users to
cope with demand, creating picocell basestations [6].

Distributed Antenna Systems (DAS) [7] have been introduced for indoor picocell
applications in many buildings: for example superstores, airports, rail stations....
Most of the second and third generation of the radio cellular systems already use the
picocell concept for indoor communications. In addition, some picocell systems are
adding WLAN systems which can unify all the indoor communications into one
single distributed antenna system.

The multiband antennas to be presented in the present chapter as well as chapter 5
have been developed for a research project entitled “Radio-optical systems
Engineering in Transmanche Telecom”. The research project which ended in 2005,
covered all aspects in the development of inexpensive technology for antenna units in

the distributed antenna systems in radio over fibre Networks.
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Figure 4.1. Hybrid Fibre Radio Systems in Building

O

Figure 4.1 shows the basic architecture of a HFR System in a building studied for the
ROSETTE project. The main component of the system is a Remote Antenna Unit
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(RAU) such as previously reported for single mode fibre (SMF) systems [8] matched
to multi-mode fibre (MMF) networks, insensible to the different modulation schemes
and carrier frequencies (GSM, GPRS, UMTS, HIPERLAN) and composed of a
multiband Antenna and an ElectroAbsorption Modulator (EAM)'. This EAM acts as a
modulator for the uplink and as a Multiple Quantum Well photodetector for the
downlink. The EAM will communicate with the pre-installed MULTIMODE FIBRE

and use this type of fibre to transmit RF signals in buildings at a low cost.

4.2 Multiband Antennas

Dual band antennas suitable for mobile communications were successfully realised
with planar inverted-F antennas in [9]. The antennas in [9] were intended for mobile
terminals and used a mobile handset ground and a top metal patch with slots, cuts and
via pin connectors to produce the dual band operation. Using a single via connector
and rearranging the top metal cuts the antennas in [10] achieved dual band PIFA
through multi-resonators with wider bandwidth than that reported in [9].

Multiband operation has also been achieved in a single antenna for mobile handset in
[11] where the effect of extra metal elements connected to the feed was also studied.
Additionally, it has been shown that parasitically coupled elements in plane with a top
patch can be used to broadband antennas, [12].

The initial antenna considered for the present research thesis was the “Dual-band
printed antennas™ developed by D.Viratelle and R.J.Langley [13] at the University of
Kent. The antenna in [13] had two wide band resonant modes and its size and
omnidirectional radiation pattern characteristics made it convenient for the radio over
fibre systems developed for the ROSETTE project. Extra frequency bands have been
incorporated to the antenna in [13] by adding a ground plane parasitic resonator and
two capacitive coupling side resonators. The resulted antennas are compact,
lightweight, low-cost and cover most of the commercial wireless systems below

3GHz in Europe.
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The frequency bands targeted for the antennas in this chapter were specifically:

- GSM900 (890-960 MHz)

- DCS1800 (1710-1880 MHz)

- DECT (1880-1990 MHz

- UMTS (1900-2200 MHz)

- Bluetooth (2400 — 2500 MHz)

Three antennas will be presented in this chapter, each of them being a further
improvement on the previous one. The first antenna is based on the antenna in [13]
and incorporates the UMTS band to the already achieved GSM900 and DCS1800
bands by adding a ground plane parasitic resonator. The next antenna includes the
Bluetooth band to the GSM900, DCS1800 and UMTS bands by adding side
resonators. The final antenna achieves smaller size while maintaining the same

characteristics of the antenna by rearranging the extra resonators.

4.3 Multiband Antenna with Ground Plane Parasitic Resonator

The first antenna to be presented in this chapter is a multiband antenna evolved from
a previous development at the University of Kent (Fig.4.2a). A photograph of the new
antenna is shown in Fig.4.2b and an enlarged representation of the antenna showing
the principal elements is shown in Fig.4.3. The multiband antenna uses a novel
technique to improve the higher band bandwidth. The increase in the higher band
bandwidth is achieved by the addition of a parasitic resonator placed in the ground
plane of the antenna developed by Viratelle and Langley [13] and by making further
adjustments of the antenna dimensions. The additional parasitic resonator adds two
extra modes in the higher frequency band without compromising the existing lower
and higher frequency bands which results in an enlargement of the higher band
bandwidth of more than 130%.

As for the original antenna in [13], the novel multiband antenna is simple and low
cost to construct with the metallic elements printed on a flexible material which is
shaped around a honeycomb former.

The novel antenna with the additional resonator is appropriate for the GSM850 (824 -
894 MHz), GSM900 (890-960 MHz), DCS1800 (1710-1880 MHz), DCS1900 (1850-
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1990 MHz) DECT (1880-1990 MHz) and UMTS (1900-2200 MHz) cellular
telephone system applications. Zeeland software’s IE3D was used to simulate the

antenna with good agreement found between the simulations and practical results.

A/

B~

(a)

‘.._!14.

o
- 0o
- o

(b)

Figure 4.2. (a) Initial antenna. (b) Multiband antenna with ground plane parasitic

resonator.

Figure 4.3 shows the geometry of the five-band printed PIFA Antenna with ground
plane patch resonator where the honeycomb former has been omitted for clarity. As
can be seen from the figure, the feeding probe is connected to the top inner patch of
element 2 and the two symmetrical top outer patches of element 1 connect through
shorting walls to the ground plane and element 4. The added parasitic element 3 at the
bottom plane is not electrically connected to the ground plane and has a rectangular

shape.

Element 1

>

Element 2

Element 4

Figure 4.3. Multiband antenna with ground plane parasitic resonator
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4.3.1 Multiband Antenna with Ground Plane Parasitic Resonator- Dimensions

The dimensions of the multiband antenna with ground plane parasitic resonator are
shown in Fig.4.4 and Table 4.1. The total dimensions of the antenna were
133.0x24.0x9.5mm, which suits well for indoor communications. The dimensions of
the ground plane parasitic resonator (element 3) were 15 x 48.5mm. There is a

0.5x15.0mm feed line with a 0.5 mm air gap between the feed ground and element 3.
2L

X ’ /< / LS 7&

—>/— -

Figure 4.4. Dimensions of the multiband antenna with ground plane parasitic

resonator

Element \%Y L H 1L 1w 1x 1y 2L

Dimensions | 24.0 133.0 9.5 75.0 20.0 54.5 18.0 84.0

Element 2w 3L 3w 3x 4L 4w 4E 4H

Dimensions | 15.0 48.5 15.0 15.0 65.0 16.0 4.0 6.5

Table 4.1 Dimensions of the multiband antenna with ground plane parasitic resonator

4.3.2 Multiband Antenna with Ground Plane Parasitic Resonator -

Measurement Results, Reflection Coefficient

The simulated and measured S11 for the multiband antenna with a ground plane
parasitic resonator is shown in Fig.4.5 and Table 4.2. Multiband characteristic are

observed with -10dB S11 bandwidth at the lower band of 22.3% and a higher band of
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nearly 33%. The IE3D simulation of the antenna compares well with the
measurements with -10dB bandwidth of 17.9% in the lower band and 33.4% in the
higher band. The measured S11 of the antenna has sufficient bandwidth to cover the
GSMS850 (824 — 894 MHz), GSM900 (890-960 MHz), DCS1800 (1710-1880 MHz),
PCS1900 (1850-1990 MHz) DECT (1880-1990 MHz) and UMTS (1900-2200 MHz).
At least 5 different resonant modes were observed in the antenna within the working
bandwidth. The working modes are shown Fig.4.6 with the corresponding resonant

frequency.

S11 (dB)

- Measured
257 Simulated
'30 T T T T T T T T T
0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1 2.3 25
frequency(GHz)

Figure 4.5 Simulated and Measured S11 curves for the multiband antenna with
ground plane parasitic resonator

Low band | BW low band High band BW high band
(MHz) (MHz) - % (MHz) (MHz) - %

Simulated air 835-999 | 164 -179 % | 1631 -2285 654 - 334 %

Measured air 815-1020 | 205-22.3 % 1634 - 2275 641 - 32.8 %
GSM 850 824 - 894 70 -8.1 %
GSM 900 890 - 960 70 - 7.6 %

DCS 1800 1710 - 1880 170 - 9.5 %

PCS 1900 1850 - 1990 140- 7.3 %

DECT 1880 - 1900 20 - 1.1 %

UMTS 1885 -2200 315- 154 %
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Table 4.2 Simulated and Measured S11 for the multiband antenna with ground plane
parasitic resonator and comparison with existing mobile communication systems

. Mode //

S11 (dB)

f1=872MHz 13=1708MHz

20 -
— Measured
25 1 Simulated
f4=1861MHz
-30 x . 1 1 \ ' ‘
o7 09 11 13 15 17 19 21 23 25
frequency(GHz)

Figure 4.6 Modes and centre frequency in the multiband antenna with ground plane
parasitic resonator

4.3.3 Multiband Antenna with Ground Plane Parasitic Resonator — Surface

currents

The surface currents of the multiband antenna with ground plane parasitic resonator at
900MHz, 1800MHz, 1900MHz and 2100MHz are shown in Figs.4.7-4.10

At 900MHz (Fig.4.7), there are strong currents in element 1 and element 4 that are
coupled through element 2 which is connected to the feed. As the wavelength is larger
at 900 MHz, currents tend to flow throughout most of the body of the antenna starting
from the feed in element 2, capacity coupling to element] and connecting through the
back metal walls to element 4 which makes the ground of the antenna.

At 1800MHz (Fig.4.8), currents become stronger in the whole element 2, which is
still coupling to element 1, but also appears to couple with element 4 and element 3.

Element 3 seems to couple higher currents than at the lower frequency band.
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At 1900MHz (Fig.4.9), the current density at the back of element 2 becomes weaker,
while the side facing element 3 maintains its strength. Currents in element 3 and 4
remain strong, while currents in element 2 weakened slightly.

Finally, at 2100MHz, currents in the parallel elements 3 and 4 become very strong

while currents in the other elements weakened significantly.

Figure 4.9. Surface currents at 1900 MHz

Figure 4.10. Surface currents at 2100 MHz
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4.3.4 Multiband Antenna with Ground Plane Parasitic Resonator —Parametric

Analysis

A parametric analysis of the multiband antenna with ground plane parasitic resonator
was carried out to determine insight into the characteristics of the antenna. The main
parameters considered for the analysis were the length of the elements 1, 2, 3 and 4.
The parametric analysis is presented through the S11 curves of the existing modes in
the antenna as its physical elements are changed. The effect of the changes in the
resonant modes is shown with arrows placed in the reflection coefficient S11 (dB)
curve.

Figure 4.11 shows the effect on the resonant modes of the antenna as the length of
element 1 (1L) is increased from 71mm to 79mm. As can be seen from the figure, the
increase in 1L caused a decrease in the resonant frequency of mode2 (M2) of 5.6%
which reduced the match in model by 1%. In the higher band, the resonant frequency
of mode3 remains almost constant while the frequency of mode4 and mode5
decreased by 2% and 1.7% respectively; increasing the matching of M4 and
decreasing the matching of MS.

Return Loss (dB)

—&— 1L =71mm
— = 1L=75mm
—e— 1L =79mm

-35 T T T T T T T T
700 900 1100 1300 1500 1700 1900 2100 2300 2500
Frequency (MHz)

Figure 4.11 Simulated return loss of the antenna (S11) versus frequency for different
element 1L lengths

The effect of varying 2L from 82mm to 86 mm on the resonant frequency and

bandwidth is shown in Fig.4.12. The increase in 2L increased the matching of model

(M1) by 4% while its resonant frequency remained almost constant; M2 did not vary.

In the higher band, the effect was considerable on M3 with its resonant frequency

decreasing by over 9%. The bandwidth of the combined modes M3, M4 and M5
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increased by over 22.4% as there is a higher capacitive excitation from element 2 to

the coupling between elements 3 and 4. M4 does not seem to exist for values of 2L

lower than 82mm.The resonant frequencies of M5 did not change significantly.

0

-5 4

Return Loss (dB)

-25 1

-30

-35

-10
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-20 A

- -4 - 2L =82mm
— — 2L =84mm
—e— 2L =86mm

700 900 1100 1300 1500 1700 1900 2100 2300 2500

Frequency (MHz)

Figure 4.12 Measured return loss of the antenna (S11) versus frequency for different

element 2L lengths

Figure 4.13 shows the effect of increasing the length 3L from 46.5mm to 50.5 mm on

the resonant frequency and bandwidth. No changes were observed in the lower band

M1 and M2 modes and the M3 mode of the higher band. In the higher band, however,

the resonant frequency of mode M5 decreased by 6.7% and its matching improved by

-5dB while the resonant frequency of M4 remained constant and its matching

decreases by -10dB.

-10 1

Return Loss (dB)

-25

-30

-35

-15 -

-20
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d ; /<«—3L—>/
M4 )
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Figure 4.13 Simulated return loss of the antenna (S11) versus frequency for different

element 3L lengths

The effect of increasing the dimension 4E from 0.0mm to 8.0mm on the resonant

frequency and bandwidth is shown in Fig.4.14. The increase in 4E caused a 2.7%
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decrease in the resonant frequency of M1 and increased its bandwidth by 0.5%; M2
did not change significantly. In the higher band, the resonant frequency of M5
decreased by 1.7% whilst the resonant frequency of M3 and M4 remained constant.

The matching of M5 and M3 decreased while the matching of M4 increased.

-10 |

-15 1

-20

Return Loss (dB)

251 - -4E=0.0mm
— — 4E=4.0mm
30 1 —e—4E=8.0mm

-35

700 900 1100 1300 1500 1700 1900 2100 2300 2500

Frequency (MHz)

Figure 4.14 Simulated return loss of the antenna (S11) versus frequency for different
element 4E lengths
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Figure 4.15 Simulated return loss of the antenna (S11) versus frequency with
element3 (a) and without element 3 (b)

Figure 4.15 compares the antenna with and without element 3. The antenna structure
without element 3 is, basically, the initial dual band antenna in [13], with sufficient
bandwidth to cover both the GSM band and the DCS1800 band. Only three modes
(M1, M2 and M3) are observed in the antenna. The introduction of element 3 in the

antenna adds M4 and M5, increasing the higher band bandwidth by 19.9%.
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Finally, a summary of the parametric analysis is shown in table 4.3. Elements 1L &
4E provide the GSM900 band while 2L controls the DCS1800 band. Element 3L is
the proposed new parasitic element that provides the DECT and UMTS bands in
association with elements 1L & 4E. Note that the parasitic patch element 3 allows the

upper band to be tuned independently of the lower band which simplifies the tuning

process.
Low band High band
Element | Increase (decrease) (decrease)
Ml | M2 | M3 | '"M4 | M5
mm. % % %. % %
115 +4.0 - -2.8 - -1.0 | -0.9
2L +2.0 - - -4.6 - -
3L +2.0 - - - - -6.7
4E +4.0 -1.4 - - - -0.9

Table 4.3 Summary of the parametric analysis of the multiband antenna with ground
plane parasitic resonator.
From the present study, it can be found a manufacture tolerance of 0.5mm necessary

to maintain the full performance of the antenna.

4.3.5 Multiband Antenna with Ground Plane Parasitic Resonator — Radiation

patterns

The radiation patterns of the multiband antenna with ground plane resonator were
measured in the anechoic chamber at the University of Kent and are shown
normalized in Figs 4.16-4.24. The XY, XZ and YZ planes of the antenna were
measured at 850MHz, 920MHz, 1800MHz and 2100 MHz. The radiation patterns
were those of a PIFA antenna on a small ground plane which are similar to dipole
patterns. Good omnidirectional radiation was observed in the YZ plane for all the
frequency bands which suggests that the antenna is well suited to its intended

application as a picocell basestation antenna. The peak gain was also measured for all
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bands and was found to vary by only 0.5dBi across the GSM band. The gain at centre
frequency of the GSM900, DCS1800, DECT and UMTS bands are 1.9, 3.2, 3.1 and

2.1 dBi respectively. The measured gain never fell significantly below 1dBi.

Figure 4.16 Measured far field pattern in the XY plane at 850 MHz (left) and 920
MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.17 Measured far field pattern in the XZ plane at 850 MHz (left) and 920
MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.18 Measured far field pattern in the YZ plane at 850 MHz (left) and 920

MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.19 Measured far field pattern in the XY plane at 1800 MHz (left) and
1900MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.20 Measured far field pattern in the XZ plane at 1800 MHz (left) and
1900MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.21 Measured far field pattern in the YZ plane at 1800 MHz (left) and
1900MHz (right). Co-polar (thick line) and cross-polar (thin line)
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180

Figure 4.22 Measured far field pattern in the XY plane at 2100 MHz . Co-polar (thick
line) and cross-polar (thin line)
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Figure 4.23 Measured far field pattern in the XZ plane at 2100 MHz. Co-polar (thick
line) and cross-polar (thin line)

Figure 4.24 Measured far field pattern in the YZ plane at 2100 MHz. Co-polar (thick
line) and cross-polar (thin line)
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4.4 Multiband Antenna with Side Resonators

In section 4.3 a multiband operation was achieved by adding a ground plane parasitic
element to the dual band antenna developed in [13] at the University of Kent. The
antenna improved the higher band bandwidth by nearly 20% and was able to cover the
GSMS850, GSM900, DCS1800, PCS1900, DECT and UMTS bands. In this section,
two side resonators are added to increase further the higher band bandwidth and cover
the Bluetooth band. The antenna with the added element 5 is shown in Fig.4.25. An
identical element 5 is placed on the far side of the antenna not shown in the figure.

Z

X Element 1

b lr— w——

.

KEl(é(ment 5 E

Element 4

Figure 4.25. Multiband antenna with side resonators

The addition of element 5 increases the higher band bandwidth of the antenna without
increasing the volume of the original antenna. The increase in the bandwidth is
achieved by adding an extra mode in the higher band without cancelling the currents

from the existing modes.

4.4.1 Multiband Antenna with Side Resonators — Dimensions

The dimensions of the multiband antenna with side resonators are shown in Fig.4.26
and Table 4.4. The total dimensions of the antenna are 131x24x9.5 which is 2mm
smaller than the antenna in section 4.3. The dimension of the added side elements was
6.5mm x 1.5mm and was placed at 6.5mm from the ground of the antenna. The main
changes made on the existing element in the previous antenna are the reduction in the
size of element 1L by 6.5mm and element 3L by 2.5mm. The changes in the

dimensions were determined by simulation modelling of the antenna using IE3D.
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Figure 4.26. Dimensions of the multiband antenna with side resonators

Element W L H 1L 1w 1x 1y 2L

Dimensions | 24.0 131.0 9.5 68.5 20.0 54.5 18.0 83.0

Element 2w 3L 3w 3x 4L 4w 4E 4H

Dimensions 15.0 46 15.0 14.5 64.0 16.0 2.0 6.5

Element 5x SH 5L Sw

Dimensions 19.5 6.5 35.0 1.5

Table 4.4 Dimension of the multiband antenna with side resonators

4.4.2 Multiband Antenna with Side Resonators — Measurement Results,

Reflection Coefficient

The simulated and measured S11 curves for the multiband antenna with the added
side resonators are shown in Fig.4.27 and Table 4.5. A multiband characteristic is
observed with -10dB S11 bandwidth of 13.7% at the lower band and 38.5% at the
higher band. The 5.5% increase in the higher band bandwidth is mainly achieved by
incorporating the extra mode 6 with the addition of element 5 and shifting up the
resonant frequency of mode 4 and mode 5 by 150MHz and 207MHz respectively. The
shift in resonant frequency of the modes 4 and 5 is achieved by decreasing the size of

element 3 and element 1.
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Figure 4.27 Simulated and Measured S11 curves with main modes in the multiband
antenna with ground plane parasitic resonator

Lowband | BW low band High band BW high band
(MHz) (MHz) - % (MHz) (MHz) -

Simulated air 890 - 982 92 - 98 % 1675 -2510 835-39.9%
Measured air 872-1000 | 128 -13.7 % | 1695 -2502 807 —-38.5%

Table 4.5 Simulated and Measured S11 for the multiband antenna with side resonators

4.4.3 Multiband Antenna with Side Resonators — Surface currents

The surface currents of the multiband antenna with the added side resonators at
900MHz, 1800MHz, 1900MHz, 2100 MHz and 2450 MHz are shown in Figs.4.28 to
4.32.

Similar to the original antenna of section 4.3, at 900 MHz (Fig.4.29), there are strong
currents in element 1 and 4 being coupled through element 2 connected to the feed.

At 1800 MHz (Fig.4.30), the added side resonators (element 5) become active

showing strong currents which are also present in element 1,2 and 4.
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At 1900 MHz, the currents in element 5 lose strength while currents in elements 1, 2
and the coupling between elements 3 and 4 become stronger.

At 2100 MHz, the currents in element 1 and 2 appear to be weaker, while currents in
the coupling between element 3 and 4 gain strength.

Finally, at 2450 most of the strong currents are concentrated in the coupling between

element 3 and 4.

Figure 4.30. Surface currents at 1900 MHz
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Figure 4.32. Surface currents at 2450 MHz

4.4.4 Multiband Antenna with Side Resonators — Parametric Analysis

A further parametric analysis of the multiband antenna with the added side resonators
was carried out to determine the sensitivity of the antenna to changes in its
dimensions. The main parameters considered for the analysis were the length of the
elements 1, 2, 3,4 and 5.

Figure 4.33 shows the effect on the resonant modes of the antenna as the length of
element 1 (1L) is increased from 64.5mm to 72.5mm. Similarly to the antenna in
section 4.4.3, the increase in 1L caused a decrease in the resonant frequency of mode2
(M2), which decreased by 3.4% and reduced the matching of mode 1 by 4.4%. In the
higher band, the resonant frequency of mode 3 remained almost constant while the
frequency of M4 and M6 decreased by 1.4% and 5.2% respectively, increasing the
matching of M4 and decreasing the matching of M5 and M6.
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Figure 4.33 Simulated return loss of the antenna (S11) versus frequency for different
element 1L lengths

The effect of varying 2L from 82mm to 84 mm on the resonant frequency and
bandwidth is shown in Fig.4.34. The effect was the same as in the original antenna
with M3 and M4 decreasing by 3.2% and 1.4% respectively while the other modes

and the new mode 6 remained almost constant.
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Figure 4.34 Simulated return loss of the antenna (S11) versus frequency for different
element 2L lengths

Figure 4.35 shows the effect of increasing the length 3L from 44mm to 48 mm on the
resonant frequency and bandwidth. The same effect on the antenna as in the previous

section was observed with only the resonant frequency of mode 5 decreasing by 6.7%.
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Figure 4.35 Simulated return loss of the antenna (S11) versus frequency for different
element 3L lengths

The effect of increasing the dimension 4E from 0.0mm to 4.0mm on the resonant
frequency and bandwidth is shown in Fig.4.36. The effect on the modes of the
antenna was similar to the one in section 4.3 with less pronounced variations due to
the smaller change in the dimensions (4E was varied between 0-8mm in section 4.3).
The increase in 4E caused a decrease in the resonant frequency of M1 and M5 of
2.7% and 1.7% respectively; M2 and M6 did not change significantly. The matching
of M5 and M3 decreased while the matching of M4 increased. The bandwidth of M1

increased by 2%.
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Figure 4.36 Simulated return loss of the antenna (S11) versus frequency for different
element 4E length

The effect of increasing the dimensions of the new element 5L from 33.0mm to

37.0mm on the resonant frequency and bandwidth is shown in Fig.4.37. The effect on
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the new element is limited to M2 (decreased by 3.2%) and the new mode M6

(decreased by 5.4%) which indirectly affects to the nearby modes 1, 3, 4 and 5.
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Figure 4.37 Simulated return loss of the antenna (S11) versus frequency for different

element 5L length

Figure 4.38 shows the effect of removing totally the new element 5 which eradicated

mode 6, decreasing the higher band bandwidth by 5%. There was also a significant

effect in mode 2, which increased its resonant frequency by 24% and improved the

bandwidth of mode 1 by 2.8%.
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Figure 4.38 Simulated return loss of the antenna (S11) versus frequency with

element5 (a) and without element 5 (b)

Figure 4.39 compares the antenna with and without element 3. The difference from

the analysis made in section 4.3 is the presence of the new mode (M6) once element 3

is removed. The higher band bandwidth without element 3 was 18.4% lower than with

element 3.
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Figure 4.39 Simulated return loss of the antenna (S11) versus frequency with
element4 (a) and without element 4 (b)

Finally, a summary of the parametric analysis is shown in table 4.6. The GSM900
band is provided mainly by 4 and 1 with the new element 5 also having some effect in
this band. The DCS1800 is controlled mainly by 2L through M3 and the DECT band
by the extra element5 through the additional M6. The UMTS band is controlled by
elements 2 and 1 through M4 and the Bluetooth band by elements 3 through MS5.

Low band High band
Element | Increase | (decrease) (decrease)
Ml | M2 | M3 | M6 | M4 | M5
mm. % | % | %. | % | % | %
1L +4.0 - |17 - [-26]-07] -
2L +2.0 - - |32 - |-14]| -
3L +2.0 - - - . = | =67
4E +4.0 27| - - - = | =1.7
SL +4.0 - |32 - [-54)] - -

Table 4.6 Summary of the parametric analysis of the multiband antenna with ground
plane parasitic resonator.
It can be concluded from table 4.6 that the manufacture tolerance of the antenna will
depend on element 3L. Manufacture tolerance of 0.2mm is needed to keep the antenna

working at all frequency bands.
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4.4.5 Multiband Antenna with Side Resonators — Radiation Patterns

The normalized radiation patterns of the multiband antenna with ground plane
parasitic resonator and side resonators at 920MHz, 1800MHz, 1900MHz, 2100MHz
and 2450MHz are shown in Figs.4.40 to 4.48. Similar to the antenna in section 4.3,
the radiation patterns were those of a PIFA antenna on a small ground plane. Good
omnidirectional patterns were observed in the YZ plane for all frequency bands. The
gain at centre frequency of the GSM900, DCS1800, DECT, UMTS and Bluetooth
bands were 1.7, 3.3, 2.9, 1.9 and 2.1 dBi respectively. The measured gain never fell

significantly bellow 1dBi.

Figure 4.40 Measured far field pattern in the XY plane at 920 MHz . Co-polar (thick
line) and cross-polar (thin line)

Figure 4.41 Measured far field pattern in the XZ plane at 920 MHz. Co-polar (thick
line) and cross-polar (thin line)

180

Figure 4.42 Measured far field pattern in the YZ plane at 920 MHz. Co-polar (thick
line) and cross-polar (thin line)
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Figure 4.43 Measured far field pattern in the XY plane at 1800 MHz (left) and 1900
MHz (right). Co-polar (thick line) and cross-polar (thin line)

180 180

Figure 4.44 Measured far field pattern in the XZ plane at 1800 MHz (left) and 1900
MHz (right). Co-polar (thick line) and cross-polar (thin line)

210 S——
180 180

Figure 4.45 Measured far field pattern in the YZ plane at 1800 MHz (left) and 1900
MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.46 Measured far field pattern in the XY plane at 2100 MHz (left) and
2450MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.47 Measured far field pattern in the XZ plane at 2100 MHz (left) and
2450MHz (right). Co-polar (thick line) and cross-polar (thin line)

Figure 4.48 Measured far field pattern in the YZ plane at 2100 MHz (left) and
2450MHz (right). Co-polar (thick line) and cross-polar (thin line)
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4.5 Multiband Antenna with Multiresonators

The final antenna to be presented in this chapter is a further improvement on the
multiband antennas presented in previous sections. The side resonators introduced in
section 4.4 have been rearranged and two extra elements 6 have been added as shown
in Fig.4.49. The addition of element 6 allows the antenna to be made smaller. Once

the antenna is made smaller, a relocation of element 5 is necessary to maintain the

bandwidth required at the higher frequency band.

X

y Element 1

Elem’ent 6

Element 2

i Element 5

Element 4

Figure 4.49 Multiband antenna with multiresonators

4.5.1 Multiband Antenna with Multiresonators — Dimensions

The dimensions of the multiband antenna with multiresonators are shown in Fig. 4.50
and Table 4.7. The total dimensions of the antenna are 131x20x8mm which is 30%
smaller in volume than the antenna in section 4.4. The reduction in size has been
made mainly in the antenna width (4mm smaller) and the antenna height (1.5mm
smaller).

The dimensions of the new extension (element6) in the ground were 41mm x 48mm.
Other significant changes have been made in 1L which is increased by 3mm, 3L

increased by 2.5mm and 5L increased by Smm.
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Figure 4.50 Dimensions of the multiband antenna with multiresonators

Element A%Y% L H 1L 1w 1x 1y 2L

Dimensions | 20.0 131.0 8.0 71.5 16.0 54.5 16.0 82.0

Element 2w 3L 3w 3x 4L 4w 4E 4H

Dimensions 9.0 48.5 12.0 11.5 64.0 13.0 2.0 6.5

Element SH 5L Sw 6X 6L 6w

Dimensions 5.5 40.0 2.5 19.0 41.0 4.8

Table 4.7 Dimension of the multiband antenna with side resonators

4.5.2 Multiband Antenna with Multiresonators — Measurements Results, S11

The simulated and measured S11 curves for the multiband antenna with
multiresonators are shown in Fig.4.51 and Table 4.8. A multiband characteristic is
observed with -10dB S11 bandwidth of 22.0% at the lower band and 39.5% at the
higher band. The increase in the bandwidth from the antenna in section 4.4 was of
8.3% in the lower band and just 1% in the higher band. The most important changes
in the resonant frequency of the modes of the antenna were observed in mode 6 which
decreases by 139MHz, with mode 3 increasing by 138 MHz and mode 4 increasing by
104 MHz. It is worth noting that the rearrangement of element 5 and the further
adjustments in the antenna have swapped the order of the modes with mode 6 at lower

frequency than mode3.
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Figure 4.51 Simulated and Measured S11 curves with main modes in the multiband
antenna with multiresonators

Low band | BW low band High band BW high band

(MHz) (MHz) - % (MHz) (MHz) - %
Simulated air | 880-1005 | 125 -13.3% 1740 - 2575 835-38.7%
Measured air 858 - 1070 | 212- 22.0% | 1695 -2530 835 — 39.5%

Table 4.8 Simulated and Measured S11 for the multiband antenna with
multiresonators

4.5.3 Multiband Antenna with Multiresonators — Surface currents

The surface current of the multiband antenna with the added side resonators at

900MHz, 1800MHz, 1900MHz, 2100 MHz and 2450 MHz are shown in Figs.4.52 to

4.56.

Similarly to the antenna in section 4.4, at 900 MHz (Fig.4.52), there are strong

currents in element 1&4 being coupled through element 2 connected to the feed.

There is also high current density at the edges of element 6.
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At 1800 MHz (Fig.4.53), the side resonators (element 5) become active showing
strong currents which are also present in elements 1, 2, 4 and 6.

At 1900 MHz, the currents in elements 1,2 and 5 lose strength while currents in the
coupling between elements 3 and 4 become stronger.

At 2100 MHz, the currents in element 1 and 2 appear to be weaker, while the coupling
between element 3 and 4 gain strength.

Finally, at 2450 MHz most of the strong currents are concentrated around the gap

between element 3 and 4.

Figure 4.52 Surface currents at 900 MHz

Figure 4.53 Surface currents at 1800 MHz

Figure 4.54 Surface currents at 1900 MHz
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Figure 4.56 Surface currents at 2450 MHz

4.5.4 Multiband Antenna with Multiresonators — Parametric Analysis

A parametric analysis of the multiband antenna with ground plane parasitic resonator
was carried out to determine insight into the characteristics of the antenna. The main
parameters considered for the analysis were the length of the elements 1, 2, 3, 4, 5 and
6.

Figure 4.57 shows the effect on the resonant modes of the antenna as the length of
element 1 (1L) is increased from 69.5mm to 73.5mm. As can be seen from the figure,
an increase in 1L caused the same effect to previous two antennas with a decrease in
the resonant frequency of mode2 (M2) of nearly 3% and a reduction in the bandwidth
of model of 2.3%. In the higher band, the resonant frequency M6 and M3 remained
almost constant while the frequency of M5 decreased by 2.1%, increasing the

matching of M5 and decreasing the matching of M4 and M3.
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Figure 4.57 Measured return loss of the antenna (S11) versus frequency for different

element 1L lengths

The effect of varying 2L from 8lmm to 83mm on the resonant frequency and

bandwidth is shown in Fig.4.58. The effect is similar to the antenna with side

resonators (section 4.4), with the resonant frequency of M3 decreasing by 5.6% while

the other modes and the new M6 remained almost constant. M5 decreased its

matching.
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Figure 4.58 Measured return loss of the antenna (S11) versus frequency for different

element 2L lengths

Figure 4.59 shows the effect of increasing the length 3L from 46.5 mm to 50.5 mm on

the resonant frequency and bandwidth. The same effect to the one in the original

antenna is observed with only the resonant frequency of mode 5 decreasing by 4.8%.

The drop in the resonant frequency of M5 decreased the bandwidth of the higher

frequency band by 5.2%.
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Figure 4.59 Measured return loss of the antenna (S11) versus frequency for different

element 3L lengths

The effect of increasing the dimension 4E from 0.0mm to 4.0mm on the resonant

frequency and bandwidth is shown in Fig.4.60. Increasing 4E caused a similar but less

pronounced effect to that in the antennas of sections 4.3 and 4.4. The increase in 4E

caused a decrease in the resonant frequency of M1 of 1.1%. M2, M6 and M5 did not

change significantly. The matching of M5 and M3 decreased while the matching of

M4 increased.
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Figure 4.60 Measured return loss of the antenna (S11) versus frequency for different

element 3L lengths

The effect of increasing the dimensions of the relocated element 5L from 38.0mm to

42.0mm on the resonant frequency and bandwidth is shown in Fig.4.61. The effect of

the increase in 5L was limited to M2 which resonant frequency decreased by 2.2%
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and the new mode M6 with a 2.8% decrease in resonant frequency. The changes in

M2 and M6 indirectly affected the matching of nearby modes M1, M3, M4 and M5.

Return Loss (dB)
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-35 —
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Frequency (MHz)

<+—5L

Figure 4.61 Measured return loss of the antenna (S11) versus frequency for different
element 5L lengths

Figure 4.62 compares the antenna with and without element 3. The difference from

the analysis made in section 4.4 is that mode M6 is the only mode matched in the

higher band once element 3 is removed, reducing the bandwidth by 35.3%.
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Figure 4.62 Measured return loss of the antenna (S11) versus frequency with
element3 (a) and without element 3 (b)

Figure 4.63 shows the effect of removing totally the relocated element 5. The changes

eradicated mode 6, decreased the matching of M3 and M4 and therefore reduced the

higher band bandwidth by 10.5%. There was also a significant effect in mode 2,

which increased its resonant frequency by 6.3% and improved the bandwidth of M1
by 0.5%.
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Figure 4.63 Measured return loss of the antenna (S11) versus frequency with
element5 (a) and without element 5 (b)

Figure 4.64 compares the antenna with and without element 6. The presence of
element 6 improved the matching of the lower mode M1 by 3.8% which allowed for a
smaller antenna size. The effect in the higher band was less pronounced, increasing
the resonant frequency of M5 and improving the matching of M3&M4 which
increased the higher band bandwidth by 1%.
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Figure 4.64 Measured return loss of the antenna (S11) versus frequency with
element6 (a) and without element 6 (b)

Finally, a summary of the parametric analysis is shown in Table 4.9. The GSM900
band is provided by elements 1L, 4E and 5. The DCS1800 is controlled by SL through
M6 and 2L through M3, the DECT band is controlled by element2 through M3. The
UMTS and Bluetooth bands are controlled by el elements 1&3 through M4 and MS5.
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Some matching effect on M4 and M5 were observed with changes in 1L, 2L, 3L, 4E

and 6.
Low band High band
Element | Increase | (decrease) (decrease)
M1 | M2 | M6 | M3 | M4 | M5
mm % % | %. % % | %
10 40 | - 29| - | - | - [21
2l +2.0 - - -5.6 = .
3L +2.0 - - - s - |24
4E +4.0 -11 - - Z - -
SL +4.0 - 22| -2.8 - - =

Table 4.9 Summary of the parametric analysis of the multiband antenna with multi

4.5.5 Multiband antenna with multi resonators — Radiation Patterns

resonators.

The normalized radiation patterns of the multiband antenna with ground plane

parasitic resonator and side resonators at 920MHz, 1800MHz, 1900MHz, 2100MHz

and 2450MHz are shown in Figs.4.65 to 4.73. Similarly to the antennas in section 4.3

and 4.4, the radiation patterns were those of a PIFA antenna on a small ground plane.

Good omnidirectional patterns were observed in the YZ plane for all frequency bands.

The peak gain was also found to vary by only 0.5dBi across the GSM band. The gain
at centre frequency of the GSM900, DCS1800, DECT, UMTS and Bluetooth bands

were found to be 1.9, 2.8, 2.9, 3.0 and 1.6 dBi respectively.. The measured gain never

fell significantly 0.5dBi.
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Figure 4.65 Measured far field pattern in the XY plane at 920 MHz . Co-polar (thick
line) and cross-polar (thin line)

Figure 4.66 Measured far field pattern in the XZ plane at 920 MHz. Co-polar (thick
line) and cross-polar (thin line)

180

Figure 4.67 Measured far field pattern in the YZ plane at 920 MHz. Co-polar (thick
line) and cross-polar (thin line)
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Figure 4.68 Measured far field pattern in the XY plane at 1800 MHz (left) and 1900
MHz (right). Co-polar (thick line) and cross-polar (thin line)

180 180

Figure 4.69 Measured far field pattern in the XZ plane at 1800 MHz (left) and 1900
MHz (right). Co-polar (thick line) and cross-polar (thin line)

180 180
Figure 4.70 Measured far field pattern in the YZ plane at 1800 MHz (left) and 1900

MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.71 Measured far field pattern in the XY plane at 2100 MHz (left) and
2450MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.72 Measured far field pattern in the XZ plane at 2100 MHz (left) and
2450MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 4.73 Measured far field pattern in the YZ plane at 2100 MHz (left) and
2450MHz (right). Co-polar (thick line) and cross-polar (thin line)
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4.6 Conclusions

Three multiband antennas for wireless indoor communications have been presented in
this chapter. The antennas follow a sequential order each being a further development
on the previous one. The antennas are a considerable improvement on an initial dual
band antenna developed at the University of Kent which covered only the GSM900
and DCS1800 mobile phone bands. The new multiband antennas incorporate
resonators which allow increased the bandwidth by adding new modes without
cancelling the existing ones.

The first antenna developed adds a ground plane resonator which enhances the higher
band bandwidth to additionally cover the UMTS band. The following antenna
includes side resonators to improve further the higher band bandwidth to
accommodate the Bluetooth band. The final antenna achieves a considerable size
reduction (30% on the original) by folding the ground plane and rearranging the side

resonators. Good quality radiation patterns were observed at all bands.
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Chapter S.

Multiband Planar Antennas

5.1Introduction

This chapter describes multiband planar antennas suitable for deployment in an indoor
repeater system for personal communications and WLAN. The proposed system is
the one explained in section 4.1 which utilizes a centralized base station with
distributed antenna units and is intended for environments such as shopping malls or
airports where there may be a heavy localized traffic demand across a variety of user
services. The main aim is to create a relatively low cost distributed network solution
by requiring only one centralized multi-system repeater station. The antenna units

would be wall or ceiling mounted and the connection to the base station is made by
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optical fiber with an Electro-Absorption Modulator (EAM) serving as both optical-to-
electrical and electrical-to-optical transducer in the down and up links respectively
[1]. The broadband nature of the optical link from base station to antenna unit makes
it feasible to include all the major personal communications systems subject to
creating a sufficiently multiband antenna. The systems for which the proposed planar
antennas have been designed are given in Table 5.1; all these services fall within the
wireless communications frequency bands used in Europe, i.e. 890-960 MHz, 1710-
2175 MHz and 2400-2483.5 MHz and 5150-5725 MHz for Bluetooth and WLAN

applications.

System Frequency Band (MHz)
GSM 890-960
DCS-1800 1710-1880
DECT 1880-1900
UMTS 1920-2170
Bluetooth/ WLAN 2400-2483.5
HiperLAN/2 5150-5350
5470-5725

Table 5.1 European wireless bands

Although the antenna has been tuned for European systems, it would also be
possible to re-tune to the US and Japanese frequencies, the main differences being at
the lower band which are 824-894 MHz and 810-956 MHz respectively. The systems
are predominantly vertically polarized.

Various approaches to creating multiband antennas for personal communication
systems have been reported in recent years. These are often aimed at handset
applications and can broadly be defined as:

(1) Fractal or Sierpinski Gasket Antennas over ground planes [2], [3], [4] and
in [5] where fractalization has been used to achieve size reduction.

(ii)  Modified Printed Inverted-F Antennas (PIFAs) [6], and [7] where a PIFA
with slots cut on the radiating element was described. An increased

bandwidth at the DCS-1800 band was achieved.

This chapter reports a new compact multiband planar PIFA’s which has evolved

from the dual band design described in [8] that covered the GSM and DCS bands and
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possessed dipole type radiation patterns. The antenna size was reduced by removing
metallization in areas of low current density. The construction was simple with the
metal etched from a thin mylar sheet folded around a honeycomb former. A series of
design innovations made to the original PIFA of [8] were reported in chapter 4 [9]. In
all cases Zeland’s IE3D software has been used to theoretically study and optimize
the design of the new planar antennas. As a final part in this chapter, a system model
will be introduced as a first stage to developing an equivalent circuit of the multiband

antenna.

5.2 Multiband Planar Antennas

In chapter 4 [9] it has been reported that an extra band could be added to the dual
band PIFA of [8], Fig.5.1, by including a parasitic resonator in the ground plane. This
patch, labeled element 3 in Fig.5.1, had no direct connection to the PIFA and was
parasitically coupled to element 4. The tuning of the frequency bands was achieved

by altering the element lengths as shown in Table 5.2.

Element 1

Element 4

Figure 5.1 Multiband antenna with ground plane patch resonator

Tuning Element

Frequency Band (Predominant,
secondary)
Lower 1,4
Upper (lower frequency) 2
Upper (mid frequency) 3.4,1
Upper (upper frequency) 3,1,4

Table 5.2 Muliband PIFA with ground plane resonator tuning elements




CHAPTER 5. Multiband Planar Antennas 77

A beneficial feature of this design was the predominance of element 1 in tuning the
lower band while having only a minor effect on the upper. This reduced the
complexity of the tuning process. The radiation patterns remained of good quality
and were similar to those of a dipole at all frequency bands. The measured peak gain
varied by 0.5, 3.3, 1.1 and 2 dBi across the GSM, DCS1800, DECT and UMTS bands
respectively and never fell significantly below -1dBi.

It has been shown that multiband antennas can be successfully implemented in planar
form. Wong and Chiou [10] describe the design of an original planar antenna fed by
single layer microstrip and serving GSM, DCS, PCS and UMTS. The planar antenna
was fabricated on an FR4 substrate 0.4mm thick with no rear ground plane. The
antenna area was 30mm x 12mm. Current flow was found to be directed such that, at
higher frequencies, modes combined to form a single band with a large matched
bandwidth. The patches operated at a quarter-wavelength fundamental mode which
reduced the patch size. The radiation patterns were generally good but had some nulls
of more than 10-15dB depth. Leelaratne and Langley [11] have developed a planar
triple band PIFA for automotive applications and a related technique will be shown

here to transpose the PIFA of Fig.5.1 into planar form.

5.3 PIFA Transposition to Planar Form

Figure 5.2 presents the plan and elevation views of the PIFA shown in Fig.5.1. The
upper and lower levels are drawn separately for clarity. Figures 5.2 to 5.5 graphically
illustrate how the original PIFA was transformed into an equivalent planar design. In
Fig.5.3 the upper and lower planes are bisected along the x-z plane of symmetry and
half of each layer is removed on opposing sides of the bisecting plane. Figure 5.4a
shows the structure after the lower plane has been translated to the upper plane. The
section of element 1 aligned along the z-axis is rotated to maintain a connection

between points A’ and B in the x-y plane, Figs.5.4(b) & (¢).
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Element 4

X Feed connection

(b) (©)
z I B’
L’ N )
(d)

Figure 5.2 Multiband PIFA of Fig.5.1 with geometry of upper and lower levels shown
separately for clarity. (a) lower level plan view; (b) end elevation; (c) top level plan
view; (d) side elevation.

1[ 1B
2| £l I
L ;
A’
4
X
z

(®)
Figure 5.3 PIFA of Fig.2, bisected along x-z plane of symmetry. (a) plan view of
upper and lower levels; (b) end elevation.
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(@)
B A’ B

H u

(b) (c)
Figure 5.4 (a) plan view of PIFA with lower layer translated to upper layer; (b) end

_______

elevation; (c) segment of element 1 is rotated to complete connection between A’ and

B in the x-y plane

5.3.1 Initial Simulations of the Transposed PIFA

The electromagnetic simulator [E3D was used to simulate the multiband planar
antennas resulted from the transposition. The first planar structure derived from the
transposition described in Figs.5.2 to 5.4 is shown in Fig.5.5. The total dimensions of
this antenna are 142.0mm x 22.0mm and it is intended to be etched in the metal
cladding of a 0.1mm thick Mylar substrate. The feeding point is placed in the same
location as in the initial antenna in Fig.5.1 which is indicated with a vertical arrow in
the antenna design in Fig.5.5. The return loss (S11) curve resulting from the computer
simulation of design 1 is shown in Fig.5.7. It shows a good bandwidth (S11=-10dB) at
the lower band, however, the matching in the higher band does not drop below -6dB

which will not cover the intended applications.

[t

>

Figure 5.5 Planar antenna design 1
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The best results for designs of similar characteristics to the one in Fig.5.5 was
obtained for the antenna in Fig.5.6. In this antenna the ground plane (4) and top patch
(1) have been made thicker. The total dimensions of the antenna are 156mmx41mm

and it was also designed for a Mylar substrate.

Figure 5.6 Planar antenna design 2
The simulated reflection coefficient (S11) for antenna design 2 in Fig.5.6 is shown in
Fig.5.7. There is sufficient bandwidth in the lower band to cover the GSM900 system
while the matching in the higher band has been improved considerably from the first

antenna design.
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Figure 5.7. Simulated S11 curves for the transposed multi-band antenna and the

antenna design 2. The frequency bands targeted are also included in the graph.
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All the antennas designed using a similar shape to those of Figs.5.5 and 5.6 showed
cancellation in the higher band matching when different resonant modes were closed
to each other. The behaviour is different to the one in the original 3D Multi-band
PIFA where three resonant modes (M3, M4 and MS5) join together to create enough
bandwidth to support the DCS1800, DECT and UMTS standards. This problem has

been overcome as described in the following section.

5.4 Multiband Planar Antenna on Thin Dielectric Substrate

The IE3D simulator was used to tune each element and simultaneously reduce the
overall antenna size. A parametric analysis was initially employed and the resulted
antenna was later optimized. The derived geometry is shown in Fig.5.8 and was
printed onto Mylar, 0.1mm thick. The connection point A’ in Figs.5.5 and 5.6 was
moved from the end of element 4 to a position part way along its length. This was
necessary to provide a current path sufficiently long to support the lower frequency
mode without making the antenna unduly large. The shape of element 1 required that
element 2 was folded to avoid overlap. Also, folded stub element 5 was added to
increase the overall length of element 4 and allow the extension of the matched region

to include the DCS1800, DECT and UMTS bands.

1

5

Figure 5.8 Multiband planar antenna on thin substrate; (left) antenna structure, (right)

photograph of the antenna with feeding conexion.

The first Multi-band Planar PIFA was fabricated in a thin Mylar substrate and 2mm-

thick foam was used to give it a slightly more rigid characteristic.
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5.4.1 Multiband Planar Antenna on Thin Dielectric Substrate. Dimensions

The principal dimensions of the design are given Fig.5.9. The overall dimensions of
the planar PIFA antenna are 102mm x 29mm making it 53.7% smaller than the
antenna design 2 in Fig.5.6. More insight into the exact tuning process will be given

in section 5.5.4.

y[
——» 102

Figure 5.9 Dimension of the multiband antenna on thin dielectric substrate

5.4.2 Multiband Planar Antenna on Thin Dielectric Substrate. Measurement

Results, Reflection Coefficient

The simulated and measured S11 curves for the multiband planar antenna on a
thin dielectric substrate are shown in Fig.5.10 and Table 5.3. A multiband
characteristic is observed with measured -10dB S11 bandwidths of 8.6% at the lower
band and 35.9% at the higher band. The measured bandwidths were 1% wider than
the simulated in the lower band and 11.3% wider in the higher band.

Although successfully simulated, the design in Fig.5.9 proved difficult to feed in
practice as it was unbalanced. The exact length and connection angle of the feed cable
was critical in achieving a good match at all bands. This is clearly undesirable in a
practical antenna. Furthermore, implementing a multiband planar balun in limited
space would be a significant design challenge. In the case of the multiband antenna in
thin dielectric substrate a good matching was obtained by bending the feeding cable

by 10mm in the direction of the longer ground plane segment.
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Low band | BW low band | High band BW high band
(MHz) (MHz) - % (MHz) (MHz) - %

Simulated air 890 - 960 70 -7.6% 1710 - 2190 480 - 24.6%

Measured air 890 - 970 80 - 8.6 % 1530 - 2200 670 -35.9%

GSM 900 890 - 960 70 -7.6 %

DCS1800-UMTS 1710 - 2200 490 - 25.1%

Table 5.3 Simulated and Measured S11 for the multiband planar antenna on thin

dielectric substrate and comparison with existing mobile communication systems

bandwidth

-25

— Measured
Simulated

-30

'35 T T T T I T
D7 08¢ 11 13 156 1.7 19 21 23 25
frequency(GHz)

T T 1

Figure 5.10 Simulated and measured S11 curves for the multiband antenna on thin

dielectric substrate
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5.4.3 Multiband Planar Antenna on Thin Dielectric Substrate. Surface Currents

The surface current of the multiband planar antenna on thin dielectric substrate
resonator at 920MHz, 1800MHz, 1900MHz and 2100MHz are shown in Figs.5.11-
5.14. In can be observed from the surface current bear a considerable similarity to the
original 3D multiband antenna from which it originates [9], also described in section
4.3.3 (Figs. 4.7 to 4.10).

At 900MHz (Fig.5.11), there are strong currents in the section of element 1 which
connects with element 4. These currents are coupled through element 2 which is
connected to the feed. At larger wavelengths (900 MHz), currents tend to flow
throughout most of the body of the antenna starting from the feed in element 2,
capacity coupling to element] and connecting through A’ to element 4 and ending in
element 5.

At 1800MHz (Fig.5.12), currents become stronger in the section of element 2 closest
to element3. Element 3 and 4 seem to be excited by the currents in element 2 and also
show strong currents.

At 1900MHz (Fig.5.13), the currents in the section of element 2 closest to elements 3
and 4 remain strong while currents in elements 3 and 4 become stronger. The section
of element 2 that interweaves with elements 1 and 4 appears to have higher current
density.

Finally, at 2100MHz, currents in the parallel elements 3 and 4 become very strong,

currents and extend to element 5.

Figure 5.11 Surface currents at 920 MHz
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Figure 5.12 Surface currents at 1800 MHz

Figure 5.14 Surface currents at 2100 MHz

5.4.4 Multiband planar antenna in thin dielectric substrate. Radiation Patterns

The radiation patterns of the multiband antenna in thin dielectric substrate were
measured in the anechoic chamber at the University of Kent and are shown
normalized in Figs.5.15-5.19. The XY, XZ and YZ planes of the antenna were
measured at 920MHz, 1800MHz and 2100 MHz. The radiation patterns were those of
a printed dipole with some alterations in the position of the nulls at the higher band.

Good omnidirectionality was observed in the YZ plane for all the frequency bands
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which suggests that the antenna is well suited to its intended application as a picocell
basestation antenna. The peak gain was also measured for all bands and was found to
be between 0.7 to 2 dBi at the GSM band. The peak gain across the DCS1800, DECT
and UMTS bands was 2.4, 1.8 and 2.4 dBi respectively. The measured gain never fell
below 0.7 dBi.

210 150
180

Figure 5.15 Measured far field pattern in the XY plane at 920 MHz . Co-polar (thick
line) and cross-polar (thin line)

300

270

240

150

210 ~
180

Figure 5.16 Measured far field pattern in the ZX plane at 920 MHz. Co-polar (thick
line) and cross-polar (thin line)

330 30

Figure 5.17 Measured far field pattern in the YZ plane at 920 MHz. Co-polar (thick
line) and cross-polar (thin line)
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180 180

Figure 5.18 Measured far field pattern in the XY plane at 1800 MHz (left) and 2100
MHz (right). Co-polar (thick line) and cross-polar (thin line)

Figure 5.19 Measured far field pattern in the ZX plane at 1800 MHz (left) and 2100
MHz (right). Co-polar (thick line) and cross-polar (thin line)

N
180 180
Figure 5.20 Measured far field pattern in the YZ plane at 1800 MHz (left) and 2100

MHz (right). Co-polar (thick line) and cross-polar (thin line)
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5.5 Single Sided Multi-band Planar PIFA on FR4 Substrate

A multiband planar PIFA antenna was designed to be etched in the metal cladding of
a 0.8mm FR4 substrate and is shown in Fig.5.21. The antenna on FR4 substrate is
based in the design in section 5.3 (Fig.5.8) and achieves smaller size, higher rigidity
and lower manufacture cost. The main differences from the design on thin dielectric
in Fig.5.9 are: the reduction in size of element 4 in its section closest to the feed and
the introduction of element 6. The size reduction of element 4 is needed to achieve the
tuning required for the antenna on higher permittivity substrate and the addition of

element 6 allows a further miniaturization of the antenna.

Figure 5.21 Single sided Multiband planar PIFA design

5.5.1 Single Sided Multi-band Planar PIFA on FR4 Substrate - Dimensions

The main dimensions of the single sided multiband planar PIFA antenna on FR4 are
shown in Fig.5.22. The overall dimensions of the antenna are 87mmx29mm which is
14.7% smaller in surface area than the previous antenna printed on thin dielectric
substrate (section 5.3). The new element 6 had dimensions 2mmx10mm.

12
14

39

y A
X o -

87

26
29

Figure 5.22 Dimensions of the single sided multiband planar PIFA in FR4 substrate
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5.5.2 Single Sided Multi-band Planar PIFA on FR4 Substrate. Results —
Reflection Coefficient

The simulated and measured S11 curves for the single sided Multi-band planar PIFA
on FR4 substrate are shown in Fig.5.23 and Table 5.4.

S11(dB)

25 | — M-easured
- Simulated
-30 T T T i T T T T ‘\
0.7 09 11 13 156 17 19 21 23 25
frequency(GHz)

Figure 5.23 Simulated and Measured S11 curves of the single-sided multiband planar

PIFA on FR4 substrate

A multiband characteristic is also observed with -10dB S11 bandwidths of 10.7% at
the lower band and 35.6% at the higher band. The measured bandwidth was 3% wider
than the simulations in the lower band and 10% wider in the higher band. The main
difference between the measurements and simulations appears to be in the lower
mode of the higher band, which has a measured resonant frequency of 1613MHz
compared to a simulated 1767MHz; the bandwidth of this mode is also wider in the

measurements.
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Low band | BW low band | High band BW high band
(MHz) (MHz) - % (MHz) (MHz) - %

Simulated air 870 - 940 70 - 7.7% 1710 - 2213 503 - 25.6%

Measured air 880 - 980 100 - 10.7% | 1540 -2208 668 - 35.6%

GSM 900 890 - 960 70 - 7.6 %

DCS1800-UMTS 1710 - 2200 490 - 25.1%

Table 5.4 Simulated and Measured S11 for multiband planar PIFA on FR4 substrate
comparison with existing mobile communication systems bandwidth

5.5.3 Single Sided Multi-band Planar PIFA on FR4 Substrate -Surface currents

The surface current of the single sided multiband antenna with a ground plane
parasitic resonator at 920MHz, 1800MHz, 1900MHz and 2100MHz are shown in
Figs. 5.24-5.27. The surface currents are similar to the antenna pattern printed on thin
substrate in section 5.3.3 where element 6 is not present.

At 900MHz (Fig.5.24), strong currents are observed in the lower part of element 1
and in element 4. These currents are coupled through element 2 which is connected to
the feed. As the wavelength is larger at 900 MHz, currents tend to flow throughout
most of the body of the antenna starting from the feed in element 2, capacity coupling
to element! and connecting through A’ to element 4 and ending in elements 5 and 6.
At 1800MHz (Fig. 5.25), currents become stronger in the section of element 2 closest
to element3. Element 3 and 4 seem to be excited by the currents in element 2 and also
show strong currents.

At 1900MHz (Fig. 5.26), the currents in the section of element 2 closest to elements 3
and 4 remains. Currents in elements 3 and 4 are also strong. The section of elements 1
and 2 that interweaves with element 1 and 4 appears to have high current density.
Finally, at 2100MHz, currents in the parallel elements 3 and 4 become very strong,

and extend to element 5.
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Figure 5.27 Surface currents at 2100 MHz
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5.4.4 Double-Sided Simulation Study

A further simulation study of the effect of printing an image metal pattern on the
further side of the FR4 substrate of the antenna was carried out to determine the
double sided effect on the electrical characteristics of the antenna. The double sided
printing was decided after finding significant variations in the lower band matching
for different angles and length in the coaxial feeding cable. In most of the cases, the
best matching was observed when the feeding cable was parallel to element 4, which
gave rise the assumption that and image pattern would create a parallel conductor
without the need of bending the cable. The simulated reflection coefficient of the
antenna as a single sided multiband planar PIFA and the comparison with the double
sided version of the antenna is shown in Fig.5.28 and Table 5.5. The metal
patternation was identical in both the single and double layer planar PIFAs in order to
allow for a direct performance comparison. Double siding the antenna produced a
beneficial increase in the bandwidth of nearly 1% in the lower band and 2% in the
higher band. The centre frequency, however, increased by 3.9% in the lower band and

3.5% in the higher band.

0 -
5
-10 +------ 4-
-
= 15 -
"
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-25 - — Double sided u

_30 I T I I T | I T 1
0.7 68 11 13 18 17 19 21 2383 25

frequency(GHz)

Fig 5.28 Effect of printing an image pattern on the single-sided multiband planar
PIFA in FR4 substrate
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Low band BW low band | High band BW high band
(MHz) (MHz) - % (MHz) (MHz) - %
Single sided 870 - 940 70 -7.7% 1710 - 2213 503 —25.6%
Double sided 900 - 980 80-8.5% 1750 - 2310 560 —27.6%

Table 5.5 Effect of printing an image pattern on the single-sided multiband planar

PIFA in FR4 substrate

The double sided version of the planar antenna was tuned further in order to cover the

communication systems required for the photonic antenna units in the ROSETTE

project. The antenna resulted from the tuning and the fabrication of the novel double

sided multband planar PIFA is presented in the following section.

5.6 Double Layer Multiband Planar PIFA

The double layer multiband PIFA of section 5.4.5 was further improved to cover the
GSM, DCS1800, UMTS, Bluetooth and Hiperlan band required for the ROSETTE

project. A photograph of the antenna with its coaxial feeding cable is shown in

Fig.5.29.

Figure 5.29 Photograph of the double layer multiband PIFA antenna
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To create the more balanced system a double layer PIFA (or double-sided PIFA) was
fabricated on the underside of the substrate (FR4 0.8mm thick with a relative
permittivity of 4.4). It should be noted that the 2 layer design was not balanced in the

true sense as the layers were not excited symmetrically; this is shown in Fig.5.30

Ground Feed
connection point

Figure 5.30 Feed connections to double sided PIFA design 2. Layer separation has

been expanded for clarity

5.6.1 Double Layer Multiband Planar PIFA "— Dimensions

The dimensions of the double layer multiband planar PIFA are shown in Fig.5.31 and
Table 5.6. The total dimension of the antennas was 91mm x 29mm x .8 mm, which
suits well for indoor communications. The multiband antenna was 4.4% bigger than
the single sided version in section 5.4.2 which was necessary to achieve a good tuning

at the lower frequency band.
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X 5
lc

Figure 5.31 Dimensions of the double layer Multiband planar PIFA

. . LENGTH Width
Element Dimension
(MM) (mm)
1 la 12 4
1b 29
lc 57
1d 8
2 2a 39 3
2b 17
2¢ 41
3 3a 51 4
4 4a 3 4
4b 9
4c 68
5 Sa 14 2
5b 13
6 6a 10 2
6b 5

Table 5.6 Dimensions of the double layer multiband planar PIFA

5.6.2 Double Layer Multiband Planar PIFA — Measured S11

The simulated and measured S11 curves for the double layer Multi-band planar PIFA
in FR4 substrate are illustrated in Fig.5.32 and Table 5.7. Three wide frequency bands
were observed with -10dB S11 bandwidths of 11.3%, 51.5% and 26.4% at the lower,
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middle and higher band respectively. The measured bandwidth was 3.3%, 17.5% and

5.5% wider than the simulations at each band. The multiband planar antenna meet the

specifications and covers the GSM900, DCS1800, DECT, UMTS, Bluetooth and

Hiperlan bands.
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Figure 5.32 Simulated and Measured S11 curves of the single-sided multiband planar

PIFA in FR4 substrate
Low band BW low Mid band BW mid High BW high
(MHz) band (MHz) band band band
(MHz) - % (MHz) - % (MHz) (MHz) - %

Simulated 845-915 70 - 8.0% 1780-2510 730-34.0% | 4700-5800 | 1100-20.9%
Measured 880-985 105-11.3 % | 1530-2590 1060-51.5% | 4600-6000 | 1400—26.4%
GSM 900 890-960 70 -7.6 %

DCS1800

-UMTS- 1710-2485 1060-36.9%

Bluetooth
HIPEI;LAN 5150-5725 | 575-10.6%

Table 5.7 Simulated and Measured S11 for multiband planar PIFA in FR4 substrate

comparison with existing mobile communication systems bandwidth
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Connection of the single and double layer designs to a Hewlett Packard 8722ES
network analyzer demonstrated that for the single layer designs in the previous
sections, curvature in the feed cable gave rise to a definite degradation in the lower
band match and in the worst case the GSM band was lost altogether. There was no
discernable change at the upper band. In the double layer case no significant
alteration was observed at any band when the feed cable was flexed. Additionally no
loss of match at any band was observed when the antenna was connected to cables of

different length.

5.6.3 Double layer Multiband Planar PIFA — Surface Currents

The surface current of the double layer Multiband planar PIFA at 920MHz,
1800MHz, 1900MHz, 2100MHz, 2450 MHz, 4960 MHz and 5500 MHz are shown in
Figs.5.33-5.39. A considerable similarity can be observed in the surface currents to
the original 3D multiband antenna from which it originates [9], also described in
section 4.3.3. At the lower band (Fig.5.33), current flows predominantly in elements
1, 2 and 4 as explained in the 3D version of the antenna [9]. At the middle frequency
band: At 1800MHz (Fig.5.34), currents become stronger in the section of element 2
closest to element 3. Element 1, element 3 and the section of 4 parallel to element3
also show strong currents; at 1900MHz (Fig.5.35), the currents in the section of
element 2 closest to elements 3 and 4 remains strong while currents in elements 3 and
4 are spread more uniformly along the segments; at 2100MHz (Fig.5.36), the currents
become stronger in element 5. Elements 1, 2, 3 and 4 remain with strong current
density; at 2450MHz (Fig.5.37), the currents become stronger in element 6 while
currents in elements 1, 2, 3, 4 and 5 remain strong. At the higher frequency band: At
4960 GHz (Fig.5.38) section 4b of element 4 becomes resonant and shows high
current density. There are also high current density in the section of element 2 closest
element 4b. Finally, at 5500 GHz (Fig.5.39) the current in section 4b becomes weaker

while the surface currents are stronger in the rest of element 4 and elements 2 and 3.
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Figure 5.34 Surface currents at 1800 MHz

Figure 5.35 Surface currents at 1900 MHz
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Figure 5.38 Surface currents at 4960 MHz
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Figure 5.39 Surface currents at 5500 MHz

5.6.4 Double layer Multiband planar PIFA — Parametric Analysis

The multiband antenna consists of 6 elements as indicated in Fig.5.39. The mutual
interactions between these tightly coupled elements make the operation of the antenna
difficult to describe because loading effects significantly modify the current
distribution on adjacent elements. The aim of this section is to give insight into the
operation and design of the antenna by presenting a parametric tuning study of the
various elements that comprise the multiband planar PIFA. The parametric study was
carried out by simulation with IE3D where the length of individual elements was
varied to establish the effect on the different frequency bands.

Starting with the initial tuned multiband antenna of Fig.5.31, elements 1 to 6 were
modified to show their relative sensitivity to change in length. Practically, a 50Q2
matched coaxial cable fed the two sides of the antenna. For the parametric study, the
coaxial feed was substituted with a 50Q planar port to simplify the simulation. The
parametric analysis resulted in computed S11 curves giving resonant frequencies for
each mode. _

Figure 5.40 shows the simulated S11 curves for the lower and middle bands of the
antenna where element 1 has been varied. It can be seen that from the initial
simulation that the lower band consists of a single mode: (mode 1, at 880MHz), while
the middle band contains of 4 modes: (mode 3 at 1860MHz; mode 4 at 1950MHz;
mode 5 at 2280MHz and mode 6 at 2480MHz). Trimming element 1 by +-2mm
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produced a maximum variation in the resonant frequency of the lower band mode
(M1) of 1.2%. In the middle frequency band the variation was of 1.9% for M3, 0.9%
for M4 and 2.1% for MS5. No significant variations were observed in M6 and in the

higher band modes.

Return Loss (dB)

— Simulated
ey ST | O element1 -2mm
-30 - u}
A —— element1 +2mm

-35 T T T T T T T T
700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700

Frequency (MHz)

Figure 5.40 Simulated return loss of the antenna (S11) versus frequency for different

element 1 length

Figure 5.41 (a) shows the simulated S11 curves for the lower and middle bands of the
antenna where element 2 has been tuned. The unbroken line represents the return
loss for the tuned antenna while the other two curves show the effect of trimming
element 2 by £2mm. Figure 5.41 (b) gives similar curves for the upper band which
consists of 2 modes: (mode 6 at 4960MHz and mode 7 at 5460MHz). No significant
variation was observed at the lower band mode M1. In the middle band, however, M3
varied by over 3.5%, M4 by 2.5%, M5 by 1% and M6 by 2.5%. In the higher band,
the highest variation was observed in mode M8 (6%) while M7 changed 0.7%.

The simulated S11 curves for the lower, middle and higher bands of the antenna for
changes in the length of element 3 are shown in Fig.5.42 (a) and (b). Trimming
element 2 by £2mm did not have significant effect in the lower band mode M1. In the
middle band, M3 varied by 2%, M4 varied by 2.5%, M5 by 0.8% and M6 by 3.3%. In

TEMPLEMAN '
LIBRARY

the higher band, M8 varied by 2% while M7 did not change significantly
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Figure 5.41 Simulated return loss of the antenna (S11) versus frequency for different

element 2 length. (a) lower and middle band (b) higher band
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Figure 5.42 Simulated return loss of the antenna (S11) versus frequency for different

Frequency (MHz)

element 3 length. (a) lower and middle band (b) higher band
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Figure 5.43 shows the simulated S11 curves for the lower and middle bands (a) and
the higher band (b) of the antenna where element 4b has been tuned. No significant
variations were observed in the resonant frequencies of the lower and middle band
mode for variations in element 4b of +-2mm. In the higher band, M7 varied by over

9.5% while M8 did not vary.

0 — Ml , M3M4—M5-M6 0-
-5 1 -5
[ e | e e e e -., R i ' SR _. =10 1
g’ AN =] g
a 2
S 15 S s
c
: E
3 &
-20 - -20
25 - —— # — A Ssimulated 25 1
* edb O elementdb - 2mm
[
—A—elementdb +2mm
-30 ! -30 i
700 900 1100 1300 1500 1700 1900 2100 2300 2500 2700 4000 4500 5000 5500 6000
Frequency (MHz) Frequency (MHz)
(€)) (b)

Figure 5.43 Simulated return loss of the antenna (S11) versus frequency for different

element 4b length. (a) lower and middle band (b) higher band

The simulated S11 curves of the antenna for changes in the length of element 5 are
shown in Fig.5.44 (a) and (b). Trimming element 5 by £2mm changed the resonant
frequency of the lower band mode M1 by 1.8%. The change in the middle band was
as follows: M3 varied by 0.8%, M4 varied by 1.5%, M5 by 6.9% and M6 by 6.2%. In
the higher band, M7 varied by 0.5% and M8 by 1.4%.

Figure 5.45 shows the simulated S11 curves for the lower and middle bands (a) and
the higher band (b) of the antenna where element 6 has been tuned. No significant
variations were observed in the resonant frequencies of the lower and higher band
modes for variations in element 6 of +-2mm. In the middle band, M6 varied by 4.7%

while M3, M4, M5 and M6 did not vary.
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The generated S11 curves for the case of each element being tuned in length and the
effect on mode frequencies is summarized in Table 5.8 where the total frequency

deviation across each element tuning range is given.

Percentage Frequency Deviation

Tuned

Band Mode Frequency Element 1 Element 2 Element 3 Element 4b Element 5 Element 6
(MHz) (£2mm) (£2 mm) (2 mm) (£2 mm) (£2 mm) (£2 mm)
Lower 1 880 12 0 0 0 1.8 0
Middle 2 1860 1.9 3.6 2.0 0 0.8 0
Middle 3 1950 0.9 2.5 2.5 0 1.5 0
Middle 4 2280 2.1 1.0 0.8 0 6.9 0
Middle 5 2480 0 2.5 33 0 6.2 4.7
Upper 6 4960 0 0.7 0 9.6 0.5 0
Upper 7 5460 0 6.0 2.0 0.6 1.4 0

Table 5.8 Percentage change in mode frequency caused by tuning the elements of the
double sided multiband PIFA

Observation of Table 5.6 and Figs.5.41 to 5.46 show that element 1 is dominant for
tuning the lower band, while the middle band depends mainly on elements 2, 3 and 5.
Finally, the upper band is primarily tuned by elements 4 and 2. The relative
independence of the elements at different bands makes the multiband tuning process

achievable

5.6.5 Double layer Multiband Planar PIFA — Radiation Patterns

The radiation patterns for each band were measured in an anechoic chamber and are
shown in Figs.5.46 to 5.54 where good omni-directionality can be observed for each
band in the y-z plane. Only in the 5 GHz band do significant nulls of about 10 dB
form. The antenna patterns are essentially those of a dipole. Although some nulls are
present, significant problems are not envisaged as the antenna is intended for
operation in an indoor multipath rich environment. Measured gains ranged between

1.0 and 3.0dBi.
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300

Figure 5.46 Measured far field pattern in the XY plane at 920 MHz (left) and 1800
MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 5.47 Measured far field pattern in the ZX plane at 920 MHz (left) and 1800
MHz (right). Co-polar (thick line) and cross-polar (thin line)

300

Figure 5.48 Measured far field pattern in the YZ plane at 920 MHz (left) and 1800
MHz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 5.49 Measured far field pattern in the XY plane at 2100 MHz (left) and 2450
MHz (right). Co-polar (thick line) and cross-polar (thin line)

270 270

Figure 5.50 Measured far field pattern in the ZX plane at 2100 MHz (left) and 2450
MHZz (right). Co-polar (thick line) and cross-polar (thin line)
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Figure 5.51 Measured far field pattern in the YZ plane at 2100 MHz (left) and 2450
MHz (right). Co-polar (thick line) and cross-polar (thin line)
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270 270

Figure 5.52 Measured far field pattern in the XY plane at 5250 MHz (left) and 5600
MHz (right). Co-polar (thick line) and cross-polar (thin line)

270 270

Figure 5.53 Measured far field pattern in the XZ plane at 5250 MHz (left) and
5600MHz (right). Co-polar (thick line) and cross-polar (thin line)

Figure 5.54 Measured far field pattern in the YZ plane at 5250 MHz (left) and
5600MHz (right). Co-polar (thick line) and cross-polar (thin line)

5.7 Summary Table

Table 5.8 presents a summary table of the antennas described in chapter 4 and 5.
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TABLE 5.8 S11 (%) Gain
Antenna SIZE Low Mid-
Button band | High | Frequency (Gain)
(mm) BW BW
Multiband Antenna with Ground
Plane Parasitic Resonator | 133 4 54 v 951 22.3% | 33.0% | 920 MHz (1.9 dBi)
1800 MHz (3.2dBi)

1900 MHz (3.1 dBi)
2100 MHz (2.1 dBi)

Multiband Antenna with Side

Resonators

131 x24x9.5

13.7% | 38.5%

920 MHz (1.7 dBi)
1800 MHz (3.3dBi)
1900 MHz (2.9 dBi)
2100 MHz (1.9 dBi)
2450 MHz (2.1 dBi)

Multiband Antenna with

Multiresonators

131 x20x8.0

22.0% |39.5%

920 MHz (1.9 dBi)
1800 MHz (2.8dBi)
1900 MHz (2.9 dBi)
2100 MHz (3.0 dBi)
2450 MHz (1.6 dBi)

Double layer Multiband PIFA 91 x29x0.8

11.3% | 51.5%

26.4%

920 MHz (1.7 dBi)
1800 MHz (2.1dBi)
1900 MHz (2.8 dBi)
2100 MHz (1.7 dBi)
2450 MHz (2.4 dBi)
5350 MHz (2.9 dBi)

5500 MHz (2.5 dBi)
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As can be seen from Table 5.8 the Double layer Multiband PIFA achieves the
smallest size all four antennas presented. However, the GSM900 band bandwidth is
lowest for this antenna with 11.3%, which is 11% lower than bandwidth obtain for the
Multiband Antenna with ground plane parasitic resonator (22.3%). The Planar
Antenna has the widest middle band bandwidth (51.4%) of the four antennas and is
the only antenna that resonates at the Hiperlan bands with 26.4% bandwidth. The
measured gain of the four antennas at the GSM900 band was similar for the three
antennas. At the middle band, however, the average gain was around 0.2dB lower for

the Planar Antenna than for the 3D Multiband Antennas.

5.7 Conclusions

A dual band PIFA covering the GSM and DCS bands was enhanced with the addition
of a parasitic element 3 in the ground plane in chapter 4. This element added a new
mode making the 2GHz band much wider and incorporates all systems between 1690
and 2210 MHz Additional tuning allowed coverage to be extended across GSM,
DCS, DECT, UMTS and Bluetooth bands.

In this chapter the PIFA has been redesigned in planar form and the performance at all
bands has been maintained. Adding stub elements 5 and 6 to the ground element 4 of
the planar PIFA made it possible to achieve further bandwidth enhancements for the
upper frequencies. Initially, the planar PIFA was difficult to excite in practice due to
balancing problems which made the feed cable position and length critical factors in
achieving a good match. This issue was resolved by creating a 2 layer planar PIFA on
a thin substrate to create a more balanced design and the feed line was consequently
found to be less critical in obtaining a good match at all bands. In addition, the
resulted double layer antenna was able to cover the GSM, DCS, DECT, UMTS,
Bluetooth and Hiperlan bands. The radiation patterns and gain of the double layer
PIFA were dipole like with gains of around 2dB measured at all matched bands. The

patterns were comparable with those of the single layer antenna.
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Chapter 6

Wearable antennas

6.1 Introduction

Recent technological advances have driven the rapid development of communication
standards, such as Bluetooth, WIFI, ZigBee and UWB. Convergence of wired and
wireless networks has played an important role in this development. In addition,
electronics devices have been becoming more and more compact, lightweight and easier
to carry.

Wearable computing and wearable electronics is seen as the next step in the integration
of electronic devices into the daily environment. The main aim of wearable computing is
to integrate technology while minimizing the human-device interface, device size and
physical connections [1]. Numerous wearable devices and systems have been developed

over the last decade; such as displays and cameras mounted in the frames of ordinary
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glasses [2], MP3 players that can be sewn directly into shirts or jackets [3] and even a
wearable sensor system [4] consisting of accelerometers, gyroscopes and magnetic field
sensors attached to the body..

Wireless on body networks promise a further integration of computing and peripheral
devices into our everyday clothing. Research in [5] and [6] has already characterized on-
body propagation channels for narrowband [5] and UWB [6] communication systems to
understand device to device link as part of a wearable area network (WAN).

Antennas designs for wearable applications have been developed mainly in textile
material as metal patches i.e. in [7-10]; in [7- 9] with probe feeds and liner polarization or
in [10] with a microstrip feed and circular polarization. The advantage of the antennas
fabricated using flexible metal patches is the easy adaptability to the human body contour
and the high level of camouflage within the garment. However, any metal patch antenna
placed within the clothes is likely to suffer from frequent bending and flexing due to the
natural human movements which will periodically detune the antenna and may degrade
its physical structure over time.

The wearable antennas proposed in this chapter use the physical characteristics of
ordinary metal buttons to create rigid antennas that can be camouflage within the clothing
and avoid the use of metal patches which are subject to flexing and detuning of the
antenna.

The chapter is divided into different sections; firstly the material measurement technique
used to characterise the substrates and textiles will be discussed, this will be followed by
the study of single frequency and dual frequency metal button antennas. Finally, a
equivalent circuit model will be introduced and the effect of the human body proximity

will be studied.

6.2 Materials Characteristics

In order to design wearable antennas the properties of textiles at microwave frequencies
must be determined. The transmission method described in section 3.1.1 has been used
to determine the dielectric characteristics of the textile materials employed in the present

research work. The material under test is placed at the centre of a rectangular waveguide
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and supported by expanded polystyrene foam. The scattering parameters of the
waveguide with and without the textiles are compared to determine the dielectric
constant. The advantages of this method are:
e The material is supported by the foam and can be accurately placed in the
waveguide.
e Since this is a comparison measurement, any mismatch or inaccuracies in the
measurements are subtracted.
e The length of the material sample can be increased at will to obtain a bigger
difference between the two measurements and thus increase the accuracy.
e The measurements can be performed over a wide band of frequencies between the
cut-off frequencies of the TE o and the TE,; modes.
The method has been used to determine the dielectric constant of Velcro and the result is

shown in Fig. 6.1 and 6.2
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Figure 6.1 Dielectric constant measurements at 2.8 — 3.5 GHz

The average effective permittivity obtained for the Velcro material was 1.37 with little
variation at the 2.8 GHz to 3.5 GHz frequency band and the 5.5 GHz to 8 GHz band. It
has been deduced that little variations would be observed at the 2.4GHz to 2.5GHz
Bluetooth band and 5GHz to 6GHz WLAN band target. Thus, a constant permittivity
1.37 has been assumed for the Velcro material in the computer calculation of the

wearable antennas developed in the following sections.
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Figure 6.2 Dielectric constant measurements at 5-6 GHz

6.3 Single Band Metallic Button Antenna (SBMBA)

The characteristic denim jeans button, which resembles a top loaded short monopole
antenna, allows for designing wearable antennas with a rigid solid structure. The single
band metallic button antenna is basically a standard metal button that is placed on a
Velcro substrate and fed by a coaxial feed line as shown in Fig.6.3 and 6.4.

The rationale for designing an antenna of this structure is as follows:

a) Clothing fabric is not used as an integral substrate to fill a resonant cavity as could be
the case in a microstrip patch. This alleviates the performance issues coupled with
substrate compression, poor electrical characterization of textile material and variable
losses associated with moisture uptake.

(b) The small surface area of the antenna means that it is not required to be flexible so
that surface distortion will not alter the input impedance and radiation patterns.

(c) The antenna does not require a large flat ground plane

(d) the antenna structure is very simple to incorporate into clothing by conventional

construction methods, and it is even possible to fit retrospectively.
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(a) (b)

Figure 6.3. Single band wearable metallic button antenna structure (SBMBA) coaxial fed
(a) SBMBA with velcro substrate shown (b) SBMBA with Velcro substrate translucent to

show coaxial feed

Metallic button

Denim textile

Velcro

AT

N

| Coaxial feeding : Metalli

_ ground plane

Figure 6.4. SBMBA. Left, top view. Right, side view

6.3.1 SBMBA - Dimension

The dimensions of the single band metallic button antenna using an ordinary jeans button
are shown in Fig.6.5 and Table 6.1 which also indicates the electrical dimensions. The
antenna is a standard jeans button which is usually brass, iron or compressed metal. The

antenna is mounted on a Velcro substrate over a metallic ground of 50x50mm.
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Figure 6.5 Principal dimensions of the SBMBA
Antenna Parameters Values T eariEa]
length
Tack button height, Th 8.50 mm 0.142A
Tack button top disc diameter, Td 16.00 mm 0.267A
Tack button top disc thickness, Tt 1.00 mm 0.017A
Tack button base diameter, Bd 9.40 mm 0.157\
Tack button base thickness, Bt 1.20 mm 0.021
Tack button outer cylinder diameter, 7.40 mm 0.123A
Cd
Tack button inner cylinder height, Ch 5.30 mm 0.088A
Substrate height 1.80 mm 0.031
Ground plane length 40 mm 0.8330
Ground plane width 40 mm 0.833A
Substrate material Velcro (er ~ 1.37)

Table 6.1 Dimensions of the SBMBA

116
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6.3.2 SBMBA Measurement Results, S11

The S11 curves for the SBMBA are given in Fig.6.6 where it can be seen that the antenna
is resonant within the 5 GHz band with a measured 45.6% bandwidth. Simulations and
measurements compared well with a 5.2% wider bandwidth obtained for the

measurements. The results are summarized in Table 6.2.

Sl NS/
measured |

= | — simulated \/
'30 T T T I T 1
2 3 4 5 6 7 8
frequency(GHz)

Figure 6.6. S11 curves for the single frequency button antenna.

Frequency Bandwidth
Band (MHz) - (%)
(MHz)
Simulation 4100 -6200 2100 - 40.7%
Measurement 4100 - 6520 2420 - 45.6%

Table 6.2 .Simulated and Measured S11 for the SBMBA

6.3.3 SBMBA Surface Currents

Figure 6.7 shows the simulated surface currents of the SBMBA at 5 GHz. As can be seen

from the surface currents in the antenna, there is a strong current in the bottom disc and in
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the middle cylinder that spreads all the way to the edges of the top plate. There is a

current null at the centre of the top disc.

Max: 10)
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Figure 6.7 Surface currents at SGHz.

6.3.4 Parametric analysis of the SBMBA

Altering the principal dimensions of the SBMBA gives insight into the operation and
design process. The dimensions considered for the parametric analysis were the antenna
height Th, the top disk diameter Td, the base cylinder diameter Bd and the middle
cylinder diameter Cd. Apart from the dimensions considered for parametric variation, all
other dimensions are as given in Table 6.1.

Figure 6.8 shows the effect of varying the height of the antenna (Th) between Smm and
12mm on the resonant frequency and the fractional bandwidth of the SBMBA. The effect
of varying Th is as follows:

- At a height Th of Smm, the antenna is equivalent to a thick monopole with a conical
taper between the middle cylinder and the top disc. The antenna achieves -10dB
bandwidth of nearly 70% and is resonant at §GHz.

- As the antenna height increases the capacitance between the top disc and the ground
plane decreases and the resonant frequency decreases, which also results in a decrease in
the bandwidth. The effect of the antenna height on the resonant frequency and bandwidth
is dramatic until a height of approximately 7.2mm (f = 5.7 GHz and BW = 43.3%) with a

decrease in resonant frequency and bandwidth of 29% and 25% respectively.
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- For a height between 7.2mm and 12mm the bandwidth does not decrease significantly
(3%) and the resonant frequency curve slope also moderates, decreasing from 5.7GHz to
3.8GHz.
- The last range studied is between 12m and 15mm with a 3% decrease in bandwidth and
18% decrease in resonant frequency.

It can be concluded from the study of Th, that the height of the standard button used (Th
= 8.5mm) is optimal since it is within the range of moderate bandwidth change (7.2 to
12mm), where the bandwidth is stable around 40% which is sufficient for applications

such as 5 GHz WLAN. The frequency is moderately tunable by altering Th.
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Th- antenna height (mm)

Figure 6.8. Simulated SBMBA resonance as a function of the antenna height (Th)

Figure 6.9 shows the change of resonant frequency and bandwidth as the top disc
diameter (Td) is varied from 8mm to 20mm. As can seen from the figure, the resonant
frequency of the SBMBA decreases from 6.6 GHz (Td = 8mm) to 5.5 GHz (Td = 10mm)
with a fairly constant slope. However, the bandwidth BW seems to increase constantly
from Td = 8§ mm (BW = 22) to Td = 14.5 mm (BW = 39%) but the slope continually
reduces from this point to Td = 20mm (BW = 43%)).

The dimension of the upper disc diameter (Td) of the standard jeans buttons used (being

for most standard jeans buttons between 16mm to 18mm) is 16mm which is optimal since
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the slope of the bandwidth is not as pronounced as for the §mm to 16mm range while the

change of the resonant frequency is constant.
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Figure 6.9. Simulated SBMBA resonance as a function of the top disc diameter (Td).

Figure 6.10 shows the effect of varying the diameter of the base Bd of the SBMBA from
7mm to 14mm. The resonant frequency remains almost constant for the range considered
for the study, with an average value of 4.97 GHz and maximum deviation of -2% for Bd
equals 7mm. The bandwidth remains almost constant up to Bd = 8.8mm, from where the
bandwidth decreases sharply and falls to 0 for Bd = 13.6mm where the -10dB match is
lost.

The dimensions for the diameter of the base of a standard button used (Bd = 9.4mm)
falls just within the range of decaying bandwidth, which, although not desirable, the
bandwidth is only 5% lower than the best possible bandwidth. A possible solution to this
problem is to use 8.8mm nail (lower part of a standard jeans button with diameter Bd) for
best bandwidth performance without compromising the function of the nail in clothing (it
should be greater than the diameter of main cylinder = 7.4mm to provide good

attachment).
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Figure 6.10. Simulated SBMBA resonance as a function of the base disc diameter (Bd).

The effect of varying the diameter of the centre cylinder of the SBMBA on the frequency
and bandwidth is shown in Fig.6.11. The resonant frequency increases at an almost
constant rate of 0.275GHz/mm. The bandwidth, however, increases rapidly between 2mm
to 4mm, slows down between 4mm to 9mm and becomes almost constant between 9 to
[0mm. A 40.7% bandwidth is obtained for a standard metal button of 7.4mm middle

cylinder diameter..
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Figure 6.11. Simulated SBMBA resonance as a function of the cylinder diameter (Cd).
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To sum up, the parametric study presented in this section for SBMBA antenna height, Th,
top disc diameter, Td, base disc diameter, Bd, and cylinder diameter Cd, shows that the
antenna is tunable but not overly sensitive to dimensions which could lead to poor
manufacturing reproducibility. No significant variation was observed in the resonant

modes with the addition of the extra textile layer wrapped around the metallic button.

6.3.5 SBMBA Radiation Patterns

The SBMBA radiation patterns were measured in an anechoic chamber, with the
SBMBA on a ground plane of Scm by Scm (0.92A x0.92)) in the X-Y plane. Feeding
was via a coaxial feed through the ground plane. The radiation patterns were measured at
5.25GHz and 5.5 GHZ and are shown in: figure 6.12 for the XY plane, Fig.6.13 for the
XZ plane and Fig.6.14 for the YZ plane. The resulted radiation patterns are as for a
monopole on a finite ground plane.

No significant variation in pattern shape was discernable across the HiperLAN/2 band
of 5.15-5.725GHz and good symmetry was observed for the 2 phi cuts. The gain was
measured to be 3.8dBi.

///
210 150
180 180
Figure 6.12 Measured far field pattern in the XY plane at 5.25GHz (left) and 5.5 GHz

(right). Co-polar (thick line) and cross-polar (thin line)
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180 180

Figure 6.13 Measured far field pattern in the XZ plane at 5.25GHz (left) and 5.5 GHz
(right). Co-polar (thick line) and cross-polar (thin line)

180 180

Figure 6.14 Measured far field pattern in the YZ plane at 5.25GHz (left) and 5.5 GHz
(right). Co-polar (thick line) and cross-polar (thin line)

6.4 Dual Band Metallic Button Antenna (DBMBA)

The first dual-band metallic button antenna DBMBA presented is a double top loaded
monopole whose dimension has been kept to the approximate dimensions of a jeans
button. The antenna is shown in Fig.6.15 and is made up of two parts. The first and lower
part of the antenna is a button shaped top loaded monopole with an empty cylinder inside

which is similar to the SBMBA. The higher part of the antenna is a disc which connects
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to the antenna through a metal via. Honeycomb spacer is used between the additional top
disc and the SBMBA structure. As for the SBMBA, the dual band antenna was placed on
a 1.8mm height Velcro substrate and fed by a 50 @ SMA coaxial feeding connected to

the ground plane and to the centre of the antenna.

(c) (d)
Figure 6.15 Dual band wearable button antenna with coaxial feed
(a) DBMBA with Velcro substrate shown (b) DBMBA with Velcro substrate translucent

to show coaxial feed (c) top view photograph of the antenna (d) side view photograph of

the antenna
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6.4.1 DBMBA Dimensions

The dimensions of the dual band metallic button antenna and the electrical length at the
lower and higher frequency band are shown in Fig.6.16 and Table 6.3. The total height of
the button is 10.9mm (0.089 A for the lower band and 0.208 A for the higher band) and the
top disc diameter is 16mm (0.130 A and 0.305 X). The top of the DBMBA consists of 2
discs of diameters Dd and Td. Disc Dd is shorted to the base of the button of diameter Bd

by a metal via of diameter Vd.

e Dd
Dt
- = Vd
Tt
Textile Th
Bt
Velcro
¢ i
Z Ci
Cd
X Bd
L Td

Figure 6.16. Cross-section of the DBMBA with the main dimensions

Electrical Electrical
Antenna Parameters Values length length higher
lower band band

Disc diameter, Dd 16 0.130 A 0.305A
Top disc diameter, Td 16 0.130 A 0.305 A
Base diameter, Bd 10 0.080 A 0.191 A
Cylinder outer diameter, Cd 7 0.060 A 0.133 A
Cylinder inner diameter, Ci 6 0.049 A 0.114 A
Centered via diameter, Vd 1.6 0.013 2 0.031 A
Disc thickness, Dt 0.7 0.006 A 0.013 A
Tack button height, Th 7.9 0.064 A 0.151 A
Gap between disc and lower button, G 3 0.024 1 0.057 A
Top disc thickness, Tt 0.7 0.006 A 0.013 A
Base thickness, Bd 0.7 0.006 A 0.013 A
Substrate height 1.8 0.015 A 0.034 A

Table 6.3. Main dimensions of the DBMBA.
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6.4.1 DBMBA Measured Results, S11

The simulation and measured S11 curves for the DBMBA are shown in Fig.6.17 and
Table 6.4. Dual band characteristic is demonstrated with a minimum S11 of -13.3dB at
2.44 GHz for the lower band and -28.33dB at 5.72 GHz for the higher band. The
measured antenna achieves -10dB S11 bandwidth at the lower band of almost 12% and a
higher band of nearly 35%. Although reduced in bandwidth, the CST simulation of the
antenna compares well with the measurements and the antenna achieves sufficient

bandwidth to cover the 2.4 GHz Bluetooth, 5.250 WLAN and 5.5 GHz Hiperlan 2 bands.

Return Loss (dB)

-25 1 =—Measured

Simulated

-30 T T T T T T 1
1 2 3 4 5 6 7 8 9

Frequency (GHz)

Figure 6.17 Simulated and Measured S11 curves for the DBMBA

Lower Band Bandwidth  Higher band Bandwidth

(MHz)  (MHz)-(%)  (MHz) (MHz) - (%)
Simulation 23502500  150-6.2%  4580-5950 1370 - 26%
Measurement 23002590  290—11.9%  4900-6950 2050 - 34.6%
Bluetooth/ WLAN/ 2400-2500  100-40.8%  5150-5725  575-10.6%

HIPERLAN 2 bands

Table 6.4. Simulated and measured DBMBA and Bluetooth , WLAN and HIPERLAN 2
bands.
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6.4.2 DBMBA Surface currents

The surface current of the DBMBA with coaxial feed are shown in Fig.6.18 (a) and (b)
for the lower frequency band and Fig.6.19 (a) and (b) for the higher frequency band. The
substrate and ground have been omitted for clarity.

At the lower frequency band the top discs Dd and Td are strongly capacitive and current
flows down the centre via to the base disc Bd. The inductance of the inner via and the
coaxial cylinder is highly significant at the lower band. At the upper band the most
significant fields are between the base disc Bd and the disc Td as described for the single

band metallic button antenna (SBMBA) in section 6.3.2.
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(b)
Figure 6.18. Surface currents at 2450 MHz
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Figure 6.19 Surface currents at 5000 MHz.

6.4.4 DBMBA Parametric analysis

Similarly to the analysis for the SBMBA in section 6.3.3, a parametric analysis of the
DBMBA has been carried out to determine insight into the characteristics of the dual
band antenna. The main parameters considered for the analysis were the top discs’
diameters Dd and Td, the diameter of the base Bd, the diameter of the cylinder Cd, the
diameter of the via connector Vd, the height of the antenna Th and the gap G between the
top discs Dd and Td.
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Fig.6.20 shows the effect on the resonant modes of the antenna as the top disc of the
antenna Dd is varied from 4 to 20mm. As can be seen from the figure, the top disc
diameter does not have significant effect on the higher frequency band for Dd diameters
between 12mm to 19mm. However, the lower band varies considerably for the same

range, which allows an almost independent tuning of the lower band over the range.

” : 60
g. ..______-.----------__50 i Dd {
Low frequency(GHz)
54 - - -High frequiHCY(GHZ)A_ 40 3
z Lower BW(%) <
g - - - -Higher BW(%) %
g3 - 30 3
-2 SO °
G ‘- .. C
S . ©
$a .- T 20 @0
id + 10
0 T T T T J I T 0

4 6 8 10 12 14 16 18 20
Dd -disc diameter (mm)

Figure 6.20 Simulated DBMBA resonances as a function of the top disc Dd diameter.
Resonant frequency (black line) and bandwidth (blue line)

Figure 6.21 shows the effect on the resonant modes of the antenna as the lower top disc
Td is varied from 7mm to 20mm. Only a small variation was found in the lower resonant
frequency with an average value of 2.46GHz and deviation of +-3%, while the average
bandwidth was 6.08% with a deviation of +-0.5%. On the other hand, the higher resonant
mode experiences a significant decrease from a resonant frequency of over 8GHz for
7mm disc diameter to just under 4.5GHz for a Td disc diameter of 20mm. There is also
significant variation in the higher band bandwidth, which starts unmatched with 0% (BW
bandwidth -10dB) for any diameter lower than 10mm to nearly 30% for a diameter of 19-

20mm. It can be also found from Fig.6.21 that there is an optimal tuning for dimensions



CHAPTER 6. Wearable Antennas 130

close to 18mm where both higher and lower bandwidth are relatively constant while the

higher frequency in moderately tunable.
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Figure 6.21 Simulated DBMBA resonances as a function of the top disc Td diameter.
Resonant frequency (black line) and bandwidth (blue line)

The effect of varying the diameter of the base of the antenna Bd on the frequency and
bandwidth is shown in Fig.6.22. There is not a match at the lower frequency band for a
value of Bd equal to the center cylinder diameter Cd (7mm); however, the bandwidth of
the higher frequency band is maximum for the same dimension. As the diameter of the
base increases, the lower band becomes matched (-10dB) and its bandwidth increases up
to Bd equals to 13mm (BW = 7%) when it becomes level before falling to 5.8% for Bd
equal to 16mm. The same variation of Bd (7mm to 16mm) produces a continual decrease
in the higher band bandwidth and the match vanishes totally for any dimension of Bd
larger than13mm. Both higher and lower centre frequencies do not vary significantly for
the Bd range between 7 mm to 16mm with average frequencies and deviations of
2.42GHz and less than 1% for the lower band and 5.02GHz and 3% for the higher band.
The value of Bd equal to 10mm chosen for the button is close to the value of the base of
the standard button and at the same time allows the lower frequency band to exist while

the higher band bandwidth maintains a reasonable width.
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Figure 6.22 Simulated DBMBA resonances as a function of the base disc Bd diameter

Resonant frequency (black line) and bandwidth (blue line)

The effect of varying the diameter Vd of the via connecting the top plate with the base is
shown in Fig.6.23. As can be seen from the figure, values of Vd higher than 2mm
produce a moderate increase in the lower band resonant frequency and bandwidth and a
dramatic decrease in the higher band bandwidth. The effect is also accentuated when the
Vd diameter is close to the inner diameter (Ci) of the center cylinder C. The antenna
structure is changed when of Vd equals 6mm as the via touches the inside of the cylinder
with diameter Ci. The value of Vd = 1.6mm used for final DBMBA design falls within
the range Vd from 1.5mm to 2.8mm in which the lower frequency bandwidth is greater

than 5% and the higher frequency bandwidth no lower than 20%.

Figure 6.24 shows the effect of varying the gap G between the top plates Dd and Td as
the height Th remains constant. No match (-10 dB) was found at the lower frequency
band for values of G lower than 1.2mm and this bandwidth was not greater than 2% for
values lower than 1.6mm. The value chosen for the button G = 3mm produces a lower

frequency bandwidth greater than 5% without compromising the small size of the
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antenna. Any value within the range Omm to Smm studied would suit for the higher
frequency band and bandwidth required (WLAN and Hiperlan). It is interesting to note
that the lower frequency does not change significantly for values of G between 1.6 to
Smm. This is due to the decrease capacitance between the upper discs being compensated

by an increased inductance associated with the centre via.
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Figure 6.23 Simulated DBMBA resonances as a function of the via connector Vd.

Resonant frequency (black line) and bandwidth (blue line)

The effect of changing the height of the antenna cylinder height Th while maintaining the
gap G between plates constant is shown if Fig.6.25. As the antenna height increases from
Smm to 10mm, both lower and higher frequencies decrease as well as the higher
frequency bandwidth. The lower frequency bandwidth fluctuates around a bandwidth

level of 6.3% and deviation of +-0.5%.
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Figure 6.24 Simulated DBMBA resonances as a function of the base disc G diameter.

Resonant frequency (black line) and bandwidth (blue line)
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Figure 6.25 Simulated DBMBA resonances as a function of the height Th.
Resonant frequency (black line) and bandwidth (blue line)

Finally, the effect of varying the cylinder diameter Cd while keeping the thickness of the
cylinder Cd — Ci on the resonant frequency and bandwidth is shown in Fig.6.26. As Cd
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increases from 2.6mm to 10mm, the lower frequency band and bandwidth decrease
almost linearly. On the other hand, as Cd increases the higher frequency band decreases
sharply and the bandwidth increases dramatically up to a value of Cd equal to 6.5mm.
There is an inflection point at 6.5mm and from the value of Do (6.5mm) to 8.5mm the
higher resonant frequency increases as well as its bandwidth. From 8.5mm to 10mm the
higher frequency bandwidth decreases as it approximates to the dimensions of the base
diameter Bd equals to 10mm. The dimension chosen for the cylinder diameter Cd = 7mm
(as for a standard button) falls within the range of lower fluctuation for the higher
resonant frequency and bandwidth, hence making the button tunable but not susceptible

to poor manufacturing tolerances.
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Figure 6.26 Simulated DBMBA resonances as a function of the cylinder diameter Cd.
Resonant frequency (black line) and bandwidth (blue line)

The parametric analysis of the DBMBA has shown that for the dimensions chosen,
which closely approximate those of normal jeans buttons, offer the ability to tune the
antenna without making it highly sensitive to small fluctuations in physical dimensions.
No significant variation in the resonant mode was found by button up the antenna with

textile material.
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6.4.5 DBMBA — Equivalent circuit model

Modelling of an antenna starts by deciding on a suitable topology and then finding the
appropriate element values to reduce the amplitude of the measured S;; realised in the
frequency range of interest. In the case of the Button Antenna, there are two main
resonances which suggests that the minimum order of an equivalent circuit model is four.
However, if the minimum order is used it is likely that some of the circuit elements will
be negative. Such a circuit could model the antenna response, but the element values
would have no physical meaning. Furthermore, microwave circuits cannot be entirely
represented by lumped circuits since they also contain distributed structures. For these
reasons, it was decided to use a model of eighth order and with a distributed element at
the input to compensate for any phase error introduced by the measurement process. The
model for the Button antenna is shown in Fig.6.28 which relates to the button structure as
shown in Fig.6.27. The element values have been chosen by an optimization process
using code developed at the University of Kent [12]. The measured S11 amplitude and
phase as used as the input and the code varies component values until the circuit response

matches that of the input.

6.27 Button antenna structure with electrical model representation
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Figure 6.28 Equivalent circuit model for the Button antenna.

Figure 6.28 shows a comparison of the amplitude and phase of S;;of both the model. A
very close match is observed suggesting is observed suggesting the model offers a good
representation of the DBMBA. This model maybe used for system modeling of wireless

link.
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Figure 6.28. Comparison of S;; from measurements and model.
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6.4.6 DBMBA - Radiation patterns

The measured radiation patterns of the antenna in the X-Y, Y-Z and X-Z at 2.45 GHz,
5.25 GHz and 5.5 GHz are shown in Fig.6.30-6.35. Monopole antenna patterns with
polarization in the Z direction were obtained for the dual band button antenna coaxial fed.
The gains measured were 2.2dB at 2.45GHz; 3.6dB at 5.2GHz and 1.8dB at 5.5GHz.
Good omnidirectional pattern is observed at every band, together with symmetry in the

phy cuts.

Figure 6.30 Measured far field pattern in the XY plane at 2.45 GHz . Co-polar (thick

line) and cross-polar (thin line)

300 4
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180
Figure 6.3 1Measured far field pattern in the XZ plane at 2.45 GHz. Co-polar (thick line)

and cross-polar (thin line)
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180

Figure 6.32 Measured far field pattern in the YZ plane at 2.45GHz. Co-polar (thick line)

and cross-polar (thin line)

Figure 6.33 Measured far field pattern in the XY plane at 5.25GHz (left) and 5.5 GHz
(right). Co-polar (thick line) and cross—pola(r) (thin line)

180
Figure 6.34 Measured far field pattern in the XZ plane at 5.25GHz (left) and 5.5 GHz

(right). Co-polar (thick line) and cross-polar (thin line)
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Figure 6.35 Measured far field pattern in the YZ plane at 5.25GHz (left) and 5.5 GHz

(right). Co-polar (thick line) and cross-polar (thin line)

6.5 Dual Band Metallic Button Antenna with Microstrip Feed

The DBMBA with coaxial feed could be a good solution when the wearable antenna is
backed by circuitry or a transmission line connecting to the transceiver. However, it is
not the best solution for an antenna on a human body since the ground plane should lie on
the body. For this reason, it was decided to study the antenna with side feeding,
specifically a 50ohms microstrip line, as shown in figure 6.36. The electrical behavior of
the antenna with the side microstrip transition line, the step transition to SMA connector
and the SMA connector were simulated with CST Microwave Studio and compare with

the experimental results.
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Figure 6.36 DBMBA with microstrip feed. (a) CST Microwave Studio model of the

antenna.

(b) and (c) Photograph of the antenna without textile material
(d) and (e) Photograph of the antenna with textile material

6.5.1 DBMBA with Microstrip Feed- Dimensions

A small retuning was necessary and the dimensions of the DBMBA with microstrip feed

are shown in figure 6.37 and table 6.5.
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Figure 6.37 DBMBA with microstrip feed dimensions

Antenna Parameters Values

Disc diameter, Dd 17.0

Top disc diameter, Td 17.0
Base diameter, Bd 10.0
Cylinder outer diameter, Cd 7.0
Cylinder inner diameter, Ci 6.0
Centered via diameter, Vd 1.6
Tack button height, Th 8.0
Gap between disc and button, G 3.0
Substrate height 1.8

Ground plane dimensions 50x40

Table 6.5 DBMBA with microstrip feed dimensions
6.5.2 DBMBA with Microstrip Feed -Measured Results, S11

To study the effect of proximity of the human body on the antenna, the antenna was
placed directly onto the waist-band of a pair of denim jeans which were worn by an adult
male. For the analysis, simulation and measurements of the antenna on and off body were
compared. Similarly to the work done in [13], a three-tissue human body model was
chosen for simulation as shown in Fig.6.38. The three body layers considered were: a
skin layer of 1-mm thickness, a fat layer of 3-mm thickness and a muscle layer of 44-mm

thick. The dimensions of the body chosen was 120x120x40mm’. An investigation carried
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out on the dispersive characteristics of the human tissue over the frequency range 3 GHz
to 10 GHz [12] led to the assumption that the electrical parameters of the tissues are non-
dispersive. The values at the centre (of the DBMBA) 4 GHz for the skin are: € = 38, ¢ =
2.34[S/m] ; fat € =5.1, 6 = 0.18[S/m]; muscle € = 50.8, 6 = 3[S/m]. These were obtained
from [14] based on [14]. CST Microwave studio was used for the simulation of the

antenna on and off the body.

1mm ¥ e £ =38, 0 = 2.34[S/m]
St I Fat £=5.1,6 = 0.18 [S/m]

Figure 6.38. Three layers model body model with button antenna

The results of the antenna on/off body are shown in figure 6.38 (for a range 2GHz to
6.5GHz) and figure 6.39 (detail of the lower band - 2.2 GHz to 2.6 GHz) and summarized
in table 6.10. The antenna was tuned to cover the 2.45GHz and 5.25GHz and 5.5GHz
bands either on or off body, which allows placing the antenna either attached or at a
certain distance from the human body.

The simulated and measured S11 curves for the DBMBA microstrip fed are shown in
Fig.6.38, Fig.6.39 and Table 6.6. The measured bandwidth of the antenna off body was
5.7% for the lower band and 27.1% at the higher band which compares well with the
predicted 4.5% and 27.2% from the computer computation. In the case of placing the
antenna on the body, the centre frequency of the lower band was shifted down by just 1%
while the lower band bandwidth increased by only 0.1%. The effect of the proximity to
the human body shifted up the higher frequency by 1.3% and, although the higher band
bandwidth decreased 6.9%, it maintained sufficient bandwidth (20.2%) to cover the
Hiperlan2 bands. There was an accurate relationship between the simulation and

measurement results.
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Figure 6.39 Simulated and Measured S11of the microstrip fed button antenna on-off body
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LOW BW HIGH BW HIGH
BAND BAND
Simulated air 2400-2510 | 110-4.5% |4540-5700 | 1460 -27.2%
Measured air 2385-2525 | 140-5.7% | 4775-6275 | 1500-27.1%
Simulated body | 2350-2500 | 150-6.2% |4570-5630 | 1160 -22.7
Measured body | 2360-2500 | 140-5.8% |4950-5950 | 1010-20.2%

Table 6.6 Simulated and measured S11 on/off body

6.5.3 DBMBA with Microstrip Feed - Radiation Patterns

The measured radiation patterns of the DBMBA with microstrip feed on/off body are
shown in Fig.6.40-6.45. The radiation patterns were measured on an adult male and
compared with the antenna in free space. The antenna is proposed for use in Personal
Area Networks (PAN) where communication is necessary both to devices on body and to
external, off-body network nodes. With the antenna mounted as a waist height front
trouser button there is a good coverage at the front of the user’s body providing
connections to other worn devices. The plane cutting the user’s waist shows there to be
reasonable forward coverage with a centre null of around 20dB and there is a deep null in

the rear direction.

180
Figure 6.40 Measured far field pattern in the XY plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off -body (discontinuous).
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Figure 6.41 Measured far field pattern in the XZ plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off -body (discontinuous).

180
Figure 6.42 Measured far field pattern in the YZ plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off -body (discontinuous).

180 180
Figure 6.43 Measured far field pattern in the XY plane at 5.25 GHz(left) and

5.5GHz(right): Co-polar (thick line) and cross-polar (thin line). On body (continuous

line), off -body (discontinuous).
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180 180
Figure 6.44 Measured far field pattern in the XZ plane at 5.25 GHz(left) and

5.5GHz(right): Co-polar (thick line) and cross-polar (thin line). On body (continuous

line), off -body (discontinuous).

180 180
Figure 6.45 Measured far field pattern in the YZ plane at 5.25 GHz(left) and

5.5GHz(right): Co-polar (thick line) and cross-polar (thin line). On body (continuous

line), off -body (discontinuous).

The gain obtained for the DBMBA with microstrip feed was 2.18dB at 2.45GHz, 4dB
at 5.25GHZ and 4.2dB at 5.5GHz. The side feeding caused the gain to be higher for the
DBMBA microstrip fed at the SGHz band as the width of the micristrip line creates an
asymmetry in the radiating structure in the XZ and YZ planes as shown in Figures 6.44
and 6.45.

Placing the antenna on the human body increased the gain by 0.5dB at 2.45GHz, 1.2dB
at 5.25GHz and 1.3 dB at 5.5GHz. However, the gain difference was not uniform in all
the angles and while for some angles the gain increase, the backward radiation decreased

an average of 20dB.
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6.6 Conclusions

A new antenna proposed for use in Personal Area Networks (PAN) has been introduced
with the appearance and dimensions of a standard jeans button. The antenna has been
realized in both single and double band versions covering WLAN and Hiperlan/2 bands.
The antenna tuning is strongly determined by the capacitance between the various discs
that make up the structure and frequencies can be controlled by varying the disc diameter
or separations according to the parametric study presented. The radiation currents mainly
flow axially along the central post of the structure giving it the readiation characteristics
of a monopole on a small ground plane. The measured scattering parameters of the
antenna are captured and used to create an equivalent circuit of lumped elements which

accurately describes the frequency response.
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Chapter 7

Optimization and Miniaturization of
Wearable Button Antennas

7.1 Introduction

The introduction of the GSM [1] and the American [S-54 [2] mobile communication
standards in the end of 1980’s and beginning of 1990’s supposed a starting point in the
revolution of personal mobile communications [3]. With the further evolution and
development of personal communications systems, wireless communications have
become part of our everyday life.

The initial personal mobile communications devices in the 1980’s were brick size and

only able to make phone calls. However, further advancements in miniaturization of
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electronics devices allowed the development of what one can find today as a standard,
slim mobile phone for multiple purposes (camera, agenda, game console...).

The evolution and miniaturization of devices have demanded antennas to have small size
and be easier to implement in an increasingly complex mobile device. Most of the
antennas used in early devices were helical monopole antennas [4], later miniaturized to
dielectric loaded helical monopole antennas [5]. The introduction of the inverted F
antenna (IFA) [6], later transformed into a planar inverted F antenna (PIFA) [7] allowed a
further miniaturization, together with a reduction in radiation towards the human head.
Dual band PIFA antennas [8], [9] meant a further breakthrough as a solely internal
antenna can operate at many frequency bands. The dual band antennas have become
multi-band [10] antennas as the new systems such as 3G, Bluetooth and WLAN have
required them. In addition, the antenna efficiency has been improved by using dielectric
resonator antennas in mobile devices [11].

Chapter 6 introduced the concept of using button structures to create wearable antennas
and demonstrated the feasibility of making them truly wearable with the SBMBA and
DBMBA resonating at the 2.45GHz and 5 GHz Bluetooth and WLAN bands. This
chapter will look at the optimization and miniaturization of the wearable button antennas.
For the optimization, some of the already mentioned miniaturization techniques will be

studied and implemented.

7.2 DBMBA using a Standard Metallic Button

The DBMBA design used in chapter 6, utilized the dimensions of buttons to develop a
dual band antenna design capable of covering both Bluetooth and WLAN bands. In this
section, however, a standard metallic button structure is used as the base for the antenna
which also needs a top plate and via connector to create a DBSMBA (dual band standard
metallic button antenna). The operation principle is similar to the operation of the
DBMBA described in chapter 6, however, the arrangement allows the use of a standard
denim jeans button with the sole addition of the metal disc and a via connection located at

the edge of the top metal disc. The antenna design is shown in Fig. 7.1. Similarly to the
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previous DBMBA the antenna is fed by a microstrip line to facilitate on human body

measurements.

!vg__’_!

SMA

Transmissio
['ransmission connector

line

| Standar b\ g J
| wind Q(I/v o l
| Metallic o

button | _ P o
Denim textile

Velero™
substratc

(b) (c)

Figure 7.1 DBMBA using a standard metallic button (DBSMBA) (a) CST Microwave
Studio model

(b) and (c) Photograph of the dual band antenna

7.2.1 DBMBA using a SMB— Dimensions

The dimensions of the DBSMBA are shown in Fig.7.2 and Table 7.1. The total height of
the visible metallic button was 12.2mm which is equivalent to 0.1 A at the lower centre
frequency and 0.22 ) at the higher centre frequency. The diameter of the top metallic
plate was 17mm which is equivalent to 0.14 X at the lower frequency and 0.311 A at the

higher frequency.
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Figure 7.2. Dimension of the DBMBA standard button.

Electrical Electrical
Antenna Parameters Values length length higher
lower band band
Disc diameter, Dd 17 0.140 A 0.311 A
Top disc diameter, Td 17 0.140 & 03114
Base diameter, Bd 11 0.090 A 0.202 A
Cylinder outer diameter, Cd 7 0.057 A 0.128 A
Cylinder inner diameter, Ci 6 0.049 A 0.110 A
Centered via diameter, Vd 0.8 0.007 A 0.015A
Tack button height, Th 8.5 0.070 A 0.156 A
Cylinder height, Ch 5.5 0.045 1 0.101 &
Gap between disc and button, G 3 0.025 & 0.055 &
Disc thickness, Dt 0.7 0.006 A 0.013 A
Top disc thickness, Zt 0.7 0.006 A 0.013 &
Base thickness, Bt 1.0 0.008 A 0.018 A
Substrate height 1.8 0.015A 0.033 A
Ground plane length 50 0.493 A 1.100 A
Ground plane width 40 0.493 A 1.100 A
Coaxial impedance, Zp 50 Q
Substrate material Velcro (er ~ 1.4)

Table 7.1 Main dimensions of the DBMBA standard button
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7.2.2 DBMBA using a SMB —Measured results, S11

The simulated and measured S11 on and off body of the DBMBA standard button is
shown in Figs.7.3 and 7.4. Similar to the analysis done in section 6.8.1, the computed
effect of the human proximity was studied using a three-tissue human body model as in
[12]. The three body layers were: a skin layer of Imm thickness, a fat layer of 3 mm
thickness and a muscle layer of 44mm thickness. The dimension of the body chose was
120x120x40mm’. The values at the centre frequency 4 GHz of skin: ¢ = 38, ¢ =
2.34[S/m]; fat € = 5.1, o = 0.18[S/m]; muscle € = 50.8, 6 = 3[S/m] were obtained from
[13] based on [14]. CST Microwave studio was used for the simulation of the antenna on
and off body. The antenna was placed on the waist band of a pair of denim jeans which
were worn by a male adult. The results were compared to the measurements obtained for

the antenna in free space.

0
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-10
]
-~ 15 1
)
-20 -
- - - -Measured air
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=201 —— Simulated air
—— Simulated body
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2 25 3 35 4 45 5 55 6 65 7
frequency (GHz)

Figure 7.3. Simulated and Measured of the microstrip fed button antenna on-off body
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Low band | BW High band | BW high
Simulated air 2400-2530 | 130-5.3% | 4350-6000 | 1650-31.8%
Measured air 2390-2540 | 150-6.1% | 4600-6400 | 1800 -32.7%
Simulated body | 2350-2510 | 160 -6.6% | 4310-6050 | 1740 - 33.6%
Measured body | 2370-2510 | 140-5.8% | 4550-6380 | 1830-33.5%

Table 7.2 Simulated and measured S11 of the DBSMBA on/off body
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Measured -10dB S11 bandwidths of the antenna on air were 6.1% and 31.8% at 2.4GHz
and 5.2GHz respectively which is suitable for the Bluetooth and WLAN bands. In the

case of placing the antenna on the human body waist the -10dB S11 bandwidths for the
lower band (2.4 GHz) decreased to 5.8% while the higher band increased to 33.5%,

sufficient to cover the WLAN bands. Simulation and measurements compared well, with

the Bluetooth and WLAN bands covered in all the cases both on and off body.

0

-10 -

S$11(dB)

-20

-30

-15

- - - -Measured air
—— Measured body
—— Simulated air
—— Simulated body

T T

T

frequency (GHz)

2 21 22 23 24 25 26 27 28 29 3

Figure.7.4 S11 Simulated and Measured S11 at the lower band of DBSMBA on-off body

7.2.3 DBMBA using a SMB — Surface Currents

Figures 7.5, 7.6 and 7.7 show the surface currents of the antenna at 2.45 GHz, 5 GHz and

5.5 GHz respectively. At 2.45 GHz there is a strong current flowing between the two

parallel plates and through the via connector. At SGHz the strong current is concentrated
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in the base and middle cylinder that spreads to the edges of the top plate of the lower part
of the SBMBA (single band metallic button). The current between the two top plates has
decreased considerably and there is a weaker current flowing through the displaced via.
At 5.5 GHz, the current concentrates mainly in the lower base and middle cylinder and
very little current flows through the via connector.

Max: 10) A/m

sl

Figure 7.5 Surface currents at 2.45 GHz

Figure 7.6 Surface currents at 5.0 GHz
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Figure 7.7 Surface currents at 5.5 GHz

7.2.4 DBMBA using a SMB — Parametric Analysis

The DBSMBA has similar characteristics to the DBMBA analyzed in chapter 6 and most
of the parameters have comparable effects on the resonant frequency and bandwidth to
the parametric analysis carried out in section 6.5.1., with changes in Cd, Bd, Th and Vd
having a similar response. The parameters considered for analysis for the DBSMBA are
the position of the metal via connector X, the via thickness Vd and the top disc diameter
Dd.

The effect of changing the position of the via connector X is shown in Fig.7.8. As can be
seen from the figure, as the via position increases from the initial position at the centre of
the two parallel plates, the resonant frequency of the lower band and the higher frequency
band decreases. The drop in frequency for a displacement from the centre of the plates
(X=0) to the optimal position (X=8.3) is of nearly 14% for the lower frequency band and
4.3% for the higher frequency band. The decrease is enough to tune the antenna at the

lower frequency band from the initial 2.86GHz to the 2.46GHz that covers the Bluetooth

band. Although, the lower band bandwidth decreases from 6.6% to 5.4%, it remains
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sufficient to cover the WLAN systems. The higher band bandwidth increases from 26.2%
to 32.6% and covers the HIPERLA/2 band for any via position.
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§ 3 - _ e mmer T + 30 g '
____________ \
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g 2 t20 &
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0 08 16 24 32 4 48 56 64 72 8
X -via position (mm)
Figure 7.8 Simulated DBSMBA resonances as a function of the via position X.

Resonant frequency (black line) and bandwidth (blue line)

The effect of varying the via diameter on the resonant frequency and bandwidth is shown
in Fig.7.9. To simplify the analysis, the via position has been kept at the edge of the two
top metal plates Td and Dd. As can be seen from the figure, an increase in Vd between
0.3 to 1.2mm does not cause significant changes in the higher frequency (1% max) and
bandwidth (1% max.) while the lower frequency (10% max) and bandwidth increase. The
finding allows the lower band to be tuned while maintaining the higher frequency and
higher band bandwidth for the range between 0.3 to 1.5mm. Values of Vd higher
thanl.5mm cause a rapid increase in the higher resonant frequency and a dramatic
decrease in the higher band bandwidth, while the lower frequency and bandwidth
increase. The effect of varying Vd on the resonant frequency and bandwidth for the
DBSMBA is similar to the effect of the via in the DBMBA in section 6.5.1,shown in
Fig.6.23 with changes observed in the slope of the curves and higher resonant frequencies

for the same via diameter.
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Figure 7.9 Simulated DBSMBA resonances as a function of the via diameter Vd.

Resonant frequency (black line) and bandwidth (blue line)
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Figure 7.10 Simulated DBSMBA resonances as a function of the top disc diameter Dd.
Resonant frequency (black line) and bandwidth (blue line)

Figure 7.10 shows the effect on the resonant modes of the antenna as the top disc
diameter Dd is varied from 8mm to 17mm while the plate is kept connected to the via

connector Vd. The optimal tuning of the antenna was found for values of Dd between
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I3mm to 17mm where changes in the top disc diameter Dd do not change significantly

the matched higher frequency, while the lower frequency decreases.

It can be concluded from the parametric analysis carried out on the DBSMBA that the
antenna offers the ability to be tuned without making it highly sensitive to small

fluctuations in physical dimensions.

7.2.5 DBMBA using a SMB — Radiation Patterns

The measured radiation patterns of the DBSMBA with microstrip feed both on/off body
are shown in Figs.7.11 to 7.16. The plane cutting the user’s body waist shows there to be
reasonable forward coverage with a centre null of around 20dB and there is a deep null in
the rear direction.

The gain obtained for the DBSMBA was 1.7 dBi at 2.48 GHz, 4.1 dBi at 5.25 GHz and
4.3 at 5.5 GHz. The microstrip feeding caused high cross-polarization at the Hiperlan 2
band. However, the effect is not expected to affect the overall performance of the antenna
as small antennas often have mixed polarization and the communication system normally
benefits from multipath.

Placing the antenna on the human body increased the forward gain by 1dB at 2.45GHz,
0.8 dB at 5.25GHz and 0.9 dB at 5.5 GHz. Although the gain difference was not uniform
in all angles, an expected decrease in the backward gain of -10dB to -20dB was observed
for most of the XZ and YZ radiation patterns, while the side gain increased. The reason
for the decrease in gain is the proximity of the human body which blocked any radiation

through the body while it guided the waves along the body surface.
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180

Figure 7.11 Measured far field pattern in the XY plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off -body (discontinuous).
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Figure 7.12 Measured far field pattern in the XZ plane at 2.45GHz.Co-polar (thick line)
and cross-polar (thin line). On body (continuous line), off -body (discontinuous).
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Figure 7.13 Measured far field pattern in the YZ plane at 2.45GHz: Co-polar (thick line)
and cross-polar (thin line). On body (continuous line), off -body (discontinuous).
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180 180

Figure 7.14 Measured far field pattern in the XY plane at 5.25 GHz(left) and
5.5GHz(right): Co-polar (thick line) and cross-polar (thin line).

On body (continuous line), off -body (discontinuous).

180 180

Figure 7.15 Measured far field pattern in the XZ plane at 5.25 GHz(left) and
5.5GHz(right): Co-polar (thick line) and cross-polar (thin line).

On body (continuous line), off -body (discontinuous).
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180 180

Figure 7.16 Measured far field pattern in the YZ plane at 5.25 GHz(left) and
5.5GHz(right): Co-polar (thick line) and cross-polar (thin line).

On body (continuous line), off -body (discontinuous).

7.3 Miniature Ground Shorted DBMBA

The DBMBA presented in chapter 6 and section 7.1 use an air gap and two metallic
parallel plates to create the dual resonance necessary to cover the Bluetooth and Hiperlan
bands. The antennas achieve small size and high rigidness while maintaining the physical
appearance of denim jeans buttons. However, the use of the top metal plate and the air
gap (G) made with honeycomb composite increased the height by 3mm from the size of
the standard button and can cause detuning if the antenna is exposed to compression
conditions. The DBMBA also needs a Velcro substrate and is attached to it with glue or
another sticky material.

The antenna to be presented in this section uses different antenna miniaturization
techniques to increase the rigidness of the antenna, achieve smaller size and improve the
adherence to clothing. A photograph of the miniature ground shorted DBMBA with a
textile material is shown in Fig.17. The antenna, also shown in Fig.7.18, uses a dielectric
material between the single band structure and the top plate to increase the rigidness and
achieve the lower frequency band. In addition, the top metal plate is shorted to ground to

increase the matching in the lower frequency band and improve the attachment to the
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clothing material. Velcro substrate has also been used for the antenna, however, other

textile materials would be possible with a small re-tuning necessary.

Denim
substrate

Velero
substrate

Metallic  Transmission
lihe

Dielectric
_ material

Metallic SMA
ground plan connector

(@ (b)
Figure 7.18 Miniature ground-shorted DBMBA structure. (a) with Velcro substrate and
outer cylinder shown (b) with Velcro substrate and outer cylinder translucent to show the

centre via connected to the metal ground.
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7.3.1 Miniature Ground Shorted DBMBA - Dimensions

The main button dimensions are shown in Fig.7.19 and Table 7.2 The total visible height
of the antenna is 7.5mm and the top disc diameter is 17mm. The antenna is made up of
two main parts: a button shape cylindrical structure fed by a microstrip line and a
separate top disc connected to the metal ground through a wire connection. Both parts are
separated by a Teflon dielectric material with an overall size of the antenna equivalent of
that of a conventional denim jeans button. The antenna is placed on a Velcro substrate
and metal ground plate is placed on the other side of the Velcro material. However, due
to the monopole antenna characteristics any low permittivity textile material could

replace the Velcro with only a small retuning necessary.

-~ TId .
Dd
PTFE Ci T
\ .
Microstrip
feed line Th
Velcro \
7. substrate |
— Hv
X / \

Human =
Body
tissues

Fig. 7.19 Miniature ground-shorted DBMBA on body representation with principal

dimensions
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A microstrip feed line was etched in the metal cladding of a Mylar sheet and mounted on
Velcro substrate. Velcro makes a convenient substrate for the transmission line as it is
plastic based and flexible but is strongly resistant to compression of its height. An
alternative excitation method would be to rear feed the base of the antenna using a

coaxial cable which could be concealed within the lining of the garment.

Electrical Electrical
length lower length higher
Antenna Parameters Values band band
Disc diameter, Dd 14.6 0.118 A 0271 A
Top disc diameter, Td 16.4 0.133 A 0.304 )
Base diameter, Bd 12.4 0.101 A 0.230 A\
Cylinder outer diameter, Do 7 0.057 A 0.130 A
Cylinder inner diameter, Di 6 0.049 )\ 0.111 1
Centered via diameter, Vd 2 0.016 1 0.037 A
lower button height, Th 7.4 0.060 A 0.137 \
Gap between discs, G 1.5 0.013 A 0.028 1
Disc thickness, Dt 0.7 0.006 L 0.013 A
Top disc thickness, Zt 0.7 0.006 A 0.013 A
Base thickness, Bt 0.7 0.006 A 0.013 A
Substrate height, Hv 1.8 0.015 X 0.033 )\
Ground plane length 50 0.487 A 1.113 &
Ground plane width 40 0.487 L 1.113 A
Coaxial impedance, Zp 50 Q
Substrate material - Velcro (er~1.37)

Table 7.3 Main dimensions of the miniature ground-shorted DBMBA

7.3.2 Miniature Ground Shorted DBMBA - Measurement Results. S11

The simulated and measured reflection coefficient (SI11) on and off body for the dual
band button antenna with top disc ground connection is shown in Figs. 7.20 and 7.21 and
Table 7.3. CST microwave studio was used for the computer calculation of the antenna
with good agreement between simulation and measurements. Simulations were carried

out initially with a Perfect Electric Conductor below the antenna and then the presence of
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the human body was accounted for by including a three layer tissue representation, [6].

The measurements were carried out using an Anritsu ME7808A vector network analyzer.
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Figure 7.20. Simulated and Measured S11 of the ground shorted DBMBA

The antenna achieved -10dB impedance matching bandwidth of 6.8% at a lower 2.45GHz

resonant mode and 21.1% at a higher 5.5GHz resonant mode when the antenna is in free

space. In the case of the antenna placed on the body, the measured lower frequency

bandwidth increased by nearly 1%, while the upper frequency band increased by 1.3%.

The frequency bands achieved on and off-body are sufficient to cover the Bluetooth and
WLAN bands (2.45 GHZ, 5.250 GHz and 5.5 GHz).
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Figure 7.21. Measured and calculated S11 curves of the ground shorted DBMBA
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Low band [ BW low band- | High band BW high band
% - %
Simulated air | 2415-2515 | 100 - 4.1% 4580-6275 1695 -31.2%
Simulated 2340-2520 | 150 - 7.4% 4640-6256 1616 - 29.7%
body
Measured air | 2350-2515 | 165 - 6.8% 4990-6140 1420 - 20.7%
Measured body | 2300-2510 | 210 - 8.7% 4970-6200 1230 - 22.0%

Table 7.4 Simulated and Measured S11 of the ground shorted DBMBA

7.3.3 Miniature Ground Shorted DBMBA - Surface Currents

A simulation study of the surface currents of the antenna was carried out to determine the

hot surface areas at each resonant frequency. The results are shown in Figs.7.22-7.24. As

can be seen from the surface current plot, there is a high current flowing through the
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centred via connection at the lower frequency band. At the higher frequency band, the

surface currents seem to be stronger in the outer cylinder and main body of the antenna.

Figure 7.22 Surface currents of the ground shorted DBMBA at 2.45 GHz

Figure 7.23 Surface currents of the ground shorted DBMBA at 5.0 GHz
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Figure 7.24 Surface currents of the ground shorted DBMBA at 5.5 GHz

7.3.4 Miniature Ground Shorted DBMBA - Parametric Analysis

A parametric analysis was carried out to determine the characteristics of the miniature
ground-shorted DBMBA. The main parameters considered for the analysis were the top
disc diameter Dd and Td, the diameter of the base Bd, the diameter of the cylinder Cd,
the diameter of the via connector Vd the height of the lower part of the antenna Th and
the dielectric filled gap G between the top discs Dd and Td.

The effect of varying the top disc diameter Dd of the ground shorted DBMBA between
6mm to 18mm on the resonant frequency and bandwidth is illustrated in Fig.7.25. As can
be seen from the figure, there is no lower band matching for values of Dd lower than
8mm. As the top diameter is increased further (Dd > 8mm), the lower frequency becomes
matched while the frequency of the lower band mode decreases. The higher frequency
band, however, increases its resonant frequency and bandwidth altogether. It was also
observed that values of Dd higher than 14mm decrease the lower frequency bandwidth at
a constant rate while the higher frequency and bandwidth increase at a lower pace. The
range of values of Dd between 10mm to 14mm is optimal since the frequency of the

lower band decreases while its bandwidth remains fairly constant. The value of Dd, equal
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to 14.6 mm, is only 0.6mm from the optimal range and allows the antenna to resonate at

the desired Bluetooth and Hiperlan bands.
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Figure 7.25 Simulated ground-shorted DBMBA resonances as a function of the top disc
Dd diameter. Resonant frequency (black line) and bandwidth (blue line)

The effect of varying the lower top disc diameter Td of the ground shorted DBMBA on
the resonant frequency and bandwidth is shown in Fig.7.26. Changes in Td between
10mm and 20mm produce a decrease in the frequency of the lower band and a marginal
increase in the higher band frequency. The lower frequency bandwidth followed a wide
parabolic curve with maxima at Td of 10mm (5% bandwidth) and Td of 20mm (4.6%)
and a minimum at the centre Td of 16mm with 3.8% bandwidth. The higher frequency
bandwidth curve followed a high slope linear curve with a value of 0% at 10mm and
43.9% at 20mm. The value of Td of 16.4mm achieves sufficient bandwidth (4.1%) at the
lower band to cover the Bluetooth system and at the same time serves at a filter for
frequencies above and below the working frequency. The higher band covers broadly the

Hiperlan band.
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Figure 7.26 Simulated ground-shorted DBMBA resonances as a function of the top disc
Dd diameter. Resonant frequency (black line) and bandwidth (blue line)

The effect of varying the diameter of the base disc Bd on the resonant frequency and
bandwidth is illustrated Fig.7.27. The lower resonant frequency decreases and the higher
frequency increases when Bd is increased from 7mm to 16mm. The lower frequency
bandwidth followed an inverse parabolic curve with maximum at a value of Bd of 9mm
with a bandwidth of 5.1% and minimum at the limits 7mm (BW= 3.7%) and 16mm
(BW=2.7%) considered for the study. The higher frequency bandwidth also follows an
inverse parabolic curve with a small deviation at Bd of 12mm. The higher frequency
band was not matched for values of Bd lower than 7mm and achieves a second minimum
at Bd of 16mm with 13.4% bandwidth. The value of Bd of 12.4mm chosen for the
antenna falls within a region of wide high frequency bandwidth while maintaining

sufficient lower band bandwidth.
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Figure 7.27 Simulated ground-shorted DBMBA resonances as a function of the top disc
Dd diameter. Resonant frequency (black line) and bandwidth (blue line)

Figure 7.28 shows the effect of varying the ground shorted via diameter Vd between
0.5mm and 4mm on the resonant frequency and bandwidth. The resonant frequency
increases and the higher frequency decreases (with some fluctuations) when the via
diameter (Vd) is increased within the range studied. Values of Vd lower than 1.1mm did
not match the lower frequency band while values of Vd greater than 3mm produced a
decrease in the same band which becomes again mismatched for values of Vd greater
than 4mm. The higher frequency band, however, fluctuates around a level of 30% up to a
Vd of 2.5 mm. For values greater than those the bandwidth experiences a sharp decrease.
The value of Vd of 2mm chosen for the antenna falls within the range of increased

bandwidth at the lower band and wide bandwidth at the higher band.
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Figure 7.28 Simulated ground-shorted DBMBA resonances as a function of the Vd via

diameter. Resonant frequency (black line) and bandwidth (blue line)

The effect of varying the gap (G) between the parallel plates at the top of the antenna is
illustrated in Fig.7.29. For values of G considered in the study (0.5mm < G < 5mm), the
lower frequency decreases at a constant rate while the higher frequency remains almost
constant at a centre frequency of 5.44 GHz and a maximum deviation of 0.4%. No
matching (-10dB) is found at the lower frequency band for values of G less than 1 mm
and values of G greater than 1 mm cause an increase in the lower frequency bandwidth
up to a peak of 4.9% for G of 2.5 mm. If G is increases further (G >2.5mm), the lower
frequency bandwidth decreases at a rate of 1% per mm(approx.). The higher frequency
bandwidth decreases at an almost constant rate for the distances between discs considered
for the study. However, the Hiperland/2 band target for the antennas at the higher
frequency band is achieved for the values of G between 0.5mm and Smm. This allows an
independent tuning of the lower frequency band for the range considered. The value of G
of 1.5mm chosen for the antenna falls within the range wide lower band bandwidth while

the antenna structure maintains small physical dimensions.
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Figure 7.29 Simulated ground-shorted DBMBA resonances as a function of the G

distance between top plates. Resonant frequency (black line) and bandwidth (blue line)

Figure 7.30 shows the effect of varying the height Th of the lower part of the antenna
while keeping the distance between discs G constant at 1.5mm. As can be seen from the
figure, as Th is increased from Smm to 10mm the lower frequency decreases while the ‘
higher frequency fluctuates around a centre frequency of 5.25 GHz up to Th of 8.5mm |
where the higher frequency splits in two modes, one following an increasing trend while
the other one decreases. The lower frequency bandwidth increases at a nearly constant
rate of 0.18% per mm for increases of Th between Smm to 10mm. The higher frequency
bandwidth increases sharply up to the value of Th of 8.5mm when the higher frequency
band splits in two modes with a declining bandwidth trend. The value of Th of 7.4mm
falls within the range of increasing lower and higher band bandwidth conveniently

achieving the bandwidth required for the WLAN bands targeted.
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Figure 7.31 shows the effect of varying the centre cylinder diameter Cd on the resonant

frequency and bandwidth. As the cylinder diameter is increased from 5 mm to 12 mm,
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the lower resonant frequency decreases at an almost constant rate of 30MHz per mm.
However, the higher resonant frequency follows a parabolic curve with a minimum value
of 5.315 GHz for DO of 8mm and maximum values 5.697GHz for DO of Smm and
5.4895GHz for DO of 12mm. The lower frequency bandwidth is only matched (-10dB)
for values of DO between Smm and 9mm., although bandwidth level of over 4% is only
achieved for values of DO between 5.5mm and 7.2mm. The higher frequency bandwidth
increases sharply from DO of Smm and reaches a peak of 36% for D of 6mm. For larger
values of D, the higher frequency band bandwidth experiences a constant decrease.

In conclusion, the parametric analysis of the ground-shorted DBMBA has shown a higher
sensitivity to variation of their principal dimension than previous DBMBA presented in
chapter 6 and section 7.1. However, the lower and higher frequency bands seem to be
matched (-10dB) and show sufficient bandwidth to withstand small variations which will

be normally expected in mass production manufacturing.

7.3.5 Miniature Ground Shorted DBMBA - Radiation patterns

The measured radiation patterns for the ground-shorted DBMBA antenna on/off body at
2.45 GHZ, 5250 GHz and 5.500 GHz are shown in Figs.7.32-7.37. The radiation
patterns were measured on an adult male and compared with the antenna in free space.
The antenna was mounted as a waist height front trousers button and the two
polarizations in the XY, XZ and YZ were measured. The z-axis is normal to the user’s
body which means that wireless connection may be made between the button antenna and
other body worn devices. The plane cutting the user’s waist shows there to be reasonable
forward coverage with centre nulls and there is a deep null in the rear direction. The good
omni-directional pattern observed in the XY plane will allow the antenna to communicate
with other devices and sensors place on the body.

The gain obtained for the ground shorted DBMBA microstrip fed was 2.05dB at
2.45GHz, 3.8dB at 5.25GHZ and 4.1dB at 5.5GHz. The side feeding caused the gain to
be higher for the DBMBA microstrip fed at the SGHz band as the width of the microstrip
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line creates an asymmetry in the radiating structure in the XZ and YZ planes as shown in
Figs. 7.36 and 7.37.

Placing the antenna on the human body increased the forward gain by 0.6dB at 2.45GHz,
0.8dB at 5.25GHz and 1 dB at 5.5GHz. However, the gain difference was not uniform in
all the angles and while there was a decrease in backward gain when the antenna was
placed on the body, the gain increased in both sides (90 and 270 in XZ and YZ planes) of
the human body.

180
Figure 7.32 Measured far field pattern in the XY plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off —body (discontinuous).

180
Figure 7.33 Measured far field pattern in the XZ plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off —body (discontinuous).
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180
Figure 7.34 Measured far field pattern in the YZ plane at 2.45GHz: Co-polar (thick line)

and cross-polar (thin line). On body (continuous line), off —body (discontinuous).

180
Figure 7.35 Measured far field pattern in the XY plane at 5.25 GHz(left) and

5.5GHz(right): Co-polar (thick line) and cross-polar (thin line). On body (continuous

line), off —body (discontinuous).

180 180
Figure 7.36 Measured far field pattern in the XZ plane at 5.25 GHz(left) and

5.5GHz(right): Co-polar (thick line) and cross-polar (thin line). On body (continuous

line), off —body (discontinuous).
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180 180

Figure 7.37 Measured far field pattern in the YZ plane at 5.25 GHz(left) and
5.5GHz(right): Co-polar (thick line) and cross-polar (thin line). On body (continuous
line), off —body (discontinuous).

7.4 Summary of Button antennas

A summary of the button antennas developed in chapter 6 and 7 is shown in Table 5. The
disc diameter and the button height of the antenna have been the dimensions of interest in
the study. As can be seen from the table, a single band button structure of 16mm diameter
and 8.5mm height with a coaxial feeding achieves the hiperlan/2 band with a bandwidth
of over 45.6% and a gain of 3.8dBi. The dual band wearable button antenna with dual
disc and centre via and coaxial feeding is 3.1mm higher than the single button structure
and achieves the Bluetooth and Hiperlan/2 bands with 12% and 35% (-10dB) bandwidth
respectively. The gain for this first dual band antenna was 2.2dBi for the lower band and
3.6dBi for the higher band. A dual band button structure with microstrip feeding had
17mm top disc diameter and was 11.7mm height. The bandwidth for this dual and
structure off body was 6.3% (low band) and 7.9% (high band) lower than the antennas
with coaxial feeding. The bandwidth of the antenna mounted on the body increased by
0.1% at the lower band while it decreased by 6.9% at the higher frequency band. The
gain of the antenna off body was similar to the antenna with coaxial feeding with 2.18dBi
at the lower band and 3.5dBi at the higher band. In the case of mounting the antenna on
the human body, the gain decreased by 0.52 dB and 1 dB at the lower and higher band

respectively.
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180

S11- Off body| S11- On body |Gain- Off body| Gain-On body
Antenna SIZE | Low | High | Low |High| Low |High| Low [High
Button | band | band | band |band| band |band| band |band
(mm) | BW | BW | BW |BW| BW |BW| BW |BW
Single band
16 x 8.5 | ------- 45.6% 3.8dB
Dual band button
16 x 11.6/12.0%]| 35% | --------- |------- 2.2dB ]3.6dB
Dual band button
microstrip (1) |17 x 11.7] 5.7% |27.1%| 5.8% [20.2%| 2.18dB [3.5dB| 2.6dB |4.5dB
Dual band button
microstrip (2) |17 x 12.1} 6.1 % |32.7%]| 6.4% |33.5%| 1.7dB W.1dB| 2.7dB [5.0dB
Compact dual
band button |17 x9.6] 6.8% |20.7%| 8.7% [22.0%| 2.05dB [3.8dB| 2.6dB K.6dB

Table 5. Summary of wearable button antennas
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The dual band antenna using standard metallic button structure with microstrip feeding
was 0.3mm higher than the antenna with centre via. However, it achieved 0.4% and 5.6%
wider bandwidths than the first antenna with microstrip feeding. The gain of the antenna
off body was 1.7dBi and 4.1Bi at the lower and higher band respectively. The gain of the
antenna on the human body increased by 1.0dB and 0.9dB at the lower and higher
frequency bands.

Finally, the miniature, ground shorted metallic button structure is 2 mm smaller than the
best dual band metallic button structure previously developed. The antenna achieves
6.8% and 20.7% bandwidth at the lower and higher frequency bands respectively. The
gain of the antenna off body was 2.05dBi and 3.8dBi at the lower and higher frequency
bands. In the case of placing the antenna on the human body, the gain of the antenna

increased by 0.55dB and 0.8dB at the lower and higher frequency bands.

7.5 Conclusions

Two dual band button antennas have been presented in chapter 7. The first antenna
evolves from the DBMBA antenna presented in chapter 6 and uses a simple denim jeans
trouser button, a top metal disc and via connector to create a very simple dual band
metallic button antenna. The antenna was fed by a microstrip line and achieves good
omni-directional patterns in the XY plane which is desirable for communication with
other body worn devices.

The second antenna presented in this chapter is the miniature ground shorted DBMBA
which is a miniaturized and optimized version of the DBMBA The antenna uses two
crucial miniaturization techniques: the addition of dielectric material between the two
resonant plates and the ground shorting of the top disc. The antenna achieves significant
reduction in size while keeping its electrical performance. In addition, the antenna
achieves higher rigidness which is desirable for everyday on body usage. Good
omnidirectional pattern in the XY plane was also observed for the miniature ground

shorted DBMBA when the antenna was placed on the human body waist or in free space.



CHAPTER 7. Optimization and Miniaturization of Wearable Button Antennas 182

References:

[1] www.gsmworld.com

[2] Hsiao-Hwa Chen , Mohsen Guizani , “Next Generation Wireless Systems and
Networks”, Chapter 3, pp.120, John Wiley & Sons, Inc, 2006

[3] K. Fujimoto and J.R. James, Mobile Antenna Systems Handbook., Norwood, MA:
Artech House, 1994

[4] Constantine A.Balanis “Antenna Theory”, Chapter 10, pp. 509 John Wiley&Sons,
1982

[5] John D. Kraus, Ronald J. Marhefka, “Antennas”, McGraw-Hill Publishing Co.

[6] R. King, C. Harrison, and D. Denton, “Transmission-line missile antennas," /RE
Trans. on Antennas and Propagation, vol. 8, pp. 88-90, January 1960. -- Ballanis

[7] T.Taga, “Analysis of planar inverted-F antennas and antenna design for portable radio
equipment”’in K.Hirasawa and M. Haneishi, eds., Analysis, Design and Measurement of
Small and Low-Profile Antennas, Artech House, Norwood, MA, 1992, pp. 161-180

[8] Zi Dong Liu; Hall, P.S.; Wake, D, “Dual-frequency planar inverted-F antenna”, IEEE
Transactions on Antennas and Propagation, Volume 45, Issue 10, Oct. 1997,
Page(s):1451 - 1458

[9] Rowell, C.R., Murch, R.D., “A capacitively loaded PIFA for compact mobile
telephone handsets”, IEEE Transactions on Antennas and Propagation, Volume 45, Issue
5, May 1997 Page(s):837 - 842

[10] Di Nallo, C.; Faraone, A.;” Multiband internal antenna for mobile phones”,
Electronics Letters , Volume 41, Issue 9, 28 April 2005 Page(s):514 — 515

[11] www.antenova.com

[12] Maciej Klemm, Istvan Z. Kovacs, Gert F. Pedersen, Gerhard Troster , “Novel Small-
Size Directional Antenna for UWB WBAN/WPAN Applications”, , IEEE Transactions
on Antennas and Propagation , vol.53, issue 12, Dec. 2005, pages: 3883-3896;

[13]  http:/niremf.ifac.cnr.it/tissprop/htmliclie/htmliclie.htm . [TALIAN  NATIONAL
RESEARCH COUNCIL Institute for Applied Physics "Nello Carrara"” - Florence

[14] C. Gabriel, “Compilation of the dielectric properties of body tissues at RF and
microwave frequencies, ”, AL/OE-TR-1996-0037 Rep., Jun.1996.


http://www.gsmworld.com
http://www.antenova.com
http://niremf.ifac.cnr.it/tissprop/htmlclie/htmlclie.htm

Chapter 8.

Conclusions and Future Work

The research presented has investigated techniques and methodologies employed
when designing antennas for wireless communication systems. It has also introduced
new multiband antennas for wireless indoor communications and wearable
transceivers. Many mobile communications systems have been introduced over the
last few years; such as UMTS, Bluetooth, Hiperlan and UWB systems. These new
communication systems aim to provide the transmission of large amounts of digital
data employed in multimedia applications. The systems are so called “always on”
with access to information “any time, any where* which is also driving the
telecommunications sector in recent years.

Single antennas are being required to operate at many frequency bands and cover
different technologies. In addition, there is an ongoing trend to miniaturize antennas

and make devices unobtrusive which can be easily carried or even be embedded on
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everyday clothing. Both trends, multiband and wearable antennas, have been covered
in the present research work.

This chapter concludes the doctor of Philosophy thesis on “Compact antennas for
wireless communications™ and looks at future work on multiband and wearable

antennas.

8.1 Electromagnetic Simulators

Before the 1990°s electromagnetic simulators used by scientists and antenna
engineers were mostly written in house and for a specific application. Simulations
used to be time consuming and highly costly and were limited to the academic
community. The development and expansion of existing commercial electromagnetic
software in the 1990°s such us ANSOFT’s Ensemble and HFSS, Zealand Software’s
IE3D, HP EEsof’s ADS and the introduction of CST microwave studio has facilitated
the design of antennas and other microwave related components.

The three main mathematical methods dominant in the commercial electromagnetic
software market for antenna applications are: Method of Moments, Finite Element
Method (FEM) and Finite-Difference Time-Domain (FDTD).

Method of Moments (MoM) is a numerical computational method of solving linear
partial differential equations which have been formulated as integral equations. It
examines the eddy currents flowing through a metal interconnect such as an antenna,
then looks at the radiation fields these surface currents create and determines their
impact on adjacent fields.

The finite element method (FEM) is used for finding approximate solution of Partial
Differential Equations (PDE) and integral equations. The solution approach is based
either on eliminating the differential equation completely (steady state problems), or
rendering the PDE into an equivalent ordinary differential equation, which is then
solved using standard techniques such as finite differences.

Finite-Difference Time-Domain (FDTD) is a time-domain method which belongs to
the general class of differential time-domain numerical modeling methods. Maxwell's
equations (in partial differential form) are modified to central-difference equations,

discretized, and implemented in software. The electric field is solved at a given
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instant in time, then the magnetic field is solved at the next instant in time, and the
process is repeated over and over again.

Two different computational software packages have been used to calculate the
antennas developed for the present research:

- Zealand Software’s IE3D which is based on the method of moments and is
ideal for the multiband planar or semi-planar structures in chapters 4 and 5.

- Computer Simulation Technology’s CST MICROWAVE studio software is
general purpose software that uses Finite Integration Technique (FIT) which is
similar to the Finite Difference Time Domain Technique (FDTD). This
software has been used to calculate the 3D wearable antennas presented in

chapters 6 and 7 with good agreement between calculation and measurements.

8.2 Multiband Antennas for Indoor Communication Systems

Chapters 4 and 5 have studied multiband antennas for wireless indoor
communications.

Chapter 4 focused on 3D multiband antennas made up of planar elements which use
the planar inverted F antenna (PIFA) concept. Starting from a dual band PIFA
developed at the University of Kent operating at the GSM900 and DCS1800 bands, a
new parasitic resonator was introduced in the ground plane to create two new resonant
modes at the higher band and allow the antenna to cover the DCS, DECT and UMTS
bands. The new multiband antenna was further enhanced by adding two extra side
resonators, resulting in one additional mode at the higher band which increases the
bandwidth of the novel multiband antenna. The addition of this new mode allows the
coverage of the 2.4GHz Bluetooth band. The size of the antenna was reduced further
by relocating the side elements and extending the ground plane to the side of the
antenna. The final 3D antenna in chapter 4 achieves the GSM900, DCS 1800, DECT,
UMTS and Bluetooth bands and offers good quality radiation patterns at all bands.

In Chapter 5, the first antenna with the parasitic element developed in chapter 4 was
transposed to a planar form. The transposition is explained in detail and it is shown
that the resulting antenna had similar modes to the original 3D antenna but the modes

were cancelling each other, resulting in poor S11 matching. The problem was solved
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by folding a section of the antenna, producing a smaller size structure and creating a
path for the currents to add together. The novel planar PIFA, however, had balancing
problems when fed by a coaxial feeding, which were more pronounced at the lower
frequency band. A novel solution was applied to the balancing problem by duplicating
the metallic pattern on the other side of an FR4 substrate. The result was a good
match at the lower, middle and higher frequency bands for any coaxial cable length
and cable curvature. The final dual layer planar PIFA antenna was able to cover the
GSM900, DCS1800, DECT, UMTS, Bluetooth and Hiperlan bands with good quality

radiation patterns.

8.3 Multiband Antennas for Wearable Applications

Chapters 6 and 7 have studied wearable antenna designs for WLAN on body
applications.

Chapter 6 began a study the electrical characteristics of a metallic button structure
when is fed by a coaxial feed line. It was found that a standard denim jeans button
was resonant at the SGHz ISM band. A novel wearable antenna was later designed by
adding a second top loaded monopole and a centred wire which connects to the base
of a hollow metallic button structure. The novel antenna achieved operation at the
2.4GHz and 5.25 GHz ISM bands with radiation patterns of a monopole antenna on a
small ground plane. A small redesign was necessary to feed the antenna with a
microstrip line which is ideal for on body measurements. The antenna with the
microstrip feeding was simulated on a 3 layer tissue model of a human body and later
compared with the measurements, finding that the antenna maintains its bandwidth
matching in both cases isolated and on body. On body radiation patterns were
measured and compared to the antenna isolated and on the human body with the
expected increase in the forward gain and decrease in the backward gain.

In chapter 6, two new metallic button antennas were presented. The first metallic
button structure is similar to the one presented in chapter 5 but with the via
connection off-set from the centre of the antenna. This allowed the use of a standard,
solid metallic button structure with an added a top metallic plate and via connector to

achieve the 2.45GHz and 5.25GHz WLAN bands. The second metallic button
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structure achieved smaller size and higher rigidity by adding dielectric material and
shorting the centre plate to ground. The two novel metallic button antennas performed
well when in isolation and on body with good quality radiation patterns at both bands.
A final table in chapter 6 compares all the wearable antennas developed for the

present research.

8.4 Future Work on Multiband and Wearable Antennas

Multiband antennas are widely used these days in mobile communication systems.
Some of the early challenges encountered when developing multiband and wideband
antennas have been overcome with the help of new, more powerful electromagnetic
software packages. At present, the main difficulty found by antenna engineers is the
integration of the antennas with more circuitry around them (ie, speakers, cameras).
There is also an increasing interest in developing antennas with multiple feeding for
different frequencies and in MIMO antennas where many antennas are closed to each
other to achieve higher throughput and range for the same bandwidth. In addition,
several standards are attracting strong interest in recent years, such as ultrawideband
and WIMAX systems. All this technologies and the decrease in price for millimetre
wave components will drive the developments of wideband and multiband antennas in
the next few years.

Wearable electronics are seen as the next step on the integration of electronics into
our everyday life. There are already jackets in the market with plug and volume
control for MP3 players and even trainers that can send information about speed to a
handheld device. The trend of wearable electronics and computing is also driving the
research and development of antennas suitable for these applications. Antennas based
on metallic button structures are attractive for these applications as the can direct
waves across the surface of the body to other worn devices. There is a good scope for
future research work on the interaction and communication between wearable
antennas and antennas in portable devices placed in different parts on the body. There
is also potential for creating antenna arrays based on button structures with improved
feeding transmission lines. The study of the antennas on flexible ground plane and

mesh ground planes will also provide useful information for future on-body
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communication networks. In addition, ultrawideband metallic button antennas and the
propagation of short pulse on the human body offer a good prospect for future work in

the field of wearable antennas.
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everyday clothing. Both trends, multiband and wearable antennas, have been covered
in the present research work.

This chapter concludes the doctor of Philosophy thesis on “Compact antennas for
wireless communications™ and looks at future work on multiband and wearable

antennas.

8.1 Electromagnetic Simulators

Before the 1990°s electromagnetic simulators used by scientists and antenna
engineers were mostly written in house and for a specific application. Simulations
used to be time consuming and highly costly and were limited to the academic
community. The development and expansion of existing commercial electromagnetic
software in the 1990°s such us ANSOFT’s Ensemble and HFSS, Zealand Software’s
IE3D, HP EEsof’s ADS and the introduction of CST microwave studio has facilitated
the design of antennas and other microwave related components.

The three main mathematical methods dominant in the commercial electromagnetic
software market for antenna applications are: Method of Moments, Finite Element
Method (FEM) and Finite-Difference Time-Domain (FDTD).

Method of Moments (MoM) is a numerical computational method of solving linear
partial differential equations which have been formulated as integral equations. It
examines the eddy currents flowing through a metal interconnect such as an antenna,
then looks at the radiation fields these surface currents create and determines their
impact on adjacent fields.

The finite element method (FEM) is used for finding approximate solution of Partial
Differential Equations (PDE) and integral equations. The solution approach is based
either on eliminating the differential equation completely (steady state problems), or
rendering the PDE into an equivalent ordinary differential equation, which is then
solved using standard techniques such as finite differences.

Finite-Difference Time-Domain (FDTD) is a time-domain method which belongs to
the general class of differential time-domain numerical modeling methods. Maxwell's
equations (in partial differential form) are modified to central-difference equations,

discretized, and implemented in software. The electric field is solved at a given
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instant in time, then the magnetic field is solved at the next instant in time, and the
process is repeated over and over again.

Two different computational software packages have been used to calculate the
antennas developed for the present research:

- Zealand Software’s IE3D which is based on the method of moments and is
ideal for the multiband planar or semi-planar structures in chapters 4 and 5.

- Computer Simulation Technology’s CST MICROWAVE studio software is
general purpose software that uses Finite Integration Technique (FIT) which is
similar to the Finite Difference Time Domain Technique (FDTD). This
software has been used to calculate the 3D wearable antennas presented in

chapters 6 and 7 with good agreement between calculation and measurements.

8.2 Multiband Antennas for Indoor Communication Systems

Chapters 4 and 5 have studied multiband antennas for wireless indoor
communications.

Chapter 4 focused on 3D multiband antennas made up of planar elements which use
the planar inverted F antenna (PIFA) concept. Starting from a dual band PIFA
developed at the University of Kent operating at the GSM900 and DCS1800 bands, a
new parasitic resonator was introduced in the ground plane to create two new resonant
modes at the higher band and allow the antenna to cover the DCS, DECT and UMTS
bands. The new multiband antenna was further enhanced by adding two extra side
resonators, resulting in one additional mode at the higher band which increases the
bandwidth of the novel multiband antenna. The addition of this new mode allows the
coverage of the 2.4GHz Bluetooth band. The size of the antenna was reduced further
by relocating the side elements and extending the ground plane to the side of the
antenna. The final 3D antenna in chapter 4 achieves the GSM900, DCS 1800, DECT,
UMTS and Bluetooth bands and offers good quality radiation patterns at all bands.

In Chapter 5, the first antenna with the parasitic element developed in chapter 4 was
transposed to a planar form. The transposition is explained in detail and it is shown
that the resulting antenna had similar modes to the original 3D antenna but the modes

were cancelling each other, resulting in poor S11 matching. The problem was solved
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by folding a section of the antenna, producing a smaller size structure and creating a
path for the currents to add together. The novel planar PIFA, however, had balancing
problems when fed by a coaxial feeding, which were more pronounced at the lower
frequency band. A novel solution was applied to the balancing problem by duplicating
the metallic pattern on the other side of an FR4 substrate. The result was a good
match at the lower, middle and higher frequency bands for any coaxial cable length
and cable curvature. The final dual layer planar PIFA antenna was able to cover the
GSM900, DCS1800, DECT, UMTS, Bluetooth and Hiperlan bands with good quality

radiation patterns.

8.3 Multiband Antennas for Wearable Applications

Chapters 6 and 7 have studied wearable antenna designs for WLAN on body
applications.

Chapter 6 began a study the electrical characteristics of a metallic button structure
when is fed by a coaxial feed line. It was found that a standard denim jeans button
was resonant at the SGHz ISM band. A novel wearable antenna was later designed by
adding a second top loaded monopole and a centred wire which connects to the base
of a hollow metallic button structure. The novel antenna achieved operation at the
2.4GHz and 5.25 GHz ISM bands with radiation patterns of a monopole antenna on a
small ground plane. A small redesign was necessary to feed the antenna with a
microstrip line which is ideal for on body measurements. The antenna with the
microstrip feeding was simulated on a 3 layer tissue model of a human body and later
compared with the measurements, finding that the antenna maintains its bandwidth
matching in both cases isolated and on body. On body radiation patterns were
measured and compared to the antenna isolated and on the human body with the
expected increase in the forward gain and decrease in the backward gain.

In chapter 6, two new metallic button antennas were presented. The first metallic
button structure is similar to the one presented in chapter 5 but with the via
connection off-set from the centre of the antenna. This allowed the use of a standard,
solid metallic button structure with an added a top metallic plate and via connector to

achieve the 2.45GHz and 5.25GHz WLAN bands. The second metallic button



CHAPTER 8. Conclusions and Future Work 187

structure achieved smaller size and higher rigidity by adding dielectric material and
shorting the centre plate to ground. The two novel metallic button antennas performed
well when in isolation and on body with good quality radiation patterns at both bands.
A final table in chapter 6 compares all the wearable antennas developed for the

present research.

8.4 Future Work on Multiband and Wearable Antennas

Multiband antennas are widely used these days in mobile communication systems.
Some of the early challenges encountered when developing multiband and wideband
antennas have been overcome with the help of new, more powerful electromagnetic
software packages. At present, the main difficulty found by antenna engineers is the
integration of the antennas with more circuitry around them (ie, speakers, cameras).
There is also an increasing interest in developing antennas with multiple feeding for
different frequencies and in MIMO antennas where many antennas are closed to each
other to achieve higher throughput and range for the same bandwidth. In addition,
several standards are attracting strong interest in recent years, such as ultrawideband
and WIMAX systems. All this technologies and the decrease in price for millimetre
wave components will drive the developments of wideband and multiband antennas in
the next few years.

Wearable electronics are seen as the next step on the integration of electronics into
our everyday life. There are already jackets in the market with plug and volume
control for MP3 players and even trainers that can send information about speed to a
handheld device. The trend of wearable electronics and computing is also driving the
research and development of antennas suitable for these applications. Antennas based
on metallic button structures are attractive for these applications as the can direct
waves across the surface of the body to other worn devices. There is a good scope for
future research work on the interaction and communication between wearable
antennas and antennas in portable devices placed in different parts on the body. There
is also potential for creating antenna arrays based on button structures with improved
feeding transmission lines. The study of the antennas on flexible ground plane and

mesh ground planes will also provide useful information for future on-body
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communication networks. In addition, ultrawideband metallic button antennas and the
propagation of short pulse on the human body offer a good prospect for future work in

the field of wearable antennas.




