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ABSTRACT

There is a demand for compact, low profile, and wideband antennas for modern wireless
devices. The purpose of this dissertation is to develop two such antennas. A method of
moments and finite difference time domain method are used for the design and analysis
of the antennas. A new microstrip antenna is designed which has more than 90 %
bandwidth. The operation of the antenna is explained and design equations are developed.
The antenna is integrated with electromagnetic band gap structures (EBG) to examine if
performance enhancement is possible. The simulation results are verified by limited
measurements. A wideband loop antenna is also integrated with EBGs and significant

performance improvement is achieved.
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1. Introduction

1.1 Motivation

In the last few years there has been rapid advance in wireless communications. The
devices are becoming smaller and they are often expected to be able to operate over
several frequency bands. As a result, there is a demand for compact, low profile, and
wideband antennas. With the reduction of antenna size, antenna efficiency degrades and
bandwidth becomes narrower [1]. The conflicting requirements of good performance and

compact size make the design of such antennas challenging.

One of the most attractive options for wireless devices is a microstrip antenna. It has
many attractive features, such as low weight, compact size and low profile. However,
microstrip antennas have inherent limitations, namely a narrow bandwidth and low
efficiency. In recent years, considerable research has been devoted to developing
wideband microstrip antennas. All the techniques reported result in antennas that are
large and/or have complex structures. Since wireless devices have become very small,
these wideband antennas are not well suited for such devices. Techniques for increasing
antenna bandwidth without increasing antenna size deserve more research. This provides

motivation for further exploration in this thesis of a modified patch antenna.

Loop antennas are another attractive option for wireless systems. They are inexpensive,
simple in construction, and easy to build. Conventional loop antennas do not have
sufficient bandwidth to meet present demands. Recently, a modified loop antenna with a
wider bandwidth has been reported for an application on a handheld telephone [2]. While
the performance is broadband, the structure of the antenna is not compatible with
handsets. An investigation aimed at a modification of the antenna to place it on the

handset box is undertaken in the research reported.

Electromagnetic band gap (EBG) structures have interesting features that can improve or

modify performance of antennas. They can block surface wave propagation over a



frequency range. Also, they act like magnetic walls. These unique properties make them

very useful in antenna applications.

One major limitation of microstrip antennas is the excitation of surface waves. This
reduces antenna gain and efficiency, and also distort the radiation pattern. EBGs can
reduce the surface wave propagation in their stop band, thus they enhance antenna

performance.

EBGs can also be very useful for wire antennas, e.g. monopole and loop antennas. In
many applications it is desirable to have radiation in one direction and block radiation in
the opposite direction. The back radiation can be reduced by placing the antenna above a
metal surface. However, the antenna has to be placed quarter of a wavelength above the
metal, which is not acceptable in many applications. Since EBGs act as magnetic walls in
the stop band, the antenna can be placed very close to the EBG surface, making the
structure compact. The application of EBG structures is evaluated for both types of the

antennas investigated in this thesis.

1.2 Objective and Contributions

The general objective of this thesis is to design new broadband antennas for applications
in wireless communication. Due to the complex nature of the structures, it is necessary to
use numerical methods for designing the antennas. The finite difference time domain

method (FDTD) and method of moments (MoM) are used in the numerical modeling.

The contributions of this thesis include:

1. Broadband planar microstrip antenna: A new wideband microstrip antenna is
developed. The antenna is modeled using a code based on method of moments. A
parametric study is performed to optimize the antenna and the mechanism of
antenna operation is investigated. The antenna is fabricated and simulation results

are verified by measurements. The antenna is integrated with EBGs to further



enhance its performance. Performance of the antenna with EBGs is also evaluated

experimentally.

2. Broadband loop antenna: A modified loop antenna is integrated with EBGs to
improve its performance. The modeling and optimization is done using the finite

difference time domain method.

1.3 Outline

Chapter 2 gives a brief overview of the present state of knowledge of broadband
microstrip antennas. Various techniques for improving the bandwidth are presented and
their advantages and limitations are outlined. A brief review is also provided of EBG

structures and their possible applications for improving antenna performance.

Chapter 3 is on modeling methods. Two numerical methods —the method of moments
(MoM) and finite difference time domain (FDTD) method have been used in this
research. The principles of the two methods along with various aspects of proper
modeling are presented. Two software packages based on MoM and one FDTD code

have been used in this work.

Chapter 4 describes a new broadband microstrip antenna. The proposed structure is
described followed by results from simulation and measurements. The mechanism of the
antenna operation is explained. Performance of the antenna developed here is compared
with other recently reported novel antennas. The antenna is integrated with EBGs to

enhance its performance further. Those results are also presented.

Chapter 5 investigates the integration of a modified loop antenna with EBGs. The
structure is briefly described followed by simulation results. Finally, Chapter 6 closes the
thesis with a few concluding remarks and suggestions for possible future extension of this

work.



2. Literature Review

In this chapter, a review is given of patch antennas and electromagnetic band gap
structures (EBG) that are used to limit surface waves, and thus improve the antenna gain.
This review is brief, as it only serves to provide the background information for placing

the new designs developed in the thesis in the context of the current state of the art.

2.1 Broadband Microstrip Antennas

Microstrip antennas have many advantages, such as low profile, light weight, ease of
fabrication and low cost. In addition, these antennas are mechanically rigid, which makes
them less susceptible to damage than wire antennas. Microstrip antennas offer an
alternative option for cellular telephone handset, as they are more compact, and
potentially the amount of radiation absorbed by the user should be smaller. The major
limitation of the microstrip antenna is its narrow impedance bandwidth. Typical
bandwidth of a conventional microstrip antenna is 1 to 3 % (depending on the substrate)
[3] compared to 15 % to 20 % bandwidth of dipole, slot or horn antennas [4]. Extensive
research has been carried out during the last few decades on the possible ways of
increasing bandwidth of microstrip antennas. Many different procedures have been
proposed, all with varying degree of success. Furthermore, additional performance
limitations may be introduced in the process of increasing the impedance bandwidth. The
commonly used techniques for bandwidth enhancement are a thick substrate, external

impedance matching, parasitic patches, multiple resonances and resistive loading.

Bandwidth up to 8 % for rectangular patches has been achieved by the use of a thick
substrate [5]. However, for probe-fed patches, with the increase of substrate thickness,
the probe inductance also increases and matching becomes difficult. To compensate the
inductance, capacitance can be introduced by adding a concentric annular gap around the

probe feed. This solution results in 16 % bandwidth [6]. More recently, the addition of U



shaped slot [7,8,9] and the use of an L-shaped probe [10,11] have both been shown to
provide the impedance bandwidth in excess of 30 %. The U slot introduces capacitance,
allowing the use of a thick substrate. It also induces a second resonance near the main
resonance of the patch, thus producing a wideband frequency response. The operation of
the L-probe fed patch is similar to that of the U-slot patch, with the L probe introducing
the capacitance. For any feed method, surface waves are excited that lower the antenna

efficiency.

An external matching circuit is an effective and simple technique for bandwidth
enhancement. It does not require any modification of the antenna itself. The matching
network can be a tuning stub, quarter-wave transformer section, capacitively coupled line
or active device. Bandwidth up to 25 % has been achieved by this technique [12].
However, the matching circuit can also radiate and adversely affect the radiation pattern

of the antenna.

Attempts have been made to enhance the impedance bandwidth by using slotted ground
plane [13]. Increase in the bandwidth is not significant compared to other techniques.

Furthermore, poor front to back ratio is a problem.

One of the most successful techniques for bandwidth enhancement is the use of multiple
closely spaced resonances. This can be achieved by using coplanar multiple resonator
element or by stacked multiple patches. Use of coplanar parasitic patches can result in
bandwidth around 20 %. However, the overall size of the antenna becomes larger. Also,
radiation patterns of the parasitically coupled patches are distorted within the useful
impedance bandwidth. The E shaped patch reported in [14] uses multiple resonance to
achieve up to 32 % bandwidth. The stacked patch configuration occupies less surface
area than the coplanar patch and tight coupling is more easily achieved. An aperture-fed
stacked patch can provide a very wide bandwidth [15]. This structure uses a resonant
aperture, thick substrates and stacked patches. Bandwidth up to 70 % has been realized.
The structure, however, is very complex and relatively thick. Therefore, fabrication of the

antenna and its integration with other microwave circuitry are difficult.



Bandwidth can also be increased at the expense of efficiency by adding resistive load
(loss) into the antenna system. Adding a 6 dB attenuator in series with a microstrip
antenna leads to a minimum of 12 dB return loss over a broad band. The antenna gain is
also reduced by 6 dB [16]. Lumped losses can be added externally using attenuators or
distributed using lossy substrate materials, or added to the antenna directly by using chip
resistors or other loads. This method of bandwidth enhancement is generally discouraged

for microstrip antenna design, due to its relatively low radiation efficiency.

Recently, a new broadband antenna has been reported [17], which uses a single patch that
has a bandwidth around 54 %. It also has relatively high gain and low cross-polarization
level. The antenna, however, needs a matching network, air substrate and supporting rods
for holding the patch over the air gap. As a result, it is not a very attractive solution for
wireless applications. Two new antennas have been reported [18], which also have very
good VSWR bandwidth and low gain. However, the antenna sizes are large compared to

the wavelength.

In mobile communication systems incorporating a single linearly polarized antenna, a
polarization loss is encountered when the polarization of the mobile unit varies from that
of the base station. A propagating wave can be de-polarized in certain atmospheric
conditions, e.g. during rainy days. Random scattering from objects and obstructions in
urban environments can lead to polarization cross-coupling. Pico-cellular mobile
architectures, as well as other services, may utilize dual-polarized antennas in the base
station to reduce the effect of handset orientation. In addition, the dual-polarized antennas
are able to transmit twice as much information as linearly polarized antennas within the

same bandwidth [19].

Dual-polarized operation has been an important subject in microstrip antenna research.
Many designs for achieving dual-polarized microstrip antenna are available in literature.
They include single band or dual band, single feed [5] or dual feed [20,21,22] antennas.

Achieving a wide bandwidth with a dual-polarized antenna is more challenging than with



linearly polarized antennas. Most broadband dual-polarized antennas utilize multiple
feeds, and multiple substrates. The feed techniques for the dual-feed dual-polarized
antenna include slot-coupled feeds with two crossed narrow slots, two offset narrow slots,
two proximity coupled feeds, microstrip line feeds and a probe feed. A dual-polarized
broadband antenna has also been developed that consists of a single patch and single

probe feed [23].
Table 2.1 gives a summary comparison of patch antennas reported in literature.

Table 2.1 Characteristics of representative patch antennas

Patch type Band Polarization | VSWR | Gain (dB)
2:1

PIFA, meanders and Dual Linear 7% 1.0-2.7
rectangular [24] 6.9 % 1.0-2.1
Circular, shorting pin | Single | Linear 6.8% | 3.6 (max)
[5]
Circular, arc slots [25] | Single | Linear 10.4 % | 4.8 (max)
Circular, Dual Linear 124 % | 7.2 (max)
two L-shaped slots 21.5% | 7.1 (max)
[26]
E shaped [14] Single | Linear 323% |7.5-8.5
Two E patches, Dual Linear 9% 9.7-11.2
two feeds [27] 394% |54-6.5
Modified rectangular | Single | Circular 13.9% | 4.6 (max)
[23]
Meander line probe Single | Linear 31% 9.0 (max)
[28]
Aperture stacked [15] | Single | Linear 69 % 6.0 - 8.5
H shaped, ring slot Single | Linear 54 % 3.0-8.0
coupling [17]




2.2 EBG Structures for Antenna Applications

Electromagnetic band gap (EBG) structures are a class of periodic structures that exhibit
transmission and reflection bands as a function of frequency. Unlike frequency selective
surfaces, which also have transmission and reflection bands, EBG structures can prevent
the propagation of electromagnetic waves in all directions. In addition to blocking surface
waves in the stop band, for incident waves, EBGs behave as nearly perfect magnetic
conductors (PMC) in the stop band and as perfect electric conductors (PEC) in the pass

band. These properties make them very attractive in many microwave applications.

In the last few years, there has been extensive research on designing new EBGs and their
applications in microwave devices. Many different EBG structures have been reported in
literature. They can be made of dielectrics only or metallic elements embedded in
dielectric. The first EBG designed for microwave applications is the mushroom structures
reported in [29]. Another widely studied EBG structure is a uniplanar compact EBG (UC
EBGQG). It consists of periodic metal patterns printed on dielectric material. This structure
can be very compact and very easy to fabricate. It can be single layer [30] or multi-layer
[31]. Among the numerous other different EBG structures reported, EBGs composed of
multiple periodic tripods with interconnecting vias [32], air holes drilled through

substrate [33] and circular slots etched in the ground plane [34] are worth noting.

Numerous applications of EBGs have been described, including those in antennas, filters,
waveguides and amplifiers. In the field of antennas, EBGs have been used to enhance the
performance of dipole antennas [35], spiral antennas [36], curl antennas [37], patch
antennas [38], [29], bow tie antennas [39], parabolic reflectors [40] and for numerous

other antenna geometries.

A very promising potential application of EBG is in telephone handsets. The presence of
human head significantly changes the radiation pattern of the handset antenna and

reduces its efficiency. The use of EBGs can reduce the effect of the presence of human



head. As a result, the radiation efficiency increases. The increase in the radiation
efficiency extends the battery life and reduces the weight of the handset. Initial

investigations of integrating EBGs with handsets [41] have shown promising results.

As indicated earlier, patch antennas are gaining popularity because of their advantages.
However, one serious limitation of patch antennas is the excitation of surface waves.
Surface waves reduce the antenna radiation efficiency and result in spurious radiation
from the edges of the substrate. The use of EBGs can suppress surface wave over the
operating frequency band of the antenna, and thus improve its performance. It has been
shown that the use of EBGs can increase both antenna gain and impedance bandwidth

[38].

Another example of valuable application of EBGs in antennas is high precision global
positioning system (GPS). To obtain good accuracy, the antenna needs to be shielded
from undesirable multi-path signals. Usually choke rings are used for this purpose.
However, they are large, heavy and costly. The system size can be greatly reduced when
EBGs are used as magnetic conductors. In the implementation described by Hurtado [42],
the antenna weight is reduced by a factor of ten, height by a factor four and the antenna is
less expensive to manufacture. It also performs much better than the horn antenna with a

choke.

The transmission of incident wave through a stack of EBG layers depends on the angle of
incidence. This property has been utilized to design substrate and resonant cavity
antennas [43]. These antennas have highly directive radiation patterns, though they have

a very narrow band.
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3. Numerical Methods

A number of numerical techniques are available for antenna modeling. Each method has
strengths and limitations. The choice of the method for analysis depends on a number of
factors, such as the geometry of the structure to be analyzed, performance characteristics
to be evaluated, and available resources. The present work utilizes two numerical
methods — the method of moments (MoM) and the finite difference time domain (FDTD)
method. This chapter introduces the main concepts of these techniques, and modeling

features available and used of the numerical codes employed in this work.

3.1 Method of Moments

Method of moments (MoM) is the most suitable method for solving electromagnetic
problem when the problem is formulated as an electric field integral equation (EFIE) or a
magnetic field integral equation (MFIE). The general form of the integral equation (IE) is
[44]

L(f)=g ERY)

Where L is an integral operator, g is a known source function or excitation function and f
is the unknown field or response to be determined. To solve the problem, the unknown

function f'is expanded as a series of known basis functions (f,) with unknown weights

(o).

f= ganfn (3-2)

A set of suitable testing functions (w,) is selected and inner products are taken of both
sides of equation (b) and the testing functions.
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N

Ean <w,,L(f,)>=<w,.g> (3.3)

n=

This can be represented in the matrix form as

(4 1le, ] =181 (3.4)
where 4,, =<w,,L(f,)>and g, =<w,_,f >

The solution of equation (d) can be found by matrix inversion.

[, 1= (4,17 [g0] (3.5)

The choice of the integral equation (IE) depends on the problem to be solved. For
example, Hallen and Pocklington [44] have developed IEs that are well suited for
modeling thin wires. Araki.et al [45] have developed equations suitable for open

microstrip structures

There are several approaches for IE formulation. [46, 47]. The most straight forward is
the EFIE or MFIE formulation. The Green’s functions in these formulations involve
Sommerfeld integrals, which have no analytical solution. This approach is sometime
taken for laterally open structures where homogeneous dielectric layers are assumed to

extend to infinity.

A problem with this formulation is the strong singularity of the Green’s function, which
makes its direct evaluation impossible. The strong singularity can be avoided by making
use of vector and scalar potentials in the problem formulation. This approach is known as
mixed potential integral equation (MPIE) formulation. It is widely used in MoM code
implementations. A variation of MPIE, the iterative mixed potential integral equation
(IMPIE) method combines the advantage of MPIE with the speed of fast Fourier
transform (FFT) algorithm.
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Strong singularities can also be avoided by adopting the spectral domain approach. This
approach is suitable for closed box cases, where the structure is enclosed by metallic
walls. By taking two-dimensional Fourier transform in the transverse direction, a set of
transverse modes of fields and currents can be obtained. The spectral components of the
Green’s function can be found and then the inverse Fourier transform can be taken to
revert to the space domain. The rest of the analysis can be performed in the space
domain. It is also possible to formulate the integral equation in the spectral domain and
then to apply the method of moments in the spectral domain. At the end of the solution,
inverse Fourier transform gives the spatial current distribution. Both approaches are used

in practice.

A limitation of the MoM solution technique is the need for inverting a large, dense
matrix. The matrix size becomes too large when the structure is inhomogeneous and
irregular in shape and material properties. The MoM techniques are also not well suited
for analyzing the interior of conductive enclosures or thin plates with wire attachments on
both sides [48]. Nevertheless, MoM techniques do an excellent job of analyzing a wide
variety of important three-dimensional electromagnetic radiation problems. They are very
suitable for multilayered circuit board applications, planar structures such as microstrip

antennas and electromagnetic scattering problems.

3.2 Finite Difference Time-Domain Method

The finite difference time domain (FDTD) is a very popular technique based on the
differential form of Maxwell’s equations. The FDTD can be readily applied to complex
geometries consisting of inhomogeneous dielectrics and metal objects. The method,

introduced in 1963 by Yee [49] is a direct solution of two Maxwell’s equations:

inl’=i+%?— (3.6)
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vxE-1-28 3.7)
oat

where E and H are the electric and magnetic field strengths, J and M are the electric
and magnetic current densities, and D are the B electric and magnetic flux densities.
All of the field quantities are functions of space and time. The FDTD method solves these
two equations by discretizing both space and time using a finite difference
approximation. Among different finite difference approximations, the central difference
approximation is the most popular because of its accuracy. For a function f (x,y,z,t), the

central difference approximation is given by the following relation

Ax Ax
af (x,y,z,1) _ f(x+7,y,z,t)—f(x—~2—,y,z,t)

o ™ (3.8)

where Axis an increment in the x direction. The application of the central difference
approximation to (A) and (B) produces a set of six scalar equations [49]. Thus, unlike in
some other numerical methods, the solution of the field quantities does not depend on
inversion of large matrices, which is a great advantage of the FDTD method. However,
E and H have to be evaluated at all nodes in the computational space. The general
strategy for FDTD solution was outlined by Yee [49]. As shown in Figure 3.1, E and
H are evaluated at different positions of the grid. They are also evaluated at alternate

time steps.

Care must be taken to ensure numerical stability in an FDTD analysis. The computed
result may spuriously increase without limit. To ensure numerical stability, the time
increment At has a specific bound relative to the space increments Ax, Ay and Az. This
limit, known as Courant limit, is investigated in [50]. The FDTD algorithm is at first
divided into separate time and space eigenvalue problems. The existence of complete
three dimensional spatial Fourier mode spectra for the E and H fields are assumed in the
grid. The complete spectrum of eigenvalues for these spatial modes due to the FDTD

algorithm is determined. By requiring that the complete spectrum of spatial eigenvalues
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be contained within the stable range, numerical stability is ensured. Following the

procedure, the condition for the time step is achieved:

1 1 1
At < S,/ + + 3.9
" E[sz Ay’ Azz] (3-9)

where n and ¢ are the permeability and permittivity of the medium, respectively, and
S =1 is the stability coefficient. For sufficient accuracy of the results, spatial increments
in the Yee grid (Ax, Ay, Az) must be sufficiently small (typically A/10 - A/20) compared
to the shortest wavelength, and a sufficient number of time steps must be chosen [51].
Even smaller grids have to be used in regions where fields change rapidly. Proper
attention has to be paid also to the boundary conditions and the accurate modeling of the

metals, dielectric materials and the source excitation.
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Figure3.1  Yee cell in FDTD method

The FDTD formulation requires absorbing boundary condition (ABC) to simulate the
effect of an unbounded region. Proper modeling of ABC is a very important issue in
FDTD. Many different ABCs have been proposed, each with its relative advantages and
limitations. The most general and widely used ABC is the perfectly matched layer [PML]
introduced by Berenger [52]. The PML can provide a reflection smaller than —60 dB to
—110 dB for an arbitrary angle of incidence even when the boundary is placed only 5 cells

from the surface of the scatterer.

Another important issue in the FDTD formulation is modeling of the excitation source.
Application of update equations makes sense only if either initial conditions are given or
if an energy source is applied. Since nontrivial initial conditions cannot usually be easily

specified, the system is most often excited by a source. There are many source models
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available. The simplest one is the so-called hard source: field components at some
locations are given pre-defined values in time domain, while the other field values are
updated in the usual manner. The problem of the hard source is that any reflected wave
returning back to the source will be perfectly re-reflected. To make the source transparent
to the reflected waves, the system can be excited using an additive source term [53]. Such
a source is called a soft source. For probe-fed patch antennas, an important excitation
case is the modeling of a coupling probe formed from an extension of the inner conductor
of a coaxial cable. There are several options for modeling this, of which two common are
modeling the source as an equivalent delta-gap [54], and modeling the coaxial cable as a
separate one dimensional structure and connecting it to the FDTD volume using a special

technique [55].

Special care has to be exercised when the shape of the object does not conform to the
FDTD grid. For example, problem arises when a metal sheet is modeled whose thickness
is less than the size of a cell. The conventional FDTD algorithm either ignores the metal
sheet or it assumes the metal to occupy the entire volume of the cell. Either assumption
results in error, which may be considerable. A number of ways have been proposed to
solve the problem. The most obvious way is to use a finer grid size over the whole
computational volume. However, it significantly increases the computational burden and
memory requirement. Many other alternatives have been suggested. These include non-
uniform gridding, subcell gridding, subcell modeling, nonorthogonal and curvilinear
grids, subcell modeling, nonuniform orthogonal grids and extrapolation techniques [56].
Nonuniform grids are gradually denser near the small features. In subcell gridding
method, a fine grid is used around the small features and a regular coarse grid is used in
the remaining region. Subcell modeling is often used when it is impractical to decrease
the mesh size to the fine features of the object, even if subcell or nonuniform meshing is
used. This is commonly used to model thin sheets, slots, wires and metal sheet edges. In
subcell modeling, rather than modifying the grid, the update equations are modified near
the fine structure. The modified update equations are usually based on integral form of
Maxwell’s equations, which takes into account the field behavior in the region of interest.

Another approach is to use non-orthogonal grids similar to those used in the finite
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element method. This approach, however, is not robust and is not suitable for handling
different structures with a minimum amount of preprocessing, which is one of the
principal attractive features of FDTD. The modeling accuracy can be greatly improved by
using a nonuniform but orthogonal grid. It offers a good compromise between the
uniform and nonorthogonal discretization. This technique is widely used in FDTD

implementations.

3.3 Selection and Overview of Software Packages Used

There is no numerical technique that works better than any other technique for all antenna
problems. Each method has its advantages and limitations. One method may be ideally
suited for a particular problem and may not be very well suited for other problems.
Before selecting a numerical method for a specific problem, it is necessary to consider

the relative merits and limitations of different methods.

Method of moments (MoM) is very suitable for planar structures. It works well for
structures with thin conductors and homogeneous, layered dielectrics. For such
structures, MoM discretizes the structure only in two dimensions and concentrates most
of the numerical effort to the currents flowing through parallel metallic conductors. As a
result the amount of computation is greatly reduced. However, MoM needs the inversion
of a dense matrix, which is large for many practical antenna designs. When either the
metal is thick or dielectric material is inhomogeneous, the amount of computation is

significantly increased. Therefore, MoM is not very well suited for complex structures.

The finite element method (FEM) is the method of choice for structures of complex and
irregular shape in three dimensions. The greatest advantage of FEM is its ability to
analyze a wide variety of problems. It can easily model structures with complex
geometries. Even relatively small details in a large structure can be modeled. However,
unlike MoM the whole volume has to be discretized. As a result, FEM solution needs the

inversion of a large, sparse matrix.
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The FDTD is a very powerful time domain technique. It does not require matrix inversion
and needs less memory than FEM and MoM. The frequency response over a broadband
can be found by the Fourier transform of the time domain data from a single FDTD
simulation. FDTD can model nonlinear materials and devices very easily. FDTD code is
naturally compatible with parallel processing. All these features make the FDTD very
attractive for accurate analysis of large, complex structures when proper computational

facility is available.

As mentioned earlier, the selection of numerical modeling method depends on the
problem to be solved and the availability of software and computer resources. For planar
structures, MoM is the method of choice. Thus, initially IE3D (product of Zeland
Corporation) was selected for modeling the microstrip antenna in this research work. On
the other hand, for the modeling of the loop antenna on a telephone handset, it was
anticipated that an FDTD or FEM code would be required because of the 3 dimensional
geometry is not likely to be compatible with the Green’s function used in MoM

formulation.

Initial modeling of the microstrip antenna was performed with IE3D. However, as
described in section 4.1, this software did not perform satisfactorily for the antenna
developed in this research. Subsequently, Ansoft Designer (product of Ansoft
Corporation) was selected. For modeling of the loop antenna, an FDTD code developed

in University of Victoria was used.

Ansoft Designer is a method of moments based software package developed by Ansoft
Corporation. It is an improved version of the popular package Ensemble developed by the
same company. The software is capable of handling a variety of problems and can be

used for design and analysis of linear and nonlinear circuits. [57]

To generate a solution of electromagnetic fields for a planar circuit, Ansoft Designer

employs the mixed-potential integral equation (MPIE) method. The surface of the
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geometric model is automatically divided into triangles and rectangles. A volume mesh is
not generated inside the model because at high frequencies, since the skin depth is
negligibly small, a surface mesh is sufficient. Once the surface mesh has been generated,

the following MPIE is applied to it:

Ax(—jwd-Vo)=nxZJ (3.10)
Here 7 is a unit vector perpendicular to the face of the triangles, ® is the angular
frequency, 4 is the magnetic vector potential, ¢ is the electric potential, Z; is the surface
impedance, and J is the current density. The method of moments (MoM) is applied to the
MPIE to solve for J, the current distribution on the surface mesh. Then the S-parameters

and the radiated fields are calculated from J.

There is a trade-off between the size of the mesh, the desired level of accuracy and the
amount of available computing resources. The accuracy of the solution depends on the
size of the basis elements. Solutions based on fine meshes are more accurate than
solutions based on coarse meshes. To generate a precise description of the current, each
element of the mesh must occupy a region that is small enough for the current to be
adequately interpolated from the normal values. However, meshes with a large number of
elements require a significant amount of computing power and memory. Therefore, it is
desirable to use a mesh that is fine enough to obtain an accurate current solution but not
so fine that it exhausts the available computer memory and processing power. Ansoft

Designer supports two types of solution set up- fixed meshing and adaptive meshing.

In adaptive meshing scheme, to produce an optimal mesh, Ansoft Designer uses an
adaptive, or iterative process in which the mesh is automatically refined in critical
regions. First, a solution based on a coarse initial mesh is generated. Then, the mesh in
critical areas is refined and a new solution is generated. When the current and charge
distributions on the structure converge to within the desired precision, the process is

terminated. The algorithm for adaptive analysis is shown in Figure 3.2.
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Figure 3.2  Flowchart of solution using adaptive meshing scheme

Alternatively, a fixed dense mesh can also be used by choosing the fixed frequency
meshing option and specifying a frequency near the high end of the range of interest. The
mesh generated using this option is a uniform mesh. The advantage of the fixed
frequency mesh over the adaptive mesh is that no extra simulations are needed to
generate the mesh before the frequency sweep can be done. When fixed mesh solution
setup is chosen, Ansoft Designer has the option of adding narrow rectangles along the
edges of the model. These rectangles efficiently capture electromagnetic effects close to
the model edges, resulting in faster solution times and higher accuracy. When Ansoft
Designer defines the fixed mesh, it determines the length of the rectangles (the longer
edges, which lie parallel to the model edge) by making them smaller than a fraction of the
wavelength at the specified frequency. The widths of the rectangles are defined by
specifying the ratio of the rectangles length to the width (edge mesh length ratio). The
ratio value should be between 0.02 and 0.2 to prevent extremely narrow rectangles and

extremely wide triangles.
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An FDTD code “Totem” was developed at University of Victoria. It is a very poweful
software package, capable of handling a wide variety of structures and its accuracy has

been tested over years for many problems.

Totem supports several boundary conditions, namely PML, GPML, Mur’s ABC, and
electric and magnetic wall. It also supports periodic walls for normal incidence of the

wave. The latter feature is important for modeling of periodic structures such as EBGs.

Sub-gridding and graded meshes are supported by this package.The excitation sources
include a single impulse, gate pulse in time, gaussian impulse, ramp functions, and
others. Special features also include conformal modeling of metallic volumes, thin metal

sheets and dielectric averaging.
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4. Broadband Microstrip Antenna

4.1 Introduction

In this chapter a novel microstrip antenna is described. Definitions of the basic antenna
parameters are outlined in Appendix A. The novel antenna provides a relatively wide
impedance bandwidth. The antenna is an extension of earlier works reported elsewhere
[23]. The proposed antenna is a two-layer structure fed by a single element. Compared to
other broadband microstrip antennas, it is very compact and has a very wide bandwidth.
The antenna is first analyzed using method of moments and design equations are
developed. A prototype is built and measurements are carried out to confirm the
simulation results. The antenna is then integrated with EBGs for enhancing its

performance further.

To model this antenna MoM code IE3D was selected and prior to its use, it was tested on
other similar antennas described in literature. Results of these investigations are
summarized in Appendix B. However, despite satisfactory results obtained for these
antennas, the code failed to perform satisfactorily in the case of the new antenna (see
Figure 4.3). Subsequently, another MoM code Ansoft Designer, is used after its
performance has been compared with that of codes based on other methods and

measurements.

4.2 Antenna Design and Analysis

The structure of the proposed antenna is shown in Figure 4.1. Three square patches are
overlapped along their diagonals. The dimensions of the squares are (W) x W), (W2xW2)
and (W3xW3), respectively. Dimensions S; and S; are the overlap dimensions. The probe

position is adjusted to give a resistance close to 50 € over the range of operation. The

inductance of the patch is large due to the coaxial feed. A capacitive element is used to
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compensate this inductance. A square metal pad is attached to the inner conductor of the

coaxial line and placed below the antenna with a gap between them.

W3
- >
S3
- >
/Antenna
Feed Point by %
® o
<- —_— » Capactive pad
: W2 llz
H
H y
i Si [
R
- >
W,

Figure 4.1 Geometry of the proposed antenna
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Figure 4.2 Resonating lengths of the proposed antenna .
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Figure 4.2 shows the different resonating lengths of the antenna. The structure has six

different resonant lengths. Approximate expressions for the resonant lengths are [58].

I =W, +(W, -8,)+2Al 4.1)
L=W,+W, -8 )+2Al, (42)
I, =W, +2Al, (4.3)
I, =2W, - (W, - S, )+ 2Al, (4.4)
I, =2W, - W, - S, )+ 2Al (4.5)
Ig =2, + 2Al, (4.6)

The Al ,Al,,Al,,Al,,Alsand Al are the equivalent widths accounting for the fringing
field [59], corresponding to line widths [, [,, I, W,, W, and the shorter diagonal

respectively.

The antenna was first optimized using MoM-based package IE3D. A prototype was built
and measurements were carried out using network analyzer HP 8720 C. The results were
significantly different from those obtained from IE3D. Therefore, it was necessary to
simulate the structure using other codes. The simulations were also performed using FEM
code HFSS, FDTD code Totem and MoM code Ansoft Designer. Figure 4.3 shows the
comparison between the measurements and simulation results. All the software packages
except IE3D show close agreement with measurements. MoM code Ansoft Designer can
handle planar structures very efficiently. It also requires less time and computer
resources. Therefore, all the remaining investigations of this antenna are done using

Ansoft Designer.



Figure 4.3: Comparison of measurements and simulation results from different

software packages

A patch antenna is designed on a RT Duroid 5870 substrate with a relative permittivity of

¢, =2.35. The dimensions of the antenna are W;=8 mm, W,=13.5 mm, W3=9.5 mm,

hy=0.8 mm, h,=3.175 mm. A square metal sheet of size 4 x4 mm is attached to the inner
conductor of the coaxial line and placed below the patch with a gap of 0.8 mm to provide
the compensating capacitance. After the preliminary selection of the patch dimensions
based on the operating frequency, commercial software, Ansoft Designer, is used to
simulate the structure. Based on the simulation results, the dimensions are modified and
the probe position is optimized to get satisfactory performance over the intended

frequency range of operation.



Figure 4.4 shows the variation of input resistance and reactance with frequency.

Frequency [GHZz]

Figure 4.4  Variation of input resistance (red curve) and input reactance (green curve)

with frequency
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From Figure 4.4, it is seen that the antenna shows 12 resonances. The lower six are the

fundamental modes. The next six resonances are harmonics of the lower ones. Table 4.1

compares the resonance frequencies obtained from simulation with those from the

formulas (equations (4.1) to (4.7)).

Table 4.1 Comparison of resonance frequencies obtained from simulation with those
obtained from the approximate theory

Resonant Resonant frequencies (GHz)
dimensions (mm) Equations Simulation Difference (%)
Longer diagonal = 3.68

[13.5+2.5+1]%°

Shorter diagonal 4.44 4.18 5.7
=19.09

1,=16 4.93 4.74 3.9
1,=14.5 541 4.9 8.3
13=13.5 5.80 5.79 0.1
15=17.5 6.97 7.12 2.2
1,=14 8.03 7.85 2.2
Harmonic of 8.88 8.50 42
shorter diagonal

Harmonic of |; 9.86 9.77 0.9
Harmonic of 1, 10.82 10.45 34
Harmonic of I3 11.59 11.61 0.2
Harmonic of s 13.94 12.76 8.5
Harmonic of 4 16.06 15.33 4.6
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The presence of so many resonances suggests the possibility of a very wide bandwidth.
After further parametric study and optimization, a broadband performance was achieved
as shown in Figure 4.5. The antenna has an impedance bandwidth with VSWR < 2.2 of
95.45 % (4.6 - 13.0 GHz).
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Figure 4.5 VSWR of the antenna (VSWR < 2.2 for 4.6 — 13.01 GHz)



Gain plots of the antenna in two different directions (6=0°, $=0° and 68=30°, ¢—=45°) are
shown in Figure 4.6. The antenna has relatively good gain over the entire impedance

band.

4 5 6 7 8 9 10 11 12 13 14
frequency (GHz)

Figure 4.6  Gain of the antenna in two different planes

The radiation patterns in two principal planes of the antenna at different resonance
frequencies are shown in Figure 4.7. Radiation patterns in 3D at different resonant

frequencies are shown in Figure 4.8.
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Figure 4. 7 Radiation patterns at different resonance frequencies; red line for $=0°

plane and green line for $=90° plane. Gain scale in dB.
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Figure 4. 8: Radiation patterns at different resonant frequencies (in dB) in same scale

as shown in Figure 4.8 (a)
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From the radiation patterns and gain plots, it is apparent that the shape of the beam and
direction of maximum gain vary with frequency. Furthermore, the beam is tilted from
bore sight at higher frequencies. The effect is most pronounced near 7.85 GHz. At 7.85
GHz, the gain at bore sight falls below 2 dB, although the gain in other direction is much

greater.

To better understand the antenna operation, the field distributions under the patch at
different resonant frequencies are plotted in Figure 4.9. The field distribution under the
patch is very complex and it is very difficult to identify the resonant lengths from these
plots. However, it can be observed that at each resonant frequency, the antenna has
radiating sides in perpendicular directions. Thus, the antenna provides dual polarization.
Also, the field strengths at different sides of the patches are not equal. Therefore, the
beam is tilted toward the side where the field is stronger. Maximum gain is at bore sight
for lower frequencies, but at higher frequencies the maximum gain is in other direction.
To examine the reason behind this, the current distributions at two frequencies (5.79 GHz
and 7.85 GHz) are shown in Figure 4.10. In patch antennas, each of the two opposite
sides acts as a radiating slot and two opposite sides of the antenna form an array. The
directions of current flow at two opposite sides of the patch are in the same direction at
5.8 GHz, but in opposite direction at 7.85 GHz. This indicates that the phase relations
between the fields at these two frequencies are opposite to each other. As a result, while
the radiations from two opposite edges add in bore sight at 5.8 GHz to form a maximum

there, they cancel each other at 7.85 GHz and form a minimum in the same direction.
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Figure 4.9  Field distributions under the patch at different resonant frequencies.



Figure 4. 10 Current distribution on the patch (a) 5.79 GHz (b) 7.85 GHz

To verify the simulation results, a prototype of the antenna was built. The antenna was
built on RT/ Duroid 5870 substrate and measurements of the VSWR were made with
Network Analyzer HP 8720C. Figure 4.11 shows the comparison between the
measurement and simulation. It can be observed that the agreement between results from
simulation and measurement is very good. A major reason behind the discrepancy
between the measured results and simulation results is probably the misalignment
between the two layers of the antenna. Another reason can be the deviation of the
dimensions of the fabricated antenna from the specifications. The effect of the deviation

of the specified dimensions from the specifications is examined in Section 4.2.



Figure 4. 11 Comparison of simulation and measured results for proposed antenna

Table 4.2 gives a summary of the characteristics of this antenna as compared to other
broadband antennas described in recent publications. The proposed antenna has a wider

impedance bandwidth compared to other antennas of similar surface area and thickness.

Here 1 is the antenna length, w is the antenna width, d is the diameter of circular patch, Ao
free space wavelength at center frequency (for dual band antenna A is wavelength at the
centre frequency of the lower band). For the circular patches instead of 1/A the ratio d/Ao

is calculated.
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Table 4.2 Comparison of the proposed antenna with other recently proposed antennas

Patch type Band | Polarizat | VAgor | w/k Ao VSWR Gain
ion d/Ag 2:1 (dB)
PIFA, meanders Dual | Linear 0.11 | 0.073 | 0.025 7% 1.0-2.7
and 69% | 1.0-2.1
rectangular [24]
Circular, shorting | Single | Linear { 0.135 0.063 6.8% 3.6
pin [5] ” (max)
Circular, arc slots | Single | Linear 044 0042 | 104 % 4.8
[25] (max)
Circular, Dual | Linear 0.35 0.09 | 124% 7.2
two L-shaped 21.5% | (max)
slots [26] 7.1
(max)
E shaped [14] Single | Linear 0.54 0.35 | 0.077 | 323% | 7.5-8.5
Two E patches, Dual Linear 0.66 0.406 | 0.072 9% 9.7-11.2
two feeds [6] 394% | 54-6.5
Modified Single | Circular | 0.22 022 | 0.045 | 13.9% 4.6
rectangular [23] (max)
Meander line Single | Linear 0.55 0.12 31% 9.0
probe [28] (max)
Aperture stacked | Single | Linear 0.52 052 | 0205 | 69% | 6.0-8.5
[13]
Modified bow-tie | Single | Linear | 2.89 143 | 0.007 | 120.4% | 1.0-3.0
antenna [18]
H shaped, ring Single { Linear 0.58 | 0.338 | 0.135 54% |3.0-8.0
slot coupling [15]
This antenna Single Dual 0.5 0.5 0.116 | 95.45% | 2.5-6.5

The proposed antenna has a very wide bandwidth but within the band VSWR becomes

greater than 2 at few frequencies. It is possible to sacrifice some bandwidth to obtain

better VSWR. The antenna can also be designed for other frequency bands and on other

substrates. To illustrate these points, two more examples (#2 and #3) are considered. In

the first example, the antenna is re-designed on air substrate. In the second example (#3),

the antenna is designed for low frequency operation. It has a bandwidth of 38.5 % (1,710
- 2,525 MHz). The antenna is designed to cover DCS (1,710-1,880 MHz), PCS
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(1,885—1,990 MHz) and Bluetooth (2,400-2,485 MHz). Here bandwidth is sacrificed for
compactness. The wideband antenna (#1) has a size of 0.5 A\ and thickness 0.11A,. The
low frequency antenna (#3) has a size of 0.33 Ay and thickness 0.068\,. The VSWR and
gain performance for antenna (#2) are shown in Figure 4.12 and Figure 4.13 and for
antenna (#3), are shown in Figure 4.14 and Figure 4.15 respectively. Table 4.3 gives the
dimensions of the different antennas that have been analyzed. Table 4.4 summarizes their

performances.

VSWR

12 14 16 13 20 22 24 26
frequency (GHz)

Figure 4. 12 VSWR of antenna #2 (VSWR <2 for 11.82-25.25 GHz)



Gain (dB)

12 14 16 18 20 22 24 26
frequency (GHz)

Figure 4. 13 Gain of antenna #2

VSWR

1.6 1.8 2 22 24 26 28 3
frequency (GHz)

Figure 4. 14 VSWR of antenna #3 (VSWR <2 for 1.71 - 2.53 GHz)
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Figure 4. 15 Gain of antenna #3

Table 4.3 Dimensions of the various antennas

Antenna Wi W, Ws S5 hy h, €
(mm) (mm) (mm) (mm) | (mm) (mm) (mm) (mm)

#1 8 13.5 10 7 7.5 0.8 3.175 225
#2 23.5 39 24 18.5 18 0.75 9 2.25
#3 3.75 7 5.25 2.75 7 0.25 1.6 1.0

Table 4.4 Performance of the various antennas
Antenna Frequency range VSWR <2 BW Gain (dB)

(GHz) (%)

#1 4.60-13.01 95.45 2.5-6.5
#2 11.82 -25.25 70.27 4.0-8.5
#3 1.71-2.53 38.10 5.75-6.75
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4.2 Sensitivity analysis

The antenna gives optimum performance for a particular choice of antenna dimensions.
During the fabrication the dimensions will not exactly match the specifications and the
performance may be different from the expected one. It is expected that the antenna
performance will not vary significantly for a small change of antenna dimensions. To
examine the sensitivity of the proposed antenna, the antenna dimensions are varied by a
small amount and the variation in VSWR bandwidth is observed. Table 4.5 summarizes

the results.

Table 4.5 Effect of variation of dimensions on antenna peformance

Dimension under | change in | VSWR bandwidth (%) Change in VSWR
investigation dimension bandwidth (%)
(%)
Wi 5 97.3 % (4.75 — 13.75 GHz) 2
-5 86.3 % (5.54 — 13.6 GHz) -9
W, 5 97.1 % (4.5 - 13 GHz) 2
-5 84.8 % (5.5 - 13.6 GHz) -10
W3 5 84.9 % (5.25 - 13 GHz) -10
-5 95.9 % (4.75 — 13. 5 GHz) 0.4

The change of dimensions affects the antenna performance. However, for a small change

in antenna dimensions, the antenna still retains very wide VSWR bandwidth

4.3 Integration of the Antenna with EBGs

Recently, enhancing performance of microstrip anetnnas using EBGs. [38], [29] has
shown significant promise. The VSWR bandwidth of the proposed antenna is sufficient

for most applications. The gain of the antenna is good but decerases at higher
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frequencies. Thus investigation has been made regarding the possibility of enhancing the

antenna performance further by using EBGs.

The proposed antenna has very wide bandwidth. It is not possible to design compact EBG
with such large bandwidth. Thus, EBG is designed to have a stop band around the
frequency where the antenna performance is the worst. The antenna has a rapid decrease
in gain in the bore sight near 8 GHz. Therefore, the EBG is designed to have a stop-band
near 8§ GHz. The proposed antenna is a two layer structure and for ease of fabrication, the
EBGs are placed in the lower layer. The permittivity of substrate is 2.35. Hexagonal EBG
is chosen because of its ability to prevent surface wave propagation in any direction. The
EBG cell has equal sides of length 1.4 mm. The phase of the reflection coefficient of

waves incident at the normal angle to the EBG surface is shown in Figure 4.16.

200 ! ! T ! ! ! ! - !
150 TP ’.E ................. '.. ................. : .................. \.-, .................. ,i'. ............... -

100

(2]
(=]

Reflection Phase (Degree)
(=]

=50
-100
-150
4 5 6 7 8 9 10 1 12 13 14
frequency (GHz)

Figure 4. 16 Phase of the reflection coefficient for the EBG
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A parametric study was performed to determine the gap between EBG layers and antenna
and the number of EBG layers necessary to get improvement in gain and maintain the

VSWR. The following cases are considered:

Case 1: one EBG layer placed 3.5 mm away from antenna
Case 2: two EBG layers placed 3.5 mm away from antenna
Case 3: one EBG layer placed 5.5 mm from antenna

Case 4: two EBG layers placed 5.5 mm from antenna

Case 5: three EBG layers placed 5.5 mm from the antenna

The VSWR performance of the antenna with different EBG configurations is shown in
Figure 4.17. As can be seen, the VSWR bandwidth is significantly reduced when EBG is
placed around the antenna. However, even this reduced bandwidth is sufficient for many
practical applications. The reduction in bandwidth is more pronounced when the number
of EBG layers is increased or the spacing between the EBG and the antenna is reduced.
This is expected since the EBGs block the propagation of surface waves and form a
resonant cavity. When the number of EBG layers is increased or the EBGs are placed

closer to the antenna, quality factor of the cavity increases and bandwidth is reduced.



— without EBG

""" | — single layer, gap 3.5 mm

I — three layers, gap 5.5 mm |

frequency (GHz)

Figure 4. 17 Modeled VSWR performance of the antenna with EBGs

Prototypes were built with EBGs placed around the antenna and VSWR was measured
with network analyzer HP 8720 C. Figure 4.18 shows the comparison of VSWR obtained
from simulation and measurements for the case of 2 layers of EBGs placed 5.5 mm away
from the antenna. The results are in reasonably close agreement. The discrepancy
between the two at some frequencies may be resulting from the misalignment of the two
layers of the antenna. The measurement results for the other structures are given in

Appendix C.



8
frequency (GHz)

Figure 4. 18 Comparison of simulation and measured results for the proposed antenna

with 2 layers of EBG placed 5.5 mm away from the antenna

The gain in three different planes is shown in Figure 4.19, Figure 4.20 and Figure 4.21.
Up to 8 GHz the application of EBGs does not show any enhancement of gain. In fact,
gain is slightly reduced compared to the reference antenna. However, above 8 GHz the
antenna shows much higher gain compared to the reference antenna. The gain plots show
very sharp dips at 8 GHz when the EBG layers are close to the antenna. Increasing the
number of EBG layers beyond two does not increase the gain significantly. The best
performance is obtained by placing two layers of EBG around the antenna at a distance of

5.5 mm from it (curves designated by the green line).



frequency (GMz)

Figure 4. 19  Gain of the antenna in the 6=0° and ¢=0° direction
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Figure 4.21 Gain of the antenna in the 8=30° and ¢=45° direction

4.4 Conclusions

A novel microstrip antenna has been designed and analyzed. The antenna is compact,
easy to fabricate and provides good gain. The simulation results are verified by
measurement. The use of EBG can further enhance the performance of the antenna. Table
4.5 summarizes the effect of EBGs around the antenna (2 layers of EBG 5.5 mm away

from antenna).
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Table 4. 6 Comparison of antenna performance with and without EBGs

Antennas VSWR <22 Gain (dB) in different planes

Measurements | Simulations 0=0° 0=30° 0=30°
¢=0° $=0° ¢ =45°

Without 94.3 % 95.5 %

EBG (5.1t014.2 (4.6t013.01 |04to6.4 -6 t0 4.3 2.4 t0 4.98
GHz) GHz)

Two 64.1 % 68.7 %

layers of | (5.2t0 10.1 (5.18t010.6 |-0.2t05.9 2.4106.75 -1t09.3

EBG GHz) GHz)

The main advantage of the antenna is very wide impedance bandwidth. A serious

limitation, at least in some applications, is the change in polarization as a function of

frequency. However, for antennas operating in multi-path environments this limitation

may no longer apply. Thus, this antenna can be a very good candidate for some

applications in wireless communications.




51

5. Broadband Loop Antenna

5.1 Introduction

With the widespread use of cell phones, there is demand for antennas that have sufficient
bandwidth to cover several mobile frequency bands. It is also important to minimize the
electromagnetic interaction between the user and the antenna to avoid possible health
hazard. Many different antennas have been investigated for application in handsets. Loop
antennas are very easy to built and when they are built on a substrate, they are also
mechanically strong. Applications of loop antennas in mobile devices have been
previously considered [60]. However, conventional loop antennas have less than 10%
bandwidth of VSWR < 2 [2]. A modified loop antenna can offer 24% bandwidth [2]. The
gain of the antenna, however, is low. Also, when it is placed near the user’s head, the
latter absorbs a significant amount of radiated power. The absorbed power may exceed
the prescribed limits that are considered to prevent health hazard. Furthermore, it reduces

the radiation efficiency of the antenna.

The structure reported in [2] would be more compact, if the antenna could be placed on
the handset box. Directly placing the antenna near the box surface is not an acceptable
solution, since the surface is metallic, and thus acts as an electric wall. On the other hand,
the antenna can be placed on an EBG layer, since it acts as a magnetic wall in its stop
band. This makes the structure more compact and also the radiation inside user’s head

will be reduced.

This chapter reports an investigation of the antenna reported in [2] placed on an EBG
surface. The antenna dimensions are optimized to obtain good performance. The antenna
performance in terms of VSWR, directivity and far field radiation patterns is investigated.
In house FDTD code Totem is used for all the simulations. Because of a non-planar
structure of the antenna, the available MoM codes are not satisfactory for modeling of

this antenna.
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5.2 Design of an EBG Structure for the Antenna

Because of the small size of handheld communication devices (e.g. telephones, PDAs) an
EBG structure used for improving antenna performance should be sufficiently compact
and it should have a reasonably wide bandwidth. There are many different EBGs
described in literature that can be used for realizing a magnetic surface [29], [61,62].
Summary data for representative structures are listed in Table 5.1. All these EBGs are
designed on a substrate with £=4.4.

Table 5.1 Comparison of different EBGs

Type Cell size at 2 Period Height Bandwidth
GHz (Square)

Mushroom

(double layer) 6mm 0.042, 0.013A 8.9%

[29]

Mushroom

(single layer) 14.7mm 0.098%7¢ 0.065)0 38.4%

[29]

Slotted

rectangular 11.1mm 0.074) 0.0629 33.6%

[61], [62] ,

The slotted rectangular EBG is a good compromise between bandwidth and size. This
structure, shown in Figure 5.1 is selected.

O

(a) (b)

Figure 5.1  Slotted EBG structure (a) top view (b) side view.
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The EBG is designed to have a stop band centered around 2.16 GHz. The reflection phase
of the EBG is shown in Figure 5.2. Reflection phase is between -90° and 90° from 2 to

2.3 GHz.
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Figure 5.2  Phase of reflection coefficient for the slotted EBG structure

5.3 Description of the Antenna

Figure 5.3 shows the antenna configuration reported in [2]. The structure consists of two
monopoles. A coaxial probe excites one of the monopoles, and the other one is a parasitic
monopole coupled to the excited one by a small gap. The monopoles have different

lengths, which is essential for achieving wide impedance bandwidth.
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Figure 5.3  Structure of the modified loop antenna

In [2] the antenna is optimized without EBGs. When the antenna is placed above the
EBGs, there is a complex interaction between the antenna and the EBGs. Therefore, it is

necessary to optimize the antenna dimensions again to achieve the required performance.

For the modeling, FDTD code is used. The computational volume is truncated with PML
of 7 layers. A uniform grid of 0.25 mm is used in x and y directions; in the z direction
grid ranges from 1 mm to 2 mm and the gradual changes are within a limit of 1:1.2. The
antenna is excited by a 50-ohm source with a Gaussian pulse centered at 2 GHz and
having a bandwidth of 2 GHz. The number of time steps is 3000 to ensure that the pulse
amplitude decays to a small fraction of its peak value.

Two parameters, gap between the two monopoles (g) and the width of the monopoles (t)
strongly influence the input impedance. Therefore, a parametric study is performed to
investigate their effects on the input impedance. The results are shown in Figure 5.4 for

the resistance and in Figure 5.5 for the reactance. The input reactance is mostly



inductive. This is expected since the capacitance introduced by the gap does not

compensate for the loop inductance for long loop widths.



frequency {GHz)

Figure 5.4  Effects of gap dimension and antenna width on its input resistance (a) gap
g varied from 0.5 mm to 8 mm, with L=24 mm, D=14.5 mm, t=3.25 mm, W=16 mm (b)
width t varied from 1 mm to 6 mm with L=24 mm, D=14.5 mm, g=1 mm, W=16 mm.



frequency (GHz)



frequency (GHz)

Figure 5.5  Effects of gap dimension and antenna width on its input reactance (a) gap
g varied from 0.5 mm to 8 mm, with L=24 mm, D=14.5 mm, t=3.25 mm, W=16 mm (b)

width t varied from 1 mm to 6 mm with L=24 mm, D=14.5 mm, g=1 mm, W=16 mm



Based on the parametric study, the following antenna dimensions are chosen L=24,
t=3.25 mm, g=0.75 mm, D=14.5 mm, W=16 mm. The antenna is placed 1 mm above the
EBG surface. The EBG is built on a substrate with £,=4.4 and thickness 5 mm. Two EBG
cells are placed at each side of the antenna. The structure is shown in Figure 5.6. The box
on which the antenna and the EBGs are placed has dimensions of 80 mm (length), 60 mm
(width), and 16.5 mm (thickness).

Figure 5.6  Modified loop antenna integrated with EBGs
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54 Modeling Results

The VSWR of the antenna is shown in Figure 5.7. The VSWR bandwidth is 46.83 %
(1.57-2.53 GHz). The bandwidth is sufficient to cover four services, namely DCS-1800
(1.71-1.88 GHz), PCS (1.85-1.99 GHz), IMT-2000 (1.885-2.17 GHz) and Bluetooth (2.4-
2.485 GHz).

VSWR

1.4 1.6 1.8 2 22 24 26 28
frequency (GHz)

Figure 5.7 VSWR performance of the antenna



61

The directivity of the antenna is shown in Figure 5.8. The antenna directivity should be

sufficient for mobile communication systems.

Directivity (dB)

, AN
N\

14 1.6 1.8 2 2.2 24 26 2.8
frequency (GHz)

Figure 5.8  Directivity of the antenna

The radiation patterns at a few frequencies within the antenna operating frequency band
are shown in Figure 5.9. The front to back ratio is around 10 dB. This is expected, as the
EBG surface blocks radiation in the backward direction. It also agrees with previously

published results for a narrow-band antenna placed on the EBG surface [29].



At1.7 GHz

150" e 150

At 1.85 GHz



At2 GHz

At2.2 GHz



At2.3 GHz

Figure 5.9  Radiation patterns of the antenna; red line for E, and green line for E, (all

patterns normalized to the maximum).
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5.5 Sensitivity analysis

The antenna dimensions after optimization are L=24 mm, D=14.5 mm, t=3.25 mm,
W=16mm. The antenna dimensions are varied to observe its effect on antenna
performance. Two parameters are varied - the gap between two arms of the antenna and
the width of the antenna. Table 5.2 summarizes the effect of changing the gap and Table

5.3 summarizes the effect of changing antenna width.

Table S. 2 Effect of changing the gap (g) on antenna performance

Gap between two arms (g) | VSWR bandwidth (%) Change in VSWR (%)
1 mm 46.1 % (1.3 —2.1 GHz) -1.5
4 mm 47.1 % (1.3 — 2.1GHz) 0.6
8 mm 50.3 % (1.28 — 2.15 GHz) 7

Table 5. 3 Effect of changing antenna width on antenna performance

Width of the antenna VSWR bandwidth (%) Change in VSWR (%)
1 mm 44 % (1.63 — 2.55 GHz) -6
4 mm 45 % (1.6 —2.53 GHz) -3.9

From the tables it is clear that the antenna performance is not seriously affected by minor

changes in antenna dimensions.

5.6 Conclusions

A modified loop antenna is integrated with EBGs. The structure is very compact. It
shows good VSWR and directivity. The VSWR bandwidth is sufficient for covering four
mobile frequency bands. The radiation in backward direction is also significantly

reduced. This structure is a very suitable candidate for applications in telephone handsets.
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6. Conclusions and Future Work

6.1

Conclusions

The main objective of this thesis was to explore design of novel antennas for possible

applications in wireless communications. To achieve the objective suitable numerical

methods were used for modeling, and limited measurements were performed. Two

antennas were investigated, namely a compact, planar antenna with and without EBGs,

and a wire antenna placed over an EBG Surface. The main contributions of the thesis are:

A novel microstrip antenna was designed, optimized by using MoM simulations
and measured. The antenna has a wide impedance bandwidth and is more
compact compared to other broadband antennas. Equations for initial design were,
developed and the mechanism of antenna operation was explored. The antenna
performance (radiation patterns, gain, VSWR) was investigated. While the
antenna has an excellent bandwidth (over 90 %), it has some shortcomings,
namely the gain decreases at higher frequencies and antenna polarization varies
with frequency. To show the generality of the idea two other antennas were
designed on different substrates and for different frequency bands. To improve the
gain at higher frequencies, the antenna was integrated with EBGs. Prototypes of
the antennas were fabricated and measurements showed an excellent agreement
with simulation results for the VSWR. Possible applications of this antenna are
for laptop computers, PDAs and other wireless communication devices, which
operate, in multi-path environment and for which the change in the radiation

polarization would not be a problem.

A wideband loop antenna was integrated with EBGs. The FDTD code was used to
model the antenna and EBGs, after their initial design using simplified analytical
approaches. This antenna was aimed specifically for the use on mobile handsets.

Significant improvements in the VSWR and gain were obtained compared to
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those for the same antenna without EBG and placed on the top of the handset box.
The front to back ratio of the planar antenna structure was also good, suggesting

that the power deposition in the user’s head would be also lowered.

6.2 Future Work

Further investigations aimed at improvements and more complete characterization of
both antennas could be undertaken. It is not possible to maintain the very broadband
matching of the planar microstrip antenna and at the same time to have only one direction
of the beam. On the other hand, the understanding the antenna performance that was
achieved can lead to designs that have linear polarization in the same direction within
narrower (but still sufficient) frequency range. Finally, for a given application the antenna
needs to be evaluated in the environment in which it operates, e.g. on a PDA it may be

close to the human body.
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Appendix A Antenna Parameters

Since this research is concerned with designing and modeling antennas, some basic
antenna parameters such as radiation pattern, input impedance, gain, directivity and
polarization are described. These parameters are important for the characterization of an
antenna. All these definitions are from [63] unless otherwise indicated. The definitions
inside quotation marks are from IEEE Standard Definitions of Terms for Antennas (IEEE
Std 145-1973).

A.1 Radiation Pattern

The radiation pattern of an antenna is defined as the “graphical representation of the
radiation properties of the antenna as a function of angular coordinates. In most cases the
radiation pattern is determined in the far field region and is represented as a function of
angular coordinates. Radiation properties include radiation intensity, field strength, phase

or polarization.”



Figure A.1 Spherical coordinate system

Radiation pattern of an antenna can be either a power pattern or a field pattern. Referring
to Figure A.1, a two dimensional pattern is obtained by fixing one of the angle (0 or ¢)
while varying the other. Keeping ¢ constant, and varying 6 (0°< 0 < 180°) gives elevation
pattern. Similarly, keeping 6 constant, and varying ¢ (0°< ¢ < 360°) gives azimuthal

pattern.

The performance of an antenna is often described with the help of patterns in two
principal planes, which are called E-plane and H-plane. The E-plane for a linearly
polarized antenna is defined as “the plane containing the electric field vector and the
direction of maximum radiation”. The H-plane is defined as “the plane containing the
magnetic field vector and the direction of maximum radiation”. Radiation pattern can be

broadly classified as isotropic, directional and omnidirectional. An isotropic radiator is
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defined as “a hypothetical antenna having equal radiation in all directions”. A directional
antenna is one “having the property of radiating or receiving electromagnetic waves more
effectively in some directions than in others.” An omnidirectional pattern is defined as

one “having essentially nondirectional pattern in any orthogonal plane”.

A.2 Inputimpedance and VSWR

Input impedance is defined as “the impedance presented by an antenna at its terminals or
the ratio of the voltage to current at a pair of terminals or the ratio of appropriate

components of the electric to magnetic fields at a point”.

The VSWR of an antenna is defined as the ratio of the reflected and incident voltage

waves at the input terminals of the antenna and can be expressed as

|Z., +ZO|+|Zi,, - Z,|

Al
2, + 2|~ |2, - 2| 4D

VSWR =

Here Z, is the characteristic impedance of the feeding transmission line and Z;, is the

input impedance of the antenna.

A.3 Bandwidth

The bandwidth of an antenna can be defined as the range of frequencies over which the
performance of the antenna, with respect to some characteristics, conforms to a specified

standard. Bandwidth can be defined in one of several ways. [Schaubert]

1) Impedance Bandwidth: The impedance variation with frequency of the antenna
results in a limitation of the frequency range over, which the antenna can be matched to a
feed line. Impedance bandwidth is usually specified in terms of a return loss (typically
less than -10 dB) or maximum VSWR (typically less than 2) over a frequency range.
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2) Pattern Bandwidth: The beam width, side lobe levels and gain of an antenna all vary
with frequency. If any of these quantities is specified as a minimum or maximum, finding

pattern bandwidth is necessary.

3) Polarization or Axial Ratio Bandwidth: The polarization properties (linear or
circular) of an antenna typicaly should remain constant within the operating frequency
range. Specifying a maximum cross polarization level for linear polarization or axial ratio
for the circular polarization can be used to find this bandwidth. Polarization loss factor is

also often used to characterize antenna polarization.

A.4 Directivity, Efficiency and Gain

The directivity of an antenna is defined as “the ratio of the radiation intensity in a given
direction from the antenna to the radiation intensity averaged over all directions. The
average radiation intensity is equal to the power radiated by the antenna divided by 4x. If
the direction is not specified, the direction of maximum radiation is implied.” Directivity

is defined as:

D= = max.
UO Prad
4,
D, =Dy = Unsx _ 2 o (A2)
UO Prad

D =directivity (dimensionless)

Dy =maximum directivity (dimensionless)

U =radiation intensity (Watts/unit solid angle)

Unx =maximum radiation intensity (Watts/unit solid angle)

Uy =radiation intensity of isotropic radiator (Watts/unit solid angle)
Praa =total radiated power (Watt)
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A more important measure of antenna performance is antenna gain. The gain of an
antenna is defined as “the ratio of the radiation intensity, in a given direction, to the
radiation intensity that would be obtained if the power accepted by the antenna were
radiated isotropically. The radiation intensity corresponding to the isotropical radiated

power is equal to the power accepted (input) by the antenna divided by 4z.”

Antenna efficiency accounts for the losses at the input terminals and within the structure
of the antenna. Losses may occur due to the mismatch between the feeding line and the

antenna, and also due to conductor and dielectric losses.

The overall efficiency can be expressed as e, = e,e, where e is the over all efficiency, e,

is the reflection efficiency and e.; is the conduction and dielectric efficiency. The
R

r

R, +R,

r

reflection efficiency is (1 - |I‘|2) where T is the reflection coefficient and e ; =

where R; an R, are radiation and loss resistance respectively.

A.5 Polarization

Polarization of an antenna is defined as “the polarization of the wave transmitted
(radiated) by the antenna.” The polarization of a radiated wave is defined as “the property
of a radiated wave describing the time varying direction and relative magnitude of the
electric field vector; specifically, the figures traced as a function of time by the extremity
of a vector at a fixed location in space and the sense in which it is traced, as observed

along the direction of propagation”.

Polarization can be classified as linear, circular and elliptical.

Linear polarization: A time harmonic field is linearly polarized at a given point in space

if the electric (or magnetic) field vector is always oriented along the same straight line at
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every instant of time. This can happen if the field vector possesses (a) only one

component or (b) two orthogonal components that are in time phase or 180° out of phase.

Circular polarization: Circular polarization can be obtained only when the magnitude of
the two orthogonal field components have same magnitude and the phase difference

between them is an odd multiple of 90°.

Elliptical polarization: Elliptical polarization can be achieved when there are two
orthogonal field components and (a) they are not equal and their phase difference is an
odd multiple of 90° or (b) when the phase difference is not an odd multiple of 90°

irrespective of their magnitude.
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Appendix B Modeling of Selected Antennas

To verify that the available software packages are capable of reliable modeling of
antennas of similar geometries to the novel antenna under development, modeling results
were compared with published measurements for selected antennas previously described

in literature. The following antennas were considered for the comparison:

a) U-slot antenna from [64], and
b) E shaped antenna from [14]

Additionally, performance for a planar antenna previously developed at University of
Victoria was evaluated. Comparison was made between the results from different codes,

since measurement data were not available.

Figure B.1 and Table B.1 show the comparison of VSWR obtained from different codes

and measurements for the U slot antenna.



83

!

FDTD

————  Ansoft Desgner

IE3D

nents

35

45

frequency (GHz)

Figure B.1  Comparison of VSWR obtained from simulations and measurements for

the U-slot antenna

Table B.1 Comparison of simulation results and measurements for U-slot antenna

VSWR <2 Bandwidth
Measurements 20.96 % (3.97 - 4.9 GHz)
FDTD 20.5 % (4.07 - 5 GHz)
IE3D 21.28 % (4.2 - 5.2 GHz)
Ansoft Designer 25.53 % (4.1 - 5.3 GHz)

All the packages give similar results for this antenna.

The results for the E shaped antenna are shown in Figure B.2 and Table B.2.
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Figure B.2  Comparison of VSWR obtained from simulations and measurements for

the E shaped antenna

Table B. 2 Comparison of simulation results and measurements for E shaped antenna

VSWR < 2 Bandwidth
Measurements 32.6 % (2.05 - 2.85 GHz)
FDTD 22.93 % (2.34 - 2.93 GHz)
IE3D 27.19 % (2.32 - 3.05 GHz)
Ansoft Designer 27.12 % (2.28 — 2.99 GHz)
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The results for the planar antenna planar antenna developed at University of Victoria are

shown in Figure B.3 and Table B.3.
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Figure B.3 Comparison of VSWR obtained from simulation for planar antenna

Table B. 3 Comparison of simulation results for planar antenna developed in University
of Victoria

VSWR < 2 Bandwidth
FDTD 941% (8.6-9.45 GHz)
IE3D 14.43% (8.87 - 10.25 GHz)
Ansoft Designer 9.4% (8.92-9.8 GHz)

For this structure, IE3D gives significantly different result than the other two packages.
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From the above results, it can be seen that all these packages give reasonably good results
for different antenna structures. However, their accuracy is dependent on the structure
being analyzed [65]. For the U shaped antenna, the three codes give similar results that
are also in relatively good agreement with measurements. For the E-shaped antenna,
again all codes give similar results. However in this case the measurements indicate a
wider frequency range where the antenna is impedance matched. The greatest differences
in modeling results are for the planar antenna. The bandwidth given by IE3D is over 50%
wider than that shown by the two other codes. Considering the three antennas, it can also

be noted that IE3D shifts the operating band towards higher frequencies.

In summary, from these preliminary tests of the software packages, all of them appear to
perform reasonably. More specifically, it is difficult from these data to decide which of
the two MoM based codes is better. Both of them require less computational resources

and less effort from the researcher than the FDTD code (which does not have a GUI).
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Appendix C Measurement Results

Results of VSWR measurements not mentioned else where in the thesis are presented
here. All measurements were done using network analyzer HP 8720 C. Results for three
cases are presented here.

Case 1: one EBG layer placed 3.5 mm away from the antenna
Case 2: two EBG layers placed 3.5 mm away from the antenna

Case 3: three EBG layers placed 5.5 mm away from the antenna

Figure C.1 shows the results for a single layer of EBG placed 3.5 mm away from the
antenna.
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Figure C.1  VSWR for antenna with single EBG layer 3.5 mm away from antenna
(VSWR <2.2 for 5.35 - 10.8 GHz)

Figure C.2 presents the results for two layers of EBG placed 3.5 mm away from the
antenna. The antenna acts as a dual band antenna for this case.



Figure C.2 VSWR for antenna with two EBG layers 3.5 mm away from antenna
(VSWR <2.2 for 4.9 —7.4 GHz and 7.9 — 11.7 GHz)

Figure C.3 shows the results for three layers of EBG placed 5.5 mm away from the
antenna.

frequency {GHz)
Figure C.3  VSWR for antenna with three EBG layers 5.5 mm away from antenna
(VSWR <2.2 for 5.25 - 10.9 GHz)
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The results from measurements and simulations are summarized in Table C.1.

Table C.1 Summary of measured and simulation results for antenna with EBGs

No of EBG layer Distance from | VSWR < 2.2 Bandwidth VSWR <2.2
antenna (mm) (measured) Bandwidth
(simulated)
One 3.5 67.5% 59.8%
(5:35-108GHz) | 5| _ 945 Ghy)
Two 3.5 50.5 % 44.9 %
(4.9-74 GHz) (5.1 - 8.05 GHz)
38.8%
43.3 %
(7.9-11.7 GHz) (8.5 13.2 GHz)
Three 5.5 69.9 % 68.4 %
(5.25 - 10.9 GHz) (5.2 - 10.6 GHz)

For all three cases, results from simulations are in reasonably close agreement with those
from measurements. The difference between them at some frequencies is probably due to
misalignment of the two layers of the antenna.




