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Abstract

The worldwide demand for personal communication system (PCS) devices is motivating
the development of compact, high-performance antennas. It is also prompting a better
understanding of the effects of the user and the mobile communication environment on
the antenna performance. The objective of this dissertation is to add to the current
knowledge in both areas. Using the Finite-Difference Time-Domain (FDTD) technique,
a monopole antenna and a diversity antenna were modeled for PCS applications. Also,
techniques were developed and applied to facilitate the accurate numerical analysis of
PCS antennas and to investigate the electromagnetic interaction between PCS antennas

and the mobile communication environment.

A monopole antenna and a polarization diversity antenna (PDA) were investigated at
frequencies near 900 MHz. Antenna performance was evaluated in terms of the far-field
radiation patterns, the mean effective gain (MEG), the radiation efficiency and the
specific absorption rate (SAR) of energy in the user's body. For the diversity antenna,
the statistical independence of the two diversity branches was determined from the
correlation coefficient. The antenna modeling incorporated the antenna, a cellular
telephone handset, models of the user's head and hand, and a statistical model of the
mobile environment. Two mobile environments, an urban outdoor environment and a
suburban outdoor environment, were modeled. The results show that (i) changing the

antenna configuration from the monopole antenna to the PDA significantly affects the



iii
antenna efficiency and SAR in the user's body; (ii) the type of mobile communication
environment chosen (urban or suburban) has a pronounced effect on the correlation
coefficient of the PDA and on the MEGs of the PDA and the monopole antenna; (iii) in
terms of the MEG, the PDA is more sensitive than the monopole antenna to the presence
of the user’s body; and (iv) overall, the PDA performs better than the monopole antenna

in terms of antenna efficiency, peak averaged SAR in the head, and MEG.

The accurate FDTD modeling of wires is crucial to the FDTD analysis of PCS antennas,
particularly as monopole antennas and other linear wire antennas are often used with
PCS devices. A study of the FDTD modeling of thin wires is included in this
dissertation. The accuracy of the wire models was determined by calculating the input
impedance of a dipole antenna over a broad range of dipole radii and comparing with the
results of a Method of Moments formulation. Two existing thin wire models were
analyzed and found to be inaccurate for some purposes. This finding led to the
development of a new model, which includes a special treatment of the field components
at the wire ends and a model of the source region. The proposed wire model is more
accurate than the two existing wire models for a given spatial resolution. Thus, this new
wire model facilitates accurate computations of input impedance and resonant frequency
for linear wire antennas. The stability of the wire model was addressed, and a
formulation for the maximum stability coefficient to be used with the proposed thin wire

model was developed.
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Chapter 1 Introduction

1.1 Motivation

Due to the current demand for personal communication systems (e.g. cellular telephones,
mobile data systems and global positioning systems), there is a need for compact, high-
performance antennas. The requirements of high performance and compact size are
often conflicting, which makes the design of these antennas very challenging. In
addition, the interaction of the antenna with its environment, and the effects of this
interaction on antenna performance must be understood. The close proximity of the user
in the antenna near field, the small antenna ground plane, and the surrounding muitipath
environment all need to be taken into consideration. When numerical techniques are

used to model and design antennas, the accuracy of the numerical model must also be

considered.

The objective of the research is to expand the current knowledge of the electromagnetic
interaction between a personal communication system (PCS) antenna and its
environment. Investigated in this research are the effects of the user proximity and the
multipath environment on antenna performance. The absorption of electromagnetic
energy in the user's body is also studied. The emphasis of the antenna analysis is on a

microstrip antenna and a monopole antenna on a PCS handset. While the monopole
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antenna is the prevailing design, microstrip antennas are attracting increasing attention in
PCS due to their light weight and thin profile. Antennas are investigated with the use of
numerical techniques, particularly the Finite-Difference Time-Domain (FDTD) method.
The FDTD method is a widely-used technique that is increasingly applied to the analysis
and design of antennas. It has also recently been accepted by the Standards Committee
of the Institute of Electrical and Electronics Engineers (IEEE) as the standard numerical
technique for the evaluation of SAR due to human exposure to radio frequency (RF)
fields from PCS devices. In this research, developments of the FDTD code have been
made to improve the analysis of antennas. These include an improved FDTD algorithm

for the analysis of wire antennas.

The antenna of a PCS device is typically only a few centimeters away from the user’s
body. This has consequences for both the antenna and the user. Since the user's body
behaves as a lossy dielectric at microwave frequencies, its presence modifies the far-field
radiation pattern and other antenna characteristics. A significant fraction of the radiated
energy is absorbed by the body, resulting in lower antenna efficiency and possible health
risks for the user. Most previous work in PCS antenna development has not taken the
proximity of the user into account due to the complexity of modeling a human body.
However, recent advances in numerical electromagnetic modeling techniques, including
the FDTD method, have made this viable. The effect of the user's body on the antenna
efficiency and the specific absorption rate (SAR) of energy in the body will be analyzed

in this work using the FDTD method.



The performance of a PCS antenna is also influenced by the multipath environment. In
this environment, objects such as buildings, cars and people scatter RF signals from
transmitting antennas into many signal components. Thus the signal incident on the
receiving antenna is composed of many components which have travelled along different
paths. These signal components may combine destructively at the receiving antenna,
resulting in random signal fading and other signal distortions. The effects of the
multipath environment on antenna performance will be analyzed using the FDTD
method and statistical techniques. The use of diversity antennas to alleviate multipath
fading will be addressed, and a polarization diversity antenna (PDA) will be
investigated. The performance of the PDA will be compared to that of a monopole

antenna.

The FDTD analysis of antennas relies on the accurate FDTD modeling of wires and
other objects. When at least one dimension of a modeled object is small compared to a
practical size for the FDTD cells, subcell modeling can be performed in the cells
adjacent to the object to improve the accuracy of the FDTD field update equations. The
subcell modeling of thin wires in the FDTD technique is addressed in this dissertation. It
will be shown that although FDTD wire modeling has been applied successfully in the
past to scattering and radiation problems, there has not been a thorough investigation of
the accuracy of FDTD wire models in calculating the antenna input impedance. A
detailed numerical evaluation of the input impedance of dipole antennas is provided in
the dissertation. Two currently used subcell wire models are investigated, including a

model considered to be the standard in many present FDTD programs, and it is shown



that these models are not sufficiently accurate for some purposes, even when relatively
fine spatial discretizations are used. In response to these findings, a new subcell wire
model is proposed which includes special modeling of the wire ends and the source
region. The improved accuracy of the new subcell wire model compared to that of the

other models will be demonstrated.

1.2 Contributions

There are two major contributions of this dissertation to the numerical analysis and
design of antennas for PCS devices. The first major contribution is the analysis of two
practical PCS antennas, using numerical and statistical techniques, to investigate the
effects of the PCS user and surrounding environment on antenna performance. The
second major contribution is a thorough analysis of the accuracy of FDTD wire models
and the development of a new wire model which facilitates the accurate computation of
the input impedance of linear wire antennas. Specific contributions of the dissertation
are:

e the further development of a novel polarization diversity antenna for practical
application on a PCS device (this antenna was invented by the author and his
supervisor during the course of the Master’s thesis work),

» the application of statistical techniques, in concert with the FDTD technique and an
accurate biological model of the user, to form a qualitative evaluation of the
performance of PCS antennas which takes into account the proximity of the user and

the multipath environment,

e the comparison of numerical and experimental results of the diversity antenna and a



performance comparison of the diversity antenna and a monopole antenna,

* an analysis of how the following factors influence the antenna performance and the
absorbed power in the user: the type of antenna, the type of environment (urban or
suburban), and the presence of parts of the user’s body (head and hand).

* a method of analyzing the accuracy of FDTD subcell wire models based on the
calculated input impedance of a dipole antenna,

* the application of this method to analyze the accuracy of two existing wire models,

» the development of a stable FDTD model for a resistive excitation inside a wire, and

» the development of a novel subcell wire model for the FDTD technique which allows

for the more accurate calculation of the input impedance of linear wire antennas.

1.3 Outline of the Dissertation

Chapter 2 reviews the background material relevant to the development of microstrip
antennas for PCS. The advantages and limitations of microstrip antennas are discussed
and the basic theory of microstrip antennas is presented, including the radiation
mechanism and the relaticnships between physical and electrical parameters. As
microstrip antennas typically have narrow input impedance bandwidths, some attention
is devoted to techniques of improving their bandwidths. The contributions of other

researchers in this area are reviewed.

Chapter 3 addresses the electromagnetic interaction between a PCS antenna and its
surroundings. The interaction between the antenna and the PCS user is treated in Section

3.1, beginning with an overview of the known health effects and the protective standards



of human exposure to RF fields. Also discussed is the biological model of the PCS user
utilized in this research. In the remainder of Chapter 3, the current knowledge on how
the performance of a PCS antenna is affected by the proximity of the user, the small

ground plane and the multipath environment is discussed.

The numerical modeling techniques used in this work are described in Chapter 4. This
chapter introduces the main concepts of the FDTD technique and the Method of

Moments (MoM) and discusses their suitability to the research.

The research results are presented in Chapters S and 6. Chapter 5 provides the results of
the interaction between two PCS antennas and the user’'s body. A polarization diversity
antenna and a monopole antenna are analyzed at frequencies near 900 MHz to
investigate the effects of the proximity of the user's body and the multipath environment
on the antenna performance. The absorption of energy in the user's body is also
evaluated. The two antennas are analyzed in terms of the radiation patterns, the mean
effective gain (MEG), the correlation coefficient (for the diversity antenna), the SAR in

the user and the antenna efficiency.

In Chapter 6, the subcell modeling of wires in the FDTD technique is introduced, and a
test is defined for the evaluation of wire model accuracy. This test is applied to two

currently used wire models, and it is shown that the accuracy of both models is poor. A
new wire model is proposed which includes special treatments of the wire ends and the

source region. The results demonstrate that the new wire model has good accuracy over



a broad range of wire radii. The stability of the proposed wire model is also addressed.



Chapter 2 Microstrip Antennas

As cellular telephones and other PCS devices have become smaller and more portable,
the demand for microstrip antennas has increased. Their light weight, thin profile, and
ease of fabrication make microstrip antennas attractive alternatives to other antenna
configurations. In addition, microstrip antennas are mechanically rigid, which makes
them less susceptible to damage than wire antennas. Microstrip antennas can also be
designed and positioned on a cellular telephone handset to minimize the amount of
radiation absorbed by the user. The analysis of microstrip antennas was important for
the dissertation research. One microstrip antenna, a polarization diversity antenna, is

presented in Chapter S.

In the following sections, information relevant to the development of microstrip antennas
for personal communication systems (PCS) is presented. This includes the historical
development of microstrip antennas, their advantages and limitations, and microstrip
antenna theory. For the development of microstrip antennas, the relationships between
physical and electrical parameters are provided and techniques of improving the

impedance bandwidth are reviewed.



2.1 Microstrip Antenna Background

Before reviewing the historical developments and the advantages and limitations of
microstrip antennas, a brief description of the microstrip antenna is presented here. An
example of a rectangular microstrip antenna and its feed network is illustrated in Fig.
2.1. Microstrip antennas consist of one or more conducting patches, a dielectric
substrate and a ground plane, as shown. The conducting patch resonates at a frequency
at which the characteristic length of the antenna (b in Fig. 2.1) is on the order of one-half
wavelength [1]. The top surface of the antenna is accessible, so circuits (e.g. matching
networks, phasing circuits and power splitters) can be built onto the top surface. In
microstrip antenna design, there are many choices for the patch size, the number of patch
elements and the feed configuration.

microstrip

transmission

line feed
/

dielectric patch element

/

ground
plane

+l

Fig. 2.1 Basic configuration of a microstrip antenna.

2.1.1 Historical Developments

Microstrip technology was initially applied to the design of non-radiating circuits, such

as filters and couplers, where radiation represents loss and should be suppressed.



10

However, in the early 1950s, Deschamps studied ways of enhancing this radiation and
introduced the concept of microstrip circuits as antennas [2]. Although this concept later
became very popular, it did not initially attract significant attention for over two
decades. The United States military developed the first practical use of microstrip
antennas during the mid 1970s, realizing that their thin profile made microstrip antennas
attractive for installations on missiles or other aircraft without affecting their
aerodynamics. Commercial interest in the microstrip antenna followed by the late

1970s. This interest was slow at first [3], but it gained momentum once inexpensive,
low-loss substrate materials became available, the cost of manufacturing was reduced,
analytical and numerical analysis techniques were developed, and markets for these
antennas emerged. Electronic circuit miniaturization also played an important role. One
of the first markets for microstrip antennas was satellite communication [3]. Due to
strict size and weight requirements and the need for mechanical rigidity on satellites,
microstrip antennas were favoured over other antenna configurations (such as
monopoles, helices, horns and parabolic reflectors). Today, microstrip antennas are used
in a variety of applications, including air navigation and radar [3],[4], and there is
increasing interest in them for PCS. Microstrip antennas are used at frequencies from

100 MHz to 50 GHz [1].

2.1.2 Advantages and Limitations

Microstrip antennas have many advantages which make them preferable in many
applications. These advantages include [1]:

* light weight and compact size. Microstrip antennas can be made of light weight



I
dielectric substrates, and they usually have low profiles. Therefore, they can be used

in systems where there are weight or size constraints. The low profile adds to the
mechanical rigidity of the antenna. Microstrip antennas can also be made
unobtrusive if aerodynamics or aesthetics are important.

low manufacturing cost. A simple etching process is used to fabricate microstrip
antennas, making them amenable to mass production. Feed lines and matching
networks can also be fabricated at the same time.

easy mounting. The antenna can be mounted onto planar or non-planar surfaces with
minor alterations.

different polarizations possible. The polarization of a patch antenna can be easily
modified to any of a number of linear or circular polarizations with a change in the
feed positions or a change in the phase relationships between feeds.

dual-frequency operation possible. This advantage can offset the problem of narrow
impedance bandwidths.

compatibility with integrated circuits. Circuit elements can be deposited directly

onto the antenna surface at the time of fabrication.

Microstrip antennas also have limitations compared with other antennas. These include:

narrow bandwidth. The impedance bandwidth of a microstrip antenna (usually
defined as the bandwidth within which the voltage standing wave ratio, VSWR, is no
more than two) is typically in the range of 1 to 3% [5]. However, bandwidths greater
than 30% have been reported [6]-[11].

higher losses, notably in the antenna substrate and in the feed network.
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* lower power handling capability, due to dielectric breakdown.

* electrical properties which are difficult to analyze, due to the fact that the antenna
elements typically rest between two media of different dielectric constants.

* the possible excitation of surface waves, which results in distortion of the radiation
pattern, unwanted coupling between antenna elements, and power loss.

* poor isolation between the feed and the radiating elements.

For many applications, the advantages of microstrip antennas outweigh their limitations.
In fact, it is expected that in the future, microstrip antennas will replace conventional
antennas in many applications [1]. There is increasing interest in microstrip antennas for
mobile communication, where light weight, compact size and low manufacturing cost

are desired, and bandwidth and power handling capacity are not critical.

2.2 Microstrip Antenna Theory

This section provides the theoretical background necessary for understanding the general
aspects of microstrip antenna analysis. The section begins with a description of the basic
radiation mechanism of microstrip antennas. Essential relationships between physical
parameters and electrical properties are discussed. Previously used methods to increase

the bandwidth of microstrip antennas are also reviewed.

2.2.1 Radiation Mechanism

Despite the simple geometry of the microstrip antenna, its electrical behaviour is
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complicated to analyze, due to the fact that the radiating elements typically rest between

two media of different dielectric constants. Fields in the medium above the patch may
have different velocities of propagation than the fields in the medium below the patch.
Also, the analysis of microstrip patch antennas requires an understanding of dielectric

and conductor losses, scattering and refraction at the dielectric boundary, and the

excitation of surface waves [1].

H-~--

- E ———

Fig. 2.2 Cross-section of a microstrip circuit showing field lines.

Figure 2.2 presents a cross-sectional view of a microstrip patch antenna, showing the
distribution of the electric and magnetic fields. An electric field is excited between the
patch and the ground plane when there is a potential difference between them. Far from
the patch edges the electric field under the patch is directed vertically towards the ground
plane, but near the patch edges, fringing of the fields results. Some of the fringing fields
separate from the antenna to become radiating fields. As described in the next section,
radiation from the patch is strongly affected by the physical parameters of the patch
(including the patch size and the substrate thickness). Understanding the relationships
between the physical parameters of the antenna and its electrical properties can be
difficult, particularly if the patch shape is not simple. As a consequence, although patch
conductors can be designed to have any flat shape, much of the previous work on

microstrip antennas was restricted to patches with simple shapes, such as rectangles and
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circles. Recently however, the development of numerical electromagnetic techniques,
together with the increased memory and computing power of computers, have made it

possible to explore more complex structures.

2.2.2 Relationships Between Physical and Electrical Parameters

This section describes how the physical properties of a microstrip antenna affect the
antenna electrical characteristics (such as bandwidth, efficiency, radiation pattern and

centre frequency).

The dielectric constant of the substrate influences the antenna resonant frequency,
bandwidth, efficiency and most other antenna parameters. For a given antenna size, the
operating frequency is inversely proportional to the square root of the dielectric

constant. For example, the resonant frequency, f,, of the fundamental mode of a

rectangular patch is [4]:

C
= (2.1)
& 2 (b+24l) [,

where c is the speed of light in free space, b is the length of the patch (from Fig. 2.1), 2A/

is the effective increase in the patch length due to fringing fields, and €, is the effective

dielectric constant of the antenna (the composite relative dielectric constant of both the

fields in the substrate and the fields above the patch). The values of Al and €, are

difficult to determine, as they depend on the fringing of the fields, and only empirical
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formulas exist for simple geometries. An approximate formula for €, of a rectangular
patch antenna with an air superstrate and a dielectric substrate with relative dielectric

constant of €, is [1]:

e +1 e -1
e = T —+ L (2.2)

¢ 2 2/ /i+12h/a

where /1 and a are the thickness and width of the antenna (see Fig. 2.1) and a2 A . Thus,
the effective dielectric constant of the antenna has a value between the relative dielectric

constants of the air and the substrate (i.e. ] <€,<€ ). Ata given resonant frequency,

the size of the antenna can be reduced by increasing €, as evident from (2.1). However,
a larger dielectric constant results in the reduction of the bandwidth, gain and efficiency

[4].

Temperature and anisotropy of the substrate can cause changes in the dielectric constant.
For example, anisotropy in ceramic polytetrafluoroethylene (PTFE) and random fiber
PTFE causes typical variations in the dielectric constant of 2.4% and 1.7%, respectively
[12]. Changes to the dielectric constant affect other parameters. For example, the
sensitivity of the operating frequency to changes in the dielectric constant can be derived

from (2.1). It can be expressed as [12]:

L i 4 (2.3)
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The substrate dielectric constant also determines which parameter tolerances affect the

antenna resonant frequency. For substrates with low dielectric constants (e.g. €, <2.5),

the resonant frequency is strongly affected by tolerances in the antenna size. For
antennas with high dielectric constant substrates (€, 2 10), the resonant frequency is

sensitive to tolerances in the dielectric constant. In some cases, the manufacturer

tolerance on €, can be insufficient for accurate design [12].

Dielectric substrates are available today with dielectric constants that vary over a wide

range [12]. Materials from dielectric foams (e.g. polymethacrylamid hard foam: €, =
1.07) to ceramics (e.g. silicone resin ceramic: €, = 25) are used [1], and materials with €,
> 50 are available [13]. Frequently used substrates include RT/duroid-5880 PTFE

(g,=2.2), K-6098 teflon/glass cloth (¢, = 2.5) and alumina ceramic substrates (9.7 <€,

<10.3) {1}

The low efficiency of small patch antennas can be improved by increasing the substrate
thickness. The thicker the substrate, the more loosely coupled the fields are to the
ground plane. Thus, fringing fields are more likely to become radiating fields. An
increase in the fringing of the fields causes an increase in the effective size of the
antenna which leads to a lower resonant frequency. However, this effect is not
significant. For example, the resonant frequency of a square patch antenna with a very

thick substrate (thickness = 6% A, where A is the wavelength in free space) is only 8%
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lower than that of the same size square patch with a very thin substrate (thickness <

0.1% Ag) [12]. Thicker antennas also typically have wider bandwidths [4].

A disadvantage of using thick substrates is that surface waves are generated [4]. Surface
waves travel in the substrate and are scattered at discontinuities. Therefore they can
degrade the radiation pattern. They also extract power from the radiating waves and thus
lower the antenna efficiency. As the polarization of a surface wave is difficult to control,
surface waves also cause an increase in cross-polarization. Other disadvantages of using
thick substrates include added bulk and increased cost. Furthermore, patches on thick

substrates are more difficult to feed, and additional losses may result [1].

Due to the size restrictions imposed on handset antennas by PCS devices, methods of
decreasing the antenna size are of interest. However, for a given patch shape, decreasing
the size can result in higher resonant frequencies, narrower bandwidths, lower radiation
efficiency, and changes in the input impedance and radiation patterns [1]. The effect on
bandwidth and efficiency is significant, due to the relatively narrow bandwidths and high
losses of microstrip antennas (as discussed in Section 2.1.2). Smaller antennas are also
more susceptible to manufacturing tolerances [1]. For many patch shapes, resonance in
the dominant mode is achieved when the characteristic length of the patch is of the order
of one half wavelength long (for rectangular patches, the characteristic length is the

length of the longer side, for circular patches it is the diameter) [4].

It has been demonstrated that for a given patch size, the resonant frequency can be
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lowered by inserting shorting posts between the patch and the ground plane [14],[15].

The shorting posts change the current distribution on the patch by providing new current
paths to the ground plane. This technique has been applied to circular patches [14] and
square patches [15] to decrease the patch size to approximately one-third the original

size.

Dielectric superstrates are often used to protect the antenna from damage. However, a
dielectric superstrate also significantly affects the performance of the antenna. It
influences the characteristic impedance, lowers the resonant frequency, widens the
bandwidth, increases dielectric losses, and increases the peak power-handling capability
of the antenna [16]. Numerical and experimental results have been reported on the
effects of a dielectric superstrate on the effective dielectric constant, resonant frequency
and bandwidth of a rectangular microstrip antenna [16]. The antenna had a polystyrene
substrate (g, = 2.5) of height 0.159 cm. The increase in €, was significant if the

superstrate was thick or had a high value of €,. An increase in €, lead to a decrease in

the resonant frequency, and the fractional change in resonant frequency depended on the
resonant frequency itself. Using superstrate materials of polystyrene (g, = 2.5), ice (g, =
3.2) or beryllium oxide (€, = 6.6), the fractional changes in a 10 GHz resonant frequency

were as much as 5.8%, 7.8%, and 16%, respectively (for infinite superstrate thickness).
At 2 GHz, the maximum changes in resonant frequency were 2.5%, 3.4% and 7.1%,
respectively. It was also observed experimentally that the bandwidth of the antenna
widened slightly when a superstrate was used. Using this information, one can reduce

the patch size for a given frequency at the expense of increasing the volume of the
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structure.

Selecting the type of antenna feed is as important as designing the antenna itself. The
four most common feeds used for microstrip antennas are the coaxial feed, the microstrip
transmission line feed (shown in Fig. 2.1), the proximity coupled feed and the aperture
coupled feed. All four feeds are extensively covered in the literature (e.g. [1]). Each
method has advantages and limitations in terms of impedance matching, feed point

positioning, feed radiation, ease of fabrication and other factors.

Most analyses of microstrip antenna characteristics assume a flat perfectly conducting
ground plane of infinite area. In practice, however, the ground plane may not be flat or
perfectly conducting, and it is certainly not of infinite extent. The size and shape of a
small ground plane can have significant effects on the electrical characteristics of the
antenna (such as the radiation pattern, input impedance, efficiency and centre

frequency). This topic is covered more extensively in Section 3.2.

2.2.3 Improvement of the Bandwidth of Microstrip Antennas

Bandwidth is generally defined as the range of frequencies within which an electrical
characteristic of the antenna performs to a specified standard [17]. There is no unique
characterization of antenna bandwidth. The many types of antenna bandwidth include
impedance bandwidth, pattern bandwidth, polarization bandwidth and gain bandwidth.
The type of bandwidth chosen for a particular antenna is usually the one corresponding

to the antenna characteristic which is most strongly influenced by frequency. For simple
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microstrip patch antennas, the input impedance is a strong function of frequency while
the radiation pattern, polarization and gain are less affected. Thus in this dissertation, the
term bandwidth refers to the impedance bandwidth, which is usually defined as the range
of frequencies within which the voltage standing wave ratio (VSWR) does not exceed
two. The impedance bandwidth is usually expressed as a ratio of this frequency range to
the centre frequency. A typical impedance bandwidth for the basic microstrip patch
element is 1 to 3% [5], compared with the 15 to 20% impedance bandwidths of dipole,
slot and horn antennas [1]. The relatively narrow bandwidths of microstrip antermas can
be explained by observing that the region between the patch and the ground plane acts as
a lossy resonant cavity [4], and resonant cavities typically have high Q factors (i.e.
narrow bandwidths). However, there has been extensive research on broadband
microstrip antenna configurations recently, and bandwidths greater than 20% are
possible. As discussed previously, the bandwidth can be widened by increasing the
substrate thickness and lowering the substrate dielectric constant. Also, wide patches
typically have wider bandwidths than narrow patches. Other techniques generally fall
into three categories: external impedance matching, the use of multiple resonances, and
adding losses (to sacrifice efficiency for bandwidth). These three techniques are

discussed below.

External impedance matching is an effective and relatively simple method of widening
the bandwidth because it usually does not require any modification of the antenna
element itself. Impedance matching is typically achieved by adding a matching circuit

into the feed network, usually on the same substrate as the antenna. Thus the matching
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circuit can be fabricated conveniently with the antenna. The matching network may
consist of tuning stubs, quarter-wave transformer sections, capacitively coupled lines, or
active devices. Good results are achieved when the matching circuit is very close to the
antenna element. However, care must be taken to prevent the matching circuit from
interfering with the antenna radiation pattern. An impedance bandwidth of more than
25% has been obtained by matching the input impedance of a single microstrip element
[18]. Using transistors in the matching network, matching combined with amplification
achieved a bandwidth of 24% and an added gain of approximately 10 dB [19].
Impedance matching can also be achieved by modifying the antenna patch itself (e.g. by

creating slots in the patch [20]).

Using two or more resonators that resonate at closely-spaced frequencies is another
effective technique to widen the bandwidth. The bandwidths of each resonator should
overlap to give an overall wide bandwidth. For microstrip antennas, the use of multiple
resonances can be achieved using stacked patches [6], {8], parasitic patches [6] and slot
loading (cutting slots into the patch) [7], [9], [10], [11]. The stacked patch configuration
occupies less area than the parasitic patch configuration, and tight coupling is more
easily achieved. However, using the stacked configuration makes fabrication,
modifications, and adding components more difficult. The bottom and top patches are
very close in size, with one patch smaller than the other to resonate at a higher
frequency. Bandwidths of 10 to 20% have been achieved with stacked patches [6].
Using parasitic patches, bandwidths of up to 25% have been achieved [6]. To achieve

close coupling between parasitic patches, very small gaps between the elements must be



used, which makes fabrication tolerances critical. It may also be difficult to position
coplanar feed lines and matching networks on the board, since there is less room to
mount them. Slot loading does not increase the size of the antenna, as do the other two
methods. Therefore, it is preferable in applications where size is critical. Using slot
loading, dual-band operation [7] and triple-band operation [9], [10] have been
demonstrated, and bandwidths as wide as 47% have been reported [11]. The resonant
frequencies and bandwidths can be adjusted by changing the depth and width of the

notches.

Bandwidth improvement can also be achieved at the expense of efficiency by adding loss
into the system. Losses can be added externally using attenuators, distributed using
lossy substrate materials, or added to the antenna directly using chip resistors or other
loads. This method is generally discouraged for microstrip antenna design however, due

to the relatively low radiation efficiency of microstrip antennas.

2.3 Concluding Remarks

In this chapter, information relevant to the development of microstrip antennas for PCS
is presented. This information is important to the research, which contributes to the
analysis of small antennas for hand-held PCS devices. Microstrip antennas, due to their
compact geometry and other advantages, are attractive for PCS. As discussed, the
development of microstrip antennas for hand-held PCS devices faces many challenges,
including technological limitations (e.g. bandwidth and efficiency) and physical

constraints (e.g. size). The analysis of these antennas is also complicated by the effects



of the close proximity of the user's body, the small ground plane and the multipath

environment, as discussed in more detail in the next chapter.
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Chapter 3 Antenna Interaction with the
User and Surroundings

The antenna theory discussed in Chapter 2 is important for the analysis and design of
microstrip antennas. However, many factors are not taken into account in this theory, such
as the presence of the user and surrounding objects in the multipath environment. If the
user is in the close proximity of the antenna, a significant amount of radiated power from
the antenna may be absorbed in the user’s body. This reduces the antenna efficiency and
may have adverse health effects for the user. Surrounding objects in the far field of the
antenna, such as buildings and vehicles, scatter RF signals, causing multipath distortion of
the received signal. This distortion typically varies randomly in time due to the movement
of the PCS device with respect to the surrounding objects. Another factor to consider is
that the antenna ground plane (the PCS handset) is small compared to the wavelength.
Field diffraction from the ground plane edges significantly affects the far-field radiation

pattern and other electrical characteristics of the antenna.

The first section of this chapter describes the antenna interaction with the user, including
the known biological effects of RF fields, health standards for human exposure to RF radi-
ation from PCS devices, and the effects of the user proximity on the electrical characteris-

tics of the antenna. It also defines the specific absorption rate (SAR) of energy in the body



and the antenna efficiency, which are used in the antenna analysis in Chapter 5, and it
describes a biological model of the user used in the FDTD analysis. The effects of the
small antenna ground plane on a PCS antenna are described in Section 3.2. Section 3.3
discusses the effects of the multipath environment on the antenna and derives an expres-
sion for the mean effective gain (MEG) of an antenna. The use of diversity to alleviate
multipath fading is also addressed, and a performance measure for diversity antennas, the
correlation coefficient, is derived. The work of this chapter is important for the results in
Chapter 5 on the performance of PCS antennas and their interaction with the user and the

multipath environment.

3.1 Antenna Interaction with the User

The antenna of a cellular telephone handset is typically within centimeters of the user’s
head. As a result, there are concerns about health effects for the user and degraded signal
quality for the PCS system. This section addresses both areas. It begins with an overview
of the known biological effects of RF fields and a review of some of the protective stan-
dards related to PCS devices. The effects of the body proximity on the antenna are then
presented. These effects include reduced antenna efficiency and distortion of the radiation
pattern. At the end of this section, the biological model of the user utilized in this research

is described.

3.1.1 Biological Effects of RF Fields and Health Standards
Rapid technological development during this century has led to the widespread use of RF

fields in various applications, including PCS systems (which operate at frequencies
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between 40 MHz to 6 GHz [21]). Our daily exposure to RF fields has raised public con-

cern and stimulated scientific inquiry into the possible health effects of these fields. This
section briefly reviews the current body of knowledge on the biological effects of RF
fields, with emphasis on biological effects which may lead to adverse health effects. A
detailed review is outside the scope of this research but is available in the literature (e.g.
[22],[23],[24]). Biological effects are analyzed in terms of the absorption of RF energy in
the body. The standard dosimetric measure of RF exposure is the specific absorption rate

(SAR), which is defined in this section. A review of health standards for RF exposure is

also provided.

The biological effects of exposure to RF radiation are very different from the effects of
extremely low frequency (ELF) radiation or ionizing radiation. In contrast with ionizing
radiation, RF fields do not have sufficient quantum energy to break molecular bonds and
damage genetic material. Therefore, the vast amount of research on the biological effects
of ionizing radiation cannot be directly applied to RF radiation. Similarly, ELF data on
biological effects cannot be directly extended to RF frequencies. Research on the biologi-
cal effects of RF radiation has been conducted for over 40 years, and interest in the area
heightened considerably in the early 1990s with the increase of cellular phone use. Multi-
million dollar research studies around the world are currently on-going, but they will not

conclude for several years [25].

To understand the biological effects of RF fields, it is first necessary to define a dosimetric

measure of RF exposure. Unfortunately, there is no straightforward relationship between
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the external RF field outside a biological body and the induced RF dose inside the body

[21], due to the fact that dose distributions are highly dependent on the geometry of the
body, the external field frequency and polarization, and other factors. Therefore, the
safety evaluation of PCS devices cannot be based entirely on the external field. A gener-
ally accepted dosimetric measure of RF exposure is the specific absorption rate (SAR),
which is defined as the power absorbed per unit mass of tissue. It can be calculated from

the induced electric field E; in biological tissue as [24]:

2
SAR = %|E,.| (Wikg) (3.1)

where G is the tissue conductivity and p is the tissue specific density. Evaluation of the
SAR can be performed using numerical techniques such as the FDTD method, assuming
that an accurate biological model is provided. The biological model used in this work is

described in Section 3.1.3.

The thermal effects of exposure to RF fields are well established. Excessive exposure to
RF fields for long durations can raise the body temperature and even cause burns. Studies
on rodents indicate that an increase in body temperature from RF radiation can cause birth
defects, temporary sterility and thermal stress [22]. However, at the low exposure levels

induced from PCS devices, thermal effects are unlikely [23].

The non-thermal effects of RF exposure are currently under investigation, and few, if any,

non-thermal effects have been found [26]. However, there may be non-thermal effects
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associated with the exposure to RF signals that are amplitude modulated at ELF [23].

ELF-modulated RF field exposure is attracting increasing attention, due to the recent
advent of digital communication systems. Many of these systems use time-division multi-
ple access (TDMA) technology which divides channels into frames to allow many users to
use the same channel. The frame rate used by the North American IS-54 TDMA standard
results in the transmission of a 50 Hz field [23]. Experimental studies have identified a
number of biological effects of ELF-modulated RF field exposure. One the reviews enu-
merates the following [23]:
Major effects of these fields have been noted in 1) regulation of the immune system;
2) in modulation of brain and central nervous system functions...; 3) in regulation of
cell growth...; and 4) in apparently acting at cell membranes with chemical cancer
promoters, or with the body's intrinsic hormonal mechanisms, as co-factors in tumor
promotion.
A limited number of epidemiological studies (studies of the occurrence of illness in popu-
lations) have also been undertaken over the last 30 years to evaluate the influence of
human exposure to RF fields on human health. A review of these studies [27] suggests
that RF exposure may influence paresthesia (pricking or tingling sensation on the skin),
lung cancer and ocular lens changes in people. However, the review cautions that the
groups in which these indications were found 'were probably exposed above current occu-
pational exposure limits.’ It also emphasizes that there is a lack of experimental studies
supporting some of the epidemiological results, a lack of good exposure measurements,
and inconsistency in the methodology of the studies. The review therefore concluded that

there is no clear evidence ’suggesting an effect at RF exposure situations comparable to

those encountered by common use of mobile communication systems.’
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Research on the health effects of exposure to RF fields indicates a need for protective stan-
dards. Many national and international standards groups around the world have adopted
safety standards for RF exposure. These include the Canadian standard, "Safety Code 6:
Limits of Exposure to Radiofrequency Fields at Frequencies from 10 kHz - 300 GHz."
[28], and the United States standard, "ANSI/IEEE C95.1-1991, IEEE Standard for Safety
Levels with Respect to Human Exposure to Radio Frequency Electromagnetic Fields, 3

kHz to 300 GHz" [29]. These standards set maximum permissible levels of SAR (W/kg),

incident power density (W/mz) and other parameters, based on the known thermal effects
of RF exposure. For PCS devices, SAR standards are of primary importance. The stan-

dards of different national and international groups are in good agreement.

Standards establish two types of exposure limits: one for RF workers and one for the gen-
eral public. The SAR limits depend on the duration of exposure, the region of exposure
(e.g. eyes compared to limbs), and the mass of tissue over which the SAR is averaged (e.g.
one gram, 10 grams). For the general public, the Canadian standard requires that the SAR
averaged over any 20% of the body mass cannot exceed 0.2 W/kg. Local SAR values can-
not exceed 4 W/kg (averaged over 1 gram of tissue) except in the eye, where the SAR
must be below 0.2 W/kg, and at the body surface and in the limbs, where the SAR must be
less than 12 W/kg (averaged over 10 grams of tissue). For RF workers, who work in con-
trolled environments, the SAR limits are approximately double those for the general pub-

lic [28].

In Canada and the United States, a manufacturer of portable communication devices must
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provide test results showing that the exposure standards are met before the device is
allowed on the market. However, a device may be exempt from providing test results if
the device output power is below a certain level [29]. According to the Canadian stan-
dard, all portable devices operating below | GHz are exempt if the output power is less

than 7 W [28]. Most cellular telephones transmit less than one watt of output power.

3.1.2 Effects of the Body Proximity on the Antenna
Whether or not the user's health is adversely affected by the close proximity to the

antenna, the performance of the antenna is adversely affected. The absorption of RF
energy in the user's body reduces the antenna efficiency. The antenna far field patterns,
input impedance, bandwidth and other parameters are also affected by the body proximity.
In the context of the problems analyzed in this research, antenna efficiency is defined as

the ratio of the power radiated to the total output power:

P
rad (3‘2)

N = 55—
Prad + Pab:

where P, is the power absorbed in the volume V of the body:

P

abs

= 3[olE[ av (3.3)
v

and the radiated power P, is obtained as follows:
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Pr

a

= %”Re(ExH*) . ds (3.4)
S

where the surface S encloses the antenna-body configuration, E; and G are the induced

electric field in biological tissue and the tissue conductivity, respectively, E and H are the
total electric and magnetic fields, and dv and dfs are the differential volume and the differ-
ential surface vector, respectively. The far-field radiation patterns are computed from the

near-field vectors E and H using the surface equivalence theorem [30].

The effects of the user proximity on the antenna performance were investigated by several
authors [31]-[36] using experimental and numerical techniques. Experimental work on a
600 MHz dipole antenna next to a human body model showed that scattering of fields by
the body perturbs the current distribution on the antenna [31]. The body of the user was

modeled as a rectangular cylindrical plexiglass container filled with saline solution.

Numerical analysis using the FDTD technique was performed to investigate the effects of
the body proximity on the antenna resonant frequency, input impedance, efficiency and
far-field patterns [33]. The numerical modeling included a monopole antenna mounted on
a PCS device (metal box), a head (modelled as a sphere of muscle tissue) and a hand
grasping the phone (modelled as a block of muscle tissue). Experimental measurements
were also performed to verify the numerical analysis. Antenna characteristics were inves-
tigated at two frequencies, 914 MHz and 1890 MHz, which correspond to the frequencies
used by European PCS systems (and are very close to the frequencies used by PCS sys-

tems in North America). The results showed that at 914 MHz, the presence of the head
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and hand resulted in a decrease of the resonant frequency of 10% and an antenna effi-
ciency of 55%. At 1890 MHz, the antenna efficiency was found to be 57%. A consider-
able distortion of the radiation patterns due to the presence of the body was also found,
and diffraction and scattering from the head resulted in significant cross-polarization. The
presence of the head resulted in a shadow effect, meaning that the magnitude of the far
field radiation was less in the direction of the head compared to other directions (by 2 dB
at 914 MHz and by 12 dB at 1890 MHz). Radiated power at a fixed receiving antenna was
also measured as a person walked around an anechoic chamber holding the telephone at a
natural speaking angle. Fades as deep as 15 dB were measured and the mean received

power from the phone was 4.4 dB less than if the person was not present.

Similar tests were performed by others using an anatomically accurate head model
(obtained from magnetic resonant images), a heterogeneous hand model and a variety of
different antenna configurations mounted on a handset [34]. Results at 915 MHz indicated
a similar decrease in resonant frequency and efficiencies between 32% and 52% due to the
head and hand. Four antenna configurations were modelled, including a monopole and a
planar inverted F antenna (PIFA). The numerical analysis, using an FDTD algorithm, was
compared to experimental measurements. The authors observed that a PIFA mounted on
the back of the handset (away from the head) gave the best results in terms of efficiency

and SAR in the head.

3.1.3 A Biological Model Used in this Research

This research investigates the interaction between PCS antennas and the user's body using
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numerical analysis. A biological model of the user is therefore needed to study this inter-
action and to evaluate the SAR in the user’s body. As the antenna is held next to the user’s

head by a hand, both the head and hand should be modeled.

In terms of macroscopic electromagnetic behaviour, a biological body is a volume of lossy

dielectric material, and each tissue type has a complex permittivity € :

a l4 L3 ” —_— ’ - -i

€ = g,(g, -JE,") = g4, jznf (3.5)
where g is the permittivity of free space (F/m), €,” and €," are the real and imaginary parts
of the relative permittivity of the medium, ¢ is the conductivity (S/m) and fis the fre-

quency (Hz). Ata given frequency, the complex permittivity is completely described by

€,’ and 0. Accurate values of €,” and ¢ for many human tissues and over many frequency

ranges are available in the literature (e.g. [37]).

Various models of the head have been investigated, ranging in complexity from homoge-
neous boxes and spheres [32],[33] to heterogeneous and anatomically accurate models
[34]-[36]. Anatomically accurate models are desired, as spherical models yield overesti-

mated SAR values and box models provide distorted and unreliable results for the antenna

far-field pattern [36].



Table 3.1 Dielectric properties of the tissues in the head model at 915 MHz [38].

Tissue g’ G (S/m) Tissue g’ O (S/m)
skin 35 0.6 skull 8 0.11
spinal cord 49 1.1 spine 8 0.11
brain - white matter 38 0.8 brain - gray matter 49 1.1
jaw bone 8 0.11 muscle 58 1.4
parotid gland 55 1.0 lacrimal glands 55 1.0
spinal canal 72 2.1 tongue 55 1.0
pharynx 35 0.6 esophagus 35 0.6
nasal septum 35 0.6 fat 6 0.08
blood 62 1.5 CSF 78 2.1
eye - sclera 66 1.7 eye - humor 74 20
lens 44 0.8 bone marrow 42 0.8
cartilage 35 0.6 pituitary gland 55 1.0
ear bones 35 0.6 trachea 35 0.6

The head model used in this research is based on a model developed at the Radiology
Department at Yale University using CT and MRI scans [39]. Improvements to the origi-
nal Yale model were made at the University of Victoria. Twenty six tissue types are
assigned to 3.6 mm cubes of the head model (see Table 3.1). The hand model used in this
research consists of three blocks of bone surrounded by skin for the fingers, palm and base
of the hand. The bone thickness is 0.4 - 0.6 cm and the thickness of the surrounding skin
is 0.2 - 0.6 cm. The hand model holds the lower portion of the handset as shown in Fig.
3.1, with the fingers and the base of the hand touching the plastic casing, and the palm sep-

arated from the casing by a small air gap (1.1 cm). The whole configuration, including the
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head, hand and communications handset, is shown in Fig. 3.1.

handset

238

antenna

90

hand model

89 45

Fig. 3.1 Antenna-handset configuration with head and hand models (dimensions in
millimeters).

3.2 Effects of the Small Antenna Ground Plane

Each antenna investigated in this research is installed on a handset, and the metal casing of
the handset acts as the antenna ground plane. Due to the fact that the handset is small
compared to the wavelength, the edges of the handset can have significant effects on the
electrical characteristics of the antenna. These effects are important to consider in the

antenna analysis.
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If an infinitely large ground plane is assumed (the ideal case), the radiated fields can be
determined using image theory [40). Using image theory, the induced currents on the
ground plane do not need to be computed, as the contribution of the induced currents on
the ground plane to the radiated fields is the same as that of the mirror image of the equiv-
alent current sources on the antenna. Antenna parameters are relatively easy to determine
in this case. For example, a monopole antenna may be modeled by image theory as a
dipole with one-half of the input impedance and double the peak directivity of the dipole

[41].

In practice, however, a finite ground plane is used. The edges of the ground plane are scat-
terers which may diffract the incident field. Diffraction alters the radiation pattern, caus-
ing scalloping [42] or nulls [43] in the forward radiation, the presence of back radiation
(i.e. radiation behind the ground plane) [41], and higher cross-polarization levels [43].
Other antenna parameters may be affected as well. The degree to which the edges of the
ground plane change the antenna behaviour is largely a function of the distance from the
antenna to the ground plane edges. It has been shown that the circular ground plane of a
quarter-wavelength monopole antenna should be at least two wavelengths in radius for
input impedance measurements to accurately resemble those of the same antenna with an
infinite ground plane [44]. Such a large ground plane is necessary to ensure that the edges
of the ground plane are not in the near field. For smaller ground planes, the diffraction of
radiation at the edges modifies the currents on the ground plane [41]. Because the current

must be zero at an edge, the currents on the front and back faces near the edge are equal in
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magnitude and opposite in phase. The smaller the ground plane, the stronger the currents
on its back side, resulting in stronger back radiation. Ground plane edge effects can be
reduced by adding resistance to the edges. This can be achieved with the addition of a

resistive coating [45] or resistively loaded wire radials (wire elements which extend the

size of the ground plane) [44].

Many analytical tools can be used to model the diffraction of fields from ground plane
edges. These include such techniques as the method of moments (MoM) [46], the geo-
metrical theory of diffraction (GTD) [47] and the physical theory of diffraction (PTD)

[47]. The MoM and the GTD are often used together.

The most studied antenna configuration is the monopole in the centre of a thin disk. The
radius of the disk was found to have a very significant effect on the input impedance and
on the current distributions on the monopole antenna and the ground plane [41],[48]. The
effect of the ground plane thickness on the monopole antenna radiation patterns has also

been studied [49]. A pronounced distortion of the Eq radiation pattern was observed when

the thickness of the circular ground plane was varied between A/100 and A/2. A monopole
antenna on a conducting cube has been studied [43],[50]. As the monopole antenna was
moved from the centre of the top surface towards the edge or a corner, the Q factor
decreased by 60-70%, the magnitude of the conductance decreased by 50%, the resonance

frequency increased by a few percent and deep nulls in the radiation pattern were pro-

duced.
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For a helical antenna, a reduction of the ground plane radius to approximately the radius
of the helix resulted in a transition from forwardfire radiation to backfire radiation

[511.[52].

Patch antennas with finite ground planes have also been studied. For rectangular patches
with rectangular ground planes, the slot theory and the modal expansion theory have been
used to describe the fields impressed by the patch, and the GTD has been used to analyze
diffraction by the ground plane [53]. For patches and ground planes that are circular, a
method of moments formulation based on the equivalence principle [54] and a formula-
tion based on the vector potential technique [55] have been used. Smaller circular ground
planes result in beamwidths that are narrower in the E plane and broader in the H plane
[S54]. Thus pattern symmetry can be improved by modifying the ground plane size. The
radiation pattern, directive gain and input impedance are strongly affected by the size of
the circular ground plane [55]. Also, the height of the substrate and the distance between
the patch edge and ground edge affect the excitation of surface waves which significantly
affects the radiation efficiency [55]. For planar arrays of microstrip patch elements, scat-
tering by the edges of a ground plane caused an increase in the cross-polarization and a
decrease in the peak directivity of the antenna array [56]. It also resulted in a shifting of

the scanned beam peak to a higher elevation angle [56].

3.3 Effects of the Multipath Environment

The environment surrounding a PCS antenna is often called a multipath environment due

to the fact that a received signal is composed of many signal components, each of which
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has traveled along a different path from the transmitter to the receiver. The scattering of
the transmitted signal into its components is caused by reflection, refraction and diffrac-
tion by objects in the multipath environment such as buildings, cars and trees [57],[58].
Each signal component has its own amplitude, phase, polarization, angle of arrival and
time of arrival. At the receiving antenna, the signal components may combine destruc-
tively, resulting in the fading of the received signal power, called multipath fading. A
standard statistical model of multipath fading predicts that fades of 30 dB occur 0.1% of

the time [57].

As the scattering objects in the multipath environment are typically in the antenna far-
field, their presence does not affect the antenna efficiency, far-field patterns or other
antenna parameters. However, multipath fading degrades the received signal quality, and
proper design of the antenna can alleviate multipath fading. As described in Section 3.3.1,
diversity antennas can alleviate multipath fading by combining the operation of two or
more antennas in a constructive manner. A diversity antenna is analyzed in Chapter 5.
The ability of a two-branch diversity antenna to alleviate multipath fading can be evalu-
ated by calculating its correlation coefficient. Also, the performance of any antenna in a
mobile communication environment can be assessed by calculating the antenna mean
effective gain (MEG), which correlates the antenna power gains with patterns describing
the distribution of incident waves. The MEG and the correlation coefficient between two

antennas in diversity are described in Section 3.3.2.



3.3.1 Antenna Diversity

Antenna diversity systems employ M antennas (M > 1), instead of one antenna, to receive
M different signals. Switching or combining circuitry in the receiver combines the M sig-
nals constructively, thus mitigating the effects of destructive interference. The combined
signal fades less frequently and less severely than a signal incident on one antenna [57].
Ideally, a diversity system would receive each signal component separately and multipath
fading would be removed entirely. However, such a scheme is unworkable in practice, as
the number of signal components and their angles and times of arrival cannot be known in
advance. Most diversity systems use M =2 to M = 4 antennas, due in part to the trade-off
between signal quality improvement and cost of implementation [59]. If the diversity sys-
tem is designed well, the fading characteristics of the M received signals will be statisti-
cally independent (i.e. the signals will not likely fade at the same time). Statistical
independence is evaluated using the correlation coefficient, p, as described in Section

3.3.2.

A number of diversity schemes can be employed to ensure a certain measure of statistical
independence. Six of these schemes are space diversity, frequency diversity, time diver-
sity, angle diversity, field component diversity and polarization diversity [57]. The first
three of the methods are impractical for PCS handsets due to limitations in space, band-
width and circuit complexity, respectively. The most favoured of the methods is polariza-
tion diversity, which is a specific case of field component diversity. Many diversity

antenna configurations use a combination of angle diversity and polarization diversity.
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Angle diversity makes use of the observation that the signal components arriving along
different paths often have different angles of arrival, and signals with different angles of
arrival are likely to have statistically independent fading patterns [57]. Diversity can
therefore be achieved using directional antennas to isolate the signal components. The
beamwidths of the antennas must be selected to give the optimum trade-off between statis-

tical independence (using narrow beams) and signal coverage (using wide beams).

A wave travelling in space has a maximum of six field components, three electric field
components (E, E, and E;) and three magnetic field components (H, H, and H;). A field
component diversity antenna is one which receives two or more of the six field compo-
nents independently. Polarization diversity is a specific form of field component diversity
where the components are of the same field. These are typically £, and a combination of

E, and E. Many studies on polarization diversity are available, and the results conclude

that polarization diversity offers a substantial improvement in outdoor systems in subur-
ban areas and in indoor systems where there is no line-of-sight propagation [60],[61].
Polarization diversity antennas also provide protection from signal loss due to random
handset orientation [61]. Polarization diversity has been studied using cross dipole anten-
nas [62], passive microstrip antennas [S8], and active microstrip antennas [40],[63].
Energy density antennas have also been studied [64],[65]. Energy density antennas
exhibit field-component diversity by receiving one or more components of the electric

field plus one or more components of the magnetic field (typically E;, H, and H,, are

received).
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3.3.2 Mean Effective Gain and Correlation Coefficient

The mean effective gain (MEG) is a statistical measurement of the antenna performance in
a multipath environment. For a two-branch diversity antenna, performance is evaluated
using the MEG of each branch and the correlation coefficient, p, between the branches.

The derivations of the MEG and p are given in this section.

The MEG correlates the antenna far-field patterns with patterns describing the mean
power of incident waves on the antenna from the surroundings. Evaluation of the MEG
can be evaluated experimentally [66] or it can be computed from the antenna far-field pat-
terns and knowledge of the propagation characteristics of the surrounding environment.

Mathematically, the MEG, denoted by G,, can be expressed as [67]:

1+XPR
T
f,rl xpRCo (6:9) Py (6. 9) smGdOdd)]

G, = n[J‘:" XPR G (6,0) Py (8, 0) sin@d8dp + (3.6)

where
1 is the antenna efficiency.
XPR is the crosspolarization power ratio, defined as the ratio of the mean received
power in the vertical polarization to the mean received power in the horizontal polar-
ization. Over the range of angles of interest in mobile communications, the vertical

and horizontal polarizations are equivalent to the 0 and ¢ polarizations, respectively.
Go(6,0) = IE9(9,¢)I2 and G¢(9,¢) = |E¢(e,¢)|2 are the antenna power gains in the 0 and

¢ polarizations, respectively.
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Pg and Py, are the probability distributions of power incident on the antenna in the 6

and ¢ polarizations, respectively.

The XPR varies considerably, depending on the surrounding environment. In suburban
outdoor environments [68] and in indoor environments [61] where there is no direct line
of sight between the transmitter and receiver, measurements indicate that the XPR is
approximately 1 (0 dB). However, in urban outdoor environments where there is a high
density of tall buildings and in areas where there is a strong line-of-sight signal from a ver-
tically-polarized transmitting antenna, the vertical polarization is stronger than the hori-
zontal polarization. In two dense urban areas of Tokyo, Taga [67] measured XPR values
of 3.2 (5.1 dB) and 4.8 (6.8 dB). Lee and Yeh [69] also showed that the XPR in urban
areas is between 2.5 (4 dB) and 7.9 (9 dB). For this dissertation, a suburban area (XPR =

0 dB) and an urban area (XPR = 5 dB) were modeled.

The antenna power gains Gg(8,0) and Gy(8,0) satisfy the condition:

jz" J; (Go(8,0) + G, (6,0)) sin@dedp = 4r 3.7)

Pg and Py can be modeled as having uniform distributions in the ¢ direction and Gaussian

distributions in the 0 direction [67]. For0<8<x:

Py (6,9) = Aeexp(—(e— [5-my] )2/(25‘2,)) (3.8)



Py(8,0) = A¢exp(~(9 - [125 —mﬁ] )2/( 20’2)) 39

where:
my and Gy are the mean and standard deviation of the incident angle of arrival of ver-
tically-polarized waves and my; and 6 are likewise for horizontally-polarized
waves (the mean angles are observed upward from the horizontal direction).

Ag and A, are the amplitudes of Pg and Py, which satisfy:

T

r X .
J"z j:PG(e, 0) sin0d0dd = _[; f;P¢(e,¢) sin8d0dd = 1 (3.10)

For the urban outdoor environment modeled in this dissertation, values of my = 19°, oy =
20°, my =32° and 65 =64° were used, corresponding to measurements [67]. For subur-
ban outdoor environments, no published results of typical mean and standard deviation of
incident angles have been found. However, it is clear that the incident waves in suburban
outdoor environments arrive closer to the horizontal plane than incident waves in urban
outdoor environments, and that the standard deviation of arrival angles will also be
smaller. In this dissertation, values of my = 6y = my = 6= 10° are used. Polar plots of
Pg in the elevation plane for the urban and suburban environments are shown in Fig. 3.2.
Note from the MEG condition of equation (3.6) that an ideal PCS antenna does not have to
have a far-field radiation pattern that is omnidirectional in the horizontal plane, as some
antenna designers assume. A highly directional antenna could also receive the same aver-

age signal power. This has been observed in measurements [70].
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The correlation coefficient, p, of a two-branch diversity antenna is given in [62] as:

2
- IRIZI
P=5.6, G-A0

where G, and G, are the MEGs of antennas 1 and 2 of the diversity system as given by

(3.6), and R, is the cross-correlation between the two antennas in diversity:

Riy = M), |, TorsEe (6, 0) E*gy (6,0) Po (0, 9) sin@ddde  (3.12

T 1 .
+Ajnln2J‘z J.:l+XPRE¢[ (er ¢) E*¢2(e, ¢)P¢(9, ¢) Slneded(b

where the subscripts 1 and 2 refer to the first and second branch of the diversity antenna
and E£*(0,¢) denotes the complex conjugate of E(0,p). The best results are achieved when

the far-field patterns of the two antennas are orthogonal. In this case, p = 0.

3.4 Concluding Remarks

In this chapter, the biological effects of RF fields and the effects of the user proximity, the
small ground plane and the multipath environment on the antenna performance were
described. The background information presented on these effects is important for the
antenna analysis undertaken in this research. One of the main projects of this research is

an analysis of two PCS antennas: a monopole antenna and a polarization-diversity
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Fig. 3.2 Probability distributions of power incident on an antenna (9-polarization
only) in the urban and the suburban environments. Shown in the elevation plane

with ¢ =90° and 270°.
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antenna. Using the FDTD technique, both antennas are analyzed in terms of the SAR in

the body, the antenna efficiency, the far-field patterns and the mean effective gain (MEG).
For the diversity antenna, the statistical independence of the two branches is determined

using the correlation coefficient.



Chapter 4 Numerical Modeling

The analysis of PCS antennas for this dissertation is performed using two numerical elec-
tromagnetic techniques: the finite-difference time-domain (FDTD) method and the
method of moments (MoM). The FDTD method can be readily applied to complex geom-
etries of inhomogeneous dielectrics and metals. Thus it is well-suited to the analysis of
the interaction between a PCS antenna and the user, presented in Chapter 5. A widely-
used MoM computer program called the Numerical Electromagnetic Code (NEC) [71] is
used in this research to verify the accuracy of FDTD wire modeling. As the NEC program
was written 'for analysis of the electromagnetic response of antennas and other metal
structures’ [71], and as it is largely based on specialized formulations for wires, it is a
good standard for comparison with FDTD wire models using calculations of the input
impedance of a dipole antenna. This chapter introduces the main concepts of the FDTD
technique and the Method of Moments (MoM) and discusses their suitability to the

research.

4.1 Finite-Difference Time Domain Method

The Finite-Difference Time-Domain method is a popular numerical electromagnetic tech-
nique that is based on solving the differential forms of Maxwell's equations [72]. The

FDTD method is a time-domain technique which requires the discretization of both time
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and space. The method iterates through time for a given number of time steps, and at each

time step, the field components are updated using relatively simple linear equations. The
memory requirements of the FDTD method are not as restrictive as those of the MoM for

large problems, and complex inhomogeneous structures are readily implemented.

The FDTD method, introduced to electromagnetics by Yee in 1966 [73], is a direct solu-

tion of Maxwell's differential equations. Two of the differential equations are [74]:

LD

VXH—]'!“gt— 4.1)
3B

VXE—M—E}- (4.2)

where V x 4 is the curl of A, E and H are the electric and magnetic field intensities, J and
M are the electric and magnetic current densities, and D and B are the electric and mag-
netic flux densities [74]. All of the field variables are functions of space and time,
fix,y.z,t). To solve the differential equations numerically, space and time are discretized
and differentiation is performed using finite-difference approximations. A commonly

used finite-difference approximation is the central finite-difference formula, shown below

for differentiation in the x direction:

Ax Ax
f (x, ¥,2, 1) ~f(x+T’y’z’t)‘f(x‘j,y,z,t)
dx ) Ax

(4.3)
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where Ax is an increment in the x direction. It can be shown that applying the central
finite-difference formula to (4.1) and (4.2) produces a set of six scalar equations in which
the field values at each point in time and space are related only to field values at neigh-
bouring points [72]. Thus, the solution of each field value does not depend on the formu-
lation of large matrices, which is a great advantage of the FDTD method. However, E and
H must be evaluated at all nodes in the computational space, not just at the nodes of inter-
est. It accomplishes this by iterating through space along a regular grid. A unit cell of the
grid, known as a Yee cell, is shown in Fig. 4.1. As shown in Fig. 4.1, E and H field com-
ponents are evaluated at different locations on the grid. They are also evaluated at alter-

nate time steps. This results in savings of memory and computation time.

II% —> H component
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= | - 1 [ P ¢
g e

|

|

,:_’l“_'_j‘t_’f_:/
YL- b Ax

Ay

Fig. 4.1 Yee cell in the FDTD method.

To ensure the numerical stability of the FDTD method, the time stepping increment, At,

must be less than the Courant limit [75]:
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-1/2
At=Sny:[ 12+ 12+ 12] (4.4)
Ax Ay Az

where | and € are the permeability and permittivity of the medium, respectively, and

S <1 is the stability coefficient. Also, for sufficient accuracy of the results, spatial incre-
ments in the Yee grid (Ax, Ay, Az) must be small compared to the smallest wavelength
used and a sufficient number of time steps must be chosen [72]. Accuracy also depends on
the proper application of boundary conditions and the accurate modeling of metals and
dielectric materials. The application of boundary conditions is particularly difficult when
the structure of interest is to be modeled in an unbounded region. A region of infinite size
cannot be implemented in the FDTD method. However, absorbing boundary conditions
(ABCs) have been formulated which simulate the effect of an unbounded region [76].
One of the most popular ABCs is the perfectly matched layer (PML) boundary [77] which

is used in this research.

The accurate modeling of metal and dielectric objects is an important issue in the FDTD
method, particularly if the FDTD grid does not conform to the shape of the object or if the
object is small compared to the size of the Yee cell. A two-dimensional example of the
latter situation is shown in Fig. 4.2a. In this geometry, two metal sheets are modeled
whose thickness is smaller than the height of the Yee cell. Conventional FDTD update
equations for this geometry will either ignore the metal sheets or assume that they occupy
the entire areas of their cells. Either approach would result in a considerable error. A finer

spatial discretization may be used, as shown in Fig. 4.2b, but this may place impractical
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demands on computer memory or computation time.

(c) (d)

Fig. 4.2 FDTD modeling of coplanar lines using (a) a coarse grid, (b) a fine grid, (c)
a subcell grid, and (d) a nonuniform grid.
Improvements can be made to the conventional FDTD algorithm which increase the mod-
eling accuracy while maintaining the computational efficiency. These improvements
include subcell gridding, using nonuniform grids and subcell modeling [78]. In the sub-
cell gridding method, shown in Fig. 4.2c, a fine grid is used around the small features
while the regular coarse grid is used in the remaining region. Nonuniform grids, as shown

in Fig. 4.2d, are made gradually denser near the small features.
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Subcell modeling is often used when it is impractical to decrease the mesh size to the
dimensions of the object, even if subcell gridding or nonuniform grids is used. Wires [79],
sheets [80] and slots [81] are often modeled using the subcell modeling technique. The
approach of subcell modeling is to modify the update equations near the object of interest
rather than modifying the grid. The new update equations are typically based on the inte-
gral forms of Maxwell's equations, taking into account assumptions of field behaviour in

the region of interest. The subcell modeling of thin wires is described in Chapter 6.

4.2 Moment Method

Moment methods typically use the integral formulations of Maxwell's equations to solve
electromagnetic field problems. Applying a moment method (MoM) involves three main
steps: formulating an integral equation (IE) for the particular problem, discretizing the
integral equation into a series of linear equations, and evaluating and solving the linear
equations for the unknown parameters [46]. The particular choice of IE depends on the
structure to be modeled. For example, Hallén and Pocklington have developed [Es that
are well-suited to the modeling of thin-wire structures [82]. Other IEs have been devel-
oped to model metal plates, homogeneous dielectrics and other objects [46]. A one-

dimensional IE has the general form:

E(z) = J’ 1(Z)K (z,7)dz (4.5)

where E(z) is the known excitation, K(z,z") is the known kernel of the IE and I(z) is the

unknown function to be determined. Although the unknown function I(z) is inside the



integral, it can be solved for by first discretizing the linear space into N segments and

approximating I(z) as a series of known basis (or expansion) functions u,(z):

N
I(z) = ) Lu,(2) (4.6)
n=1
where I, are the unknown expansion coefficients. Many choices of basis functions are

possible [82], but the basis functions must be linearly independent. Substituting (4.6) into

(4.5) gives:

N N
E(z,) = Z I,IJ‘u,l (2)K(z,,2)dZ = 2 lg, 4.7)

n=1 n=1
where z = z,,, is a matching point where (4.7) is enforced. Thus the integral equation has
been converted into a linear equation with N unknowns. To solve for the coefficients /,,, N

simultaneous equations must be found. This is achieved with the use of N weighting func-

tions, w,. Forming the inner product of w, with both sides of (4.7) leads to the expression:

N
(W E(z,)) = DX LAw,. 8,) m=1,2,..,N (4.8)

n=1

which can be represented in the matrix form as:
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(VI=[Z1l1] (4.9)

where V,, = (w,, E(z,)) and Z,,, = (w_, g ) - The solution of [/] is obtained by pre-

multiplying both sides of (4.9) by the inverse of [Z]:

=121V (4.10)

or by using a variety of other standard techniques [83]. A limitation of moment methods
is that they are restricted to solving relatively simple geometries for which IEs can be
derived. Also, the size of the problem is limited due to the memory requirements for the
matrix storage and evaluation. However, for relatively simple problems, moment methods
are much more efficient than many other numerical techniques. Moment methods are pre-
ferred for the modeling of structures that are electrically small (i.e. each dimension is
small compared to the wavelength) and can be modeled as a composite of simple objects

for which accurate IEs exist (e.g. an aircraft modeled as a grid of wires).

4.3 Concluding Remarks

The main concepts of the moment method and the finite-difference time-domain technique
were introduced in this chapter. The Numerical Electromagnetic Code, a moment method
program, can efficiently solve electromagnetic problems involving simple geometries
such as wires. The FDTD method, on the other hand, is a robust technique that is capable
of modeling complex geometries of inhomogeneous dielectrics. The NEC is used in this

research to verify the FDTD method results and to assist in the development of subcell
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wire modeling in the FDTD method. An FDTD-based computer program developed at

the University of Victoria is used to analyze the effect of the user proximity and the multi-
path environment on antenna performance and to develop the improved subcell wire

model. Results of this work are provided in Chapters 5 and 6.
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Chapter 5 Analysis of PCS Antennas in
Mobile Environments

The development and widespread use of hand-held wireless communication systems has
stimulated increasing interest in the electromagnetic interactions between the antenna and
the surroundings. Of interest are the influence of the mobile communications environ-
ment and the close proximity of the user’s body on antenna performance, the potential
health effects of the radio frequency (RF) fields absorbed in the user’s body [22]-[24] and
compliance of the personal communication system (PCS) device with existing safety stan-
dards (e.g. [28],[29]). These issues must be addressed while also ensuring that the PCS
antenna is small enough to be used on a PCS handset and has sufficient gain, bandwidth

and efficiency.

In this chapter, the FDTD technique is used to analyze two PCS antennas at frequencies

near 900 MHz. The research investigates the interaction between PCS antennas and

mobile communications environments and addresses the following issues:

e how the proximity of the user’s body affects the antenna performance,

* how the antenna performance is influenced by the type of mobile communication
environment (urban outdoor vs. suburban outdoor), and

* how changing the antenna configuration can improve the antenna performance and
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reduce the specific absorption rate (SAR) of energy in the user’s body.

The two antennas under investigation are a monopole antenna and a polarization diversity
antenna (PDA). The antenna modeling incorporates the antenna, a cellular telephone
handset in the vertical orientation, models of the user’s head and hand, and a statistical
model of the mobile communication environment. Antenna performance is evaluated in
terms of the far-field radiation patterns, the mean effective gain (MEG), the correlation
coefficient, the radiation efficiency and the SAR in the user’s body. For the PDA, the far-
field radiation patterns are compared with experimental measurements which were con-
ducted prior to this dissertation work [58]. Good agreement between the calculated and

measured radiation patterns was observed.

Results indicate that the two modes of the PDA are sufficiently uncorrelated for diversity
operation and that overall, the values of the MEG, the efficiency and the peak averaged
SAR in the head are better for the PDA than for the monopole antenna. However, in terms
of the MEG, the PDA is more sensitive than the monopole antenna to the presence of the
user’s body. For the PDA, most of the power absorbed in the user’s body is deposited in
the hand, whereas for the monopole antenna, most of the absorbed power is deposited in

the head. For both antennas, the MEG is strongly influenced by the type of environment.

5.1 Description of Antennas
A monopole antenna is investigated in this dissertation because of its widespread use in

personal communications systems. Its popularity is due to its attractive bandwidth and
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radiation characteristics. However, monopole antennas are easily damaged, due to their
nonrigid structure. Damage of the monopole antenna accounts for approximately one half
of faults in vehicle-mounted cellular telephone use [84]. Also, more than half of the radi-
ated power from a handset-mounted monopole antenna may be absorbed in the user’s
body [33],[85],[86]. The absorbed power is a potential health concern and it results in

reduced antenna efficiency.

Microstrip antennas are attractive alternatives to monopole antennas, as outlined in Chap-
ter 2. They can be made conformal with the handset for protection from damage. They
can also be positioned away from the head and hand to reduce power deposition in the
user’s body. Many microstrip antenna configurations have been developed for personal
communication systems [34],[87]-[91]. Microstrip antennas can also be used to provide
antenna diversity. To date, there has been considerable research on polarization diversity
antennas and many configurations have been proposed [40],[63]-[65],[92]. However,
many of these configurations are not suitable for hand-held communications devices due
to their inefficient use of space (space must often be sacrificed to minimize the coupling
between the two polarization modes). A novel microstrip patch antenna that offers polar-

ization diversity in a compact configuration is investigated in this dissertation [58].

An experimental model of the PDA is shown in Fig. 5.1. This antenna was developed
for the author’s Master’s thesis [58]. It consists of two radiating patches on a

polyethylene dielectric substrate (€, = 2.5). Each radiating patch is short-circuited to the

ground plane on one side using a shorting patch. The use of the shorting patch reduces



the length of each radiating patch by 50%. The two patches are fed separately, and
feeding the two feed points in phase or out of phase results in the radiation of
horizontally-polarized (HP) or vertically-polarized (VP) fields, respectively [93],[94].
Impedance matching of the antenna was achieved by connecting each coaxial feed probe
to a quarter-wave microstrip transformer underneath the ground plane [94]. To
simultaneously transmit or receive both the HP and VP modes, the two quarter-wave
transformers were connected to a two-way 0°/180° power combiner/splitter. Using this
device, the sum of the signals from the two feed points (the HP mode) is received at one
port and the difference between the signals (the VP mode) is received at the other port.
The slots in the shorting patches help to bring the resonant frequencies of the two modes
together. The dimensions of the PDA in Fig. 5.1 are for a resonant frequency of 856

MHz. Both experimental and numerical results are reported for this antenna

configuration.

The numerical model of the PDA in a handset configuration is shown in Fig. 5.2a. For
this configuration, a superstrate over the gap between the patches was used instead of
slots in the shorting patches to bring the resonant frequencies of the two modes together.
The dielectric constants of the substrate and superstrate are relatively high (9.3 and 15.0,
respectively) to keep the antenna size small at 900 MHz. However, much lower
dielectric constants can be used for resonance at PCS frequency bands near 1900 MHz.
The monopole antenna is shown in Fig 5.2b. It consists of a thin wire with a gap

excitation at the base of the wire.
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Both antennas are situated on PCS handsets that are held next to the user’s head by a
hand, as described in Section 3.1.3 and shown in Fig. 3.1. PCS handsets typically
consist of electronic circuitry, a metal casing which surrounds the circuitry and serves as
the ground plane of the antenna, and a plastic covering layer. For this analysis, the PCS
handsets are modeled as metal boxes (with dimensions as shown in Fig. 5.2) covered by
a 2 mm thick layer of plastic material (¢, = 2.0). The plastic layer did not cover the
PDA. For both antennas, the height and width of the handset are identical. The
thickness of the handset of the diversity antenna is smaller than that of the monopole
antenna, however, to ensure a consistent distance between the head and the antenna feed
points for SAR comparisons. For both antennas, the handset is placed against the ear of
the user (i.e. with no gap between ear and handset). This results in a 1.4 cm distance
between the head and the antenna feed. The handset is in the vertical orientation, as
tilted orientations result in lower SARs [34]. The PDA is mounted on the back of the
handset, away from the head. To avoid being near the hand, the PDA was also located at
the top of the handset, opposite the earpiece. The monopole antenna is located in the

middle of the top surface of the handset.

5.2 Modeling Configuration

Numerical modeling of the antennas is performed using the FDTD technique using 3 mm
cubical Yee cells [73]. Due to the fact that the resolution of the head model (3.6 mm) and
the size of the Yee cells (3 mm) are not equal, a dielectric averaging algorithm is used to

convert the head model to the Yee cell resolution [36]. The computational space is termi-

nated by a perfectly matched layer absorbing boundary with seven layers, a parabolic pro-
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file, and 1 percent termination reflection, PML(7, P, 1) [77]. This ensures that reflections
from the boundary walls are below -40 dB. For antenna feeding, gap excitations are used
with the time-domain envelope of a frequency-shifted Gaussian pulse. The center fre-
quency and bandwidth of the pulse are 900 MHz and | GHz, respectively. The number of
time steps chosen for each simulation is sufficient to ensure that the pulse amplitude had

decayed to a small fraction of its peak value.

5.3 Experimental Results

Experimental results of the PDA are provided in this section to demonstrate that the
antenna works in practice and that experimental and numerical results are in agreement.
The experimental measurements of the PDA were obtained for the author’s Master’s the-
sis [58]. Scattering parameters and far-field radiation patterns of the antenna were mea-
sured using a Hewlett-Packard 8510C Network Analyzer and an antenna test range [95].
Scattering parameter measurements indicate that the HP and VP modes had VSWR < 2
bandwidths of 2.0% and 3.9% and return losses of 12 dB and 23 dB at their centre fre-
quencies, respectively. Bandwidths of approximately 5% for both modes are possible
using better matching circuits [58]. The minimum isolation between the two modes was
20.2 dB. Free-space far-field radiation patterns of the antenna in the azimuth plane (6 =
90°) are given in Fig. 5.3. When the patches are fed in phase, E4 has an approximately
omnidirectional pattern. On average, Eg is 23.6 dB lower than Ey. When the patches are
fed out of phase, Eg dominates, with an average power 19.9 dB greater than that of Ej,.
Radiation of Eg is nearly omnidirectional in the horizontal plane. Note that the radiation

of the PDA behind the ground plane is very strong. This is due to the presence of currents
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on the back face of the small ground plane, as discussed in Section 3.2.

For the same PDA configuration, numerical results of the radiation patterns are also
shown in Fig. 5.3. Numerical and experimental results are in agreement for the dominant
polarization of each mode. There is less agreement between the numerical and experi-
mental results for the cross-polarization of each mode. However, this disagreement is not
significant due to the low power levels involved, and it may be caused by the misalign-

ment of the transmitting and receiving antennas in the experimental measurements.

5.4 Numerical Results

5.4.1 Antennas in Free Space

The free-space far-field radiation patterns (dominant polarizations only) of both antenna
models are shown in the elevation plane in Fig. 5.4. The user is not included in the results
of this subsection. For the handset-mounted monopole antenna, the Eg pattern has a but-
terfly shape, as noted by others [36],[75]. Most of the radiation is directed below the hori-
zon, whereas most of the incident power is arriving at the antenna from above the horizon
(see plots of Pg for urban and suburban environments in Fig. 3.2). As a result, the MEGs
are low in both urban and suburban environments, as shown in Table 5.1. The MEG of the
monopole antenna is higher in the urban environment than in the suburban environment
because the dominant polarization radiated by the monopole (Eg) corresponds to the polar-
ization which is received with higher mean power in the urban environment. In the subur-
ban environment, however, Eg and E¢ are received with equal mean power (XPR =0 dB).

For the same reason, the MEG of the VP mode of the diversity antenna is higher in the
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urban environment, and the MEG of the HP mode is higher in the suburban environment.
Both modes of the diversity antenna radiate a significant amount of power above the hori-

zontal plane, where Pg and Py, are strong, resulting in MEGs for the diversity antenna that

are higher than those of the monopole antenna (Table 5.1).

Table 5.1 MEG and correlation coefficient of monopole and PDA in free space at 900

MHz.
MEG MEG
antenna ( dé‘i')b“" ( Jg’;’;’b‘m Purban Psuburban
monopole -1.5 -3.3 - -
PDA (HP mode) -09 +1.4
PDA (VP mode) +2.2 +1.0 0.44 0.21

Dominant mode radiation of the two modes of the PDA is approximately uniform over the
azimuthal angles, as shown in Fig. 5.5. Also, the cross polarization level for the VP mode
is very low. Thus, these radiation patterns are similar to those of the experimental PDA
model. However, the cross polarization level of the HP mode :s relatively high. It has
been observed that the HP mode cross polarization level can be reduced by increasing the
size of the antenna (i.e. by lowering the substrate dielectric constant). Correlation coeffi-
cients of the PDA (Table 5.1) are below 0.5 for both environments, indicating that both
modes are sufficiently uncorrelated [60]. The correlation is higher in the urban environ-

ment due to the strong reception of Eg and the high cross-polarization level of the HP

mode.
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5.4.2 Effects of the User's Head and Hand

When the user’s head and hand are included in the model, the monopole antenna and the
PDA have radiation patterns as shown in the azimuthal plane in Figs. 5.6 and 5.7, respec-
tively. For both figures, the head is located at 8 = 90°, as indicated by the illustration in
the bottom right corner. A comparison of the monopole far-field radiation patterns in free-
space with the patterns in the presence of the user's body reveals three effects (Fig. 5.6).
First, the magnitude of the dominant polarization, Eg, has decreased due to absorption of
radiation in the user’s body. Second, the magnitude of the cross-polarization, Ey, has
increased substantially. Third, the Eq pattern is distorted, particularly in the half-plane
containing the head. Radiated power in the direction of the head is reduced, as expected.
The same three effects are also observed for the diversity antenna (Fig. 5.7 vs. Fig. 5.5)

except that the cross-polarization level of the HP mode has decreased.

Table 5.2 MEG and correlation coefficient of monopole and PDA in the presence of

the user’s body at 900 MHz.
MEG MEG
antenna ( dBu ir)ban ( (fgl;l)"ban Purban Psuburban
monopole -3.3 -5.2 - -
PDA (HP mode) -5.0 -2.0
0. .
PDA (VP mode) .16 2.3 20 0.13

Absorption of power in the user’s body and distortion of the radiation pattern result in sig-
nificantly lower MEGs for both antennas, as shown in Table 5.2. The decrease in MEG
due to the presence of the user is similar in both urban and suburban environments, and

the average decrease is 1.9 dB for the monopole antenna, 3.8 dB for the HP mode of the
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PDA and 3.5 dB for the VP mode of the PDA. Thus in terms of the MEG, the PDA is

more sensitive than the monopole antenna to the presence of the user. As explained in the
next section, reduction in MEGs of the monopole antenna is largely due to power
absorbed in the head, while for the PDA, reduction of MEGs is mainly due to power
absorbed in the hand. This result makes sense, as the PDA is closer to the hand than the
monopole antenna, and the PDA is somewhat shielded from the head by the handset

whereas the monopole antenna is not.

As in free space, the MEGs of antennas in the presence of the user are strongly influenced
by the type of environment. This is largely due to the difference in XPR levels of the
urban and suburban environments, as explained earlier. Compared to the urban environ-
ment, the MEG in the suburban environment when the user is modeled is 1.9 dB lower for
the monopole, 3.0 dB higher for the HP mode of the PDA and 0.7 dB lower for the VP

mode of the PDA. The results are similar when the user is not modeled.

The correlation coefficients of the PDA have significantly improved compared to the case
where the user is not present. This is mainly due to the reduction in magnitude of the
cross-polarization of the HP mode. In all cases presented, at least one mode of the PDA
has a higher MEG than the monopole antenna, and the two modes of the PDA are suffi-
ciently uncorrelated. Although a combined MEG of both modes of the PDA cannot be
determined without knowledge of factors such as the diversity combining scheme used, it
is expected that the combined MEG would be greater than the MEGs for either of the two

modes. Therefore, the diversity antenna has better overall MEG than the monopole, both



67

in the urban and suburban environments.

A study was performed to determine how small changes in the statistical model of the
mobile environment affect the values of the MEG and the correlation coefficient. The pur-
pose of this study is to analyze the sensitivity of the antenna performance to changes in the
mobile environment. The statistical parameters of the urban and suburban environments
were perturbed to simulate different urban and suburban environments. For the suburban

environment, the values of my 6y my and 65 were increased by 10% to my = Gy = my =
oy = 11° and the XPR was increased by 12% from 0 dB to 0.5 dB. For the urban environ-
ment, the values of my; 6 my and 6y were decreased by 10% to myy = 17.1°, 6, = 18.0°,

my =28.8° and 65 = 57.6° and the XPR was decreased by 12% from 5 dB to 4.5 dB.

The values of MEG and p were calculated for the antennas in the presence of the user’s

body. These values are presented in Table 5.3 for the two environments.

Table 5.3 MEG and correlation coefficient of monopole and PDA in the presence of
the user’s body at 900 MHz for modified urban and suburban environments.

MEG MEG
antenna ( d.Bu ir)ban ( dsgbil)trban Purban Psuburban
A — — &
monopole -3.5 -5.2 - -
PDA (HP mode) 4.8 2.2
. .14
PDA (VP mode) -1.6 2.2 0.19 0.1

The changes in the MEG and the correlation coefficient are relatively small compared

with the changes in the parameters of the mobile environment (Table 5.2 vs. Table 5.3).
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The change in the MEG varies from 0 to 5.9%, with an average change of 3.0%. The cor-

relation coefficients of the PDA in the modified urban and suburban environments
changed by 4.5% and 7.0%, respectively. As expected, changing the parameters of the
urban environment to be more like those of the suburban environment increased the MEG
of the HP mode of the PDA, decreased the MEG of the monopole antenna and the VP
mode of the PDA, and decreased the correlation coefficient of the PDA. The changes in
the MEGs and the correlation coefficient by changing the suburban environment to be

more like the urban environment are also as expected.

5.4.3 Efficiency and SAR

The antenna efficiency and the peak averaged SAR in the user for both antennas are
shown in Table 5.4 for two cases: with only the hand modeled and with both the head and
hand modeled. SAR calculations are normalized to I W of total output power (i.e. the
radiated power plus the absorbed power in the body equals | W). The results suggest that
for the monopole antenna, most the power absorbed in the body is absorbed in the head,
whereas for the PDA, most of the absorbed power is absorbed in the hand. In fact, it was
found that when both the head and the hand are modeled, the percentage of absorbed
power that is deposited in the head is 91.2% for the monopole antenna, 38.5% for the HP
mode of the PDA and 33.9% for the VP mode of the PDA. Thus the efficiency of the
monopole antenna is more strongly influenced by the presence of the head than by the
presence of the hand, whereas the opposite is true for the PDA. SAR values are much
higher in the head when the monopole antenna is used and higher in the hand when the

PDA is used. Overall, the PDA has higher antenna efficiency and lower SAR in the head
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than the monopole antenna. SAR in the head is of greater concern than SAR in the hand

due to the importance of organs in the head and their sensitivity to electromagnetic fields.

Table 5.4 Efficiency of antennas and peak SAR (averaged over 1g and 10g of tissue)

at 900 MHz.
SAR (lg), (W/kg) | SAR (10g), (W/kg)
antenna n (%)
inhand | in head in hand | in head
monopole 87.2 2.52 - 1.61 -
with hand
PDA, VP mode L 58.5 19.7 - 11.9 -
with hand monopole 444 1.57 8.44 0.94 5.04
and head PDA, HP mode 519 14.4 2.63 8.48 1.34
models
PDA, VP mode 554 15.7 391 9.64 1.87

5.5 Concluding Remarks

When analyzing antennas for PCS devices, it is important to take the mobile communica-
tion environment into consideration. The type of mobile communication environment
chosen (urban or suburban) has a pronounced effect on the correlation coefficient of the
polarization diversity antenna (PDA) and on the MEGs of the PDA and the monopole
antenna. [t is interesting to note that while a vertically-polarized antenna, such as the
monopole antenna, should perform well in urban environments (due to the presence of a
strong vertically-polarized component of the received signal), the handset-mounted mono-
pole antenna did not perform as well as the PDA. The monopole antenna performed rela-
tively poorly in the urban environment because most of the radiated power was directed

downward, away from the incoming signals. The performance of the PDA relative to that
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of the monopole antenna was better in the suburban environment than in the urban envi-
ronment. The better performance is a result of the fact that the both the vertically-polar-
ized and horizontally-polarized components of the electric field are received with
approximately the same mean power in the suburban environment, and the PDA receives
both components. The fact that the PDA receives both components is also beneficial if

handset orientations other than the vertical orientation are studied.

The presence of the user’s body distorts the far-field radiation patterns, particularly in the
direction of the head, and generally increases the magnitude of the cross polarization radi-
ation. The antenna type and geometry significantly affect the antenna efficiency and SAR
in the user’s body. When the monopole antenna is used, most of the absorbed power is
dissipated in the head while a relatively small amount of power is dissipated in the hand.
The opposite is true for the diversity antenna. Overall, the PDA performs better than the
monopole antenna in terms of antenna efficiency, peak averaged SAR in the head, and
MEG. Also, the two modes of the PDA are sufficiently uncorrelated for diversity opera-
tion in both environments. However in terms of the MEG, the PDA is more sensitive than
the monopole antenna to the presence of the user’s body. Note that the antenna efficiency
computed in this dissertation is strictly a measure of how much power is not absorbed in
the user’s body. A more practical measure of efficiency would also take into account other

antenna losses (including dielectric losses and mismatch losses).
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Fig. 5.3 Free-space far-field radiation patterns of the experimental PDA in the
azimuth plane (in dBi). (a) HP mode.
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Fig. 5.3 Free-space far-field radiation patterns of the experimental PDA in the
azimuth plane (in dBi). (b) VP mode.
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E, of PDA (VP)
E, of PDA (HP)

Eg of monopole

Fig. 5.4 Free-space far-field radiation patterns of the antenna models in the
elevation plane (in dBi). Dominant polarizations only.
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Ey of VP mode (dom.) E, of HP mode (dom.)
E, of VP mode (x-pol.) Ey of HP mode (x-pol.)

PDA (top view)

Fig. 5.5 Free-space far-field radiation patterns of the PDA in the azimuth plane (in
dBi).



Ey in free space Eq with head & hand
E4 in free space E, with head & hand

Fig. 5.6 Far-field radiation patterns of the monopole antenna in the presence of the
user’s body (in dBi). Shown in the azimuth plane.
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Eg of VP mode (dom.) E, of HP mode (dom.)
E, of VP mode (x-pol.) Eg of HP mode (x-pol.)

Fig. 5.7 Far-field radiation patterns of the PDA in the presence of the user’s body
(in dBi). Shown in the azimuth plane.
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Chapter 6 Linear Wire Antenna
Modeling in FDTD

The accurate FDTD modeling of wires is critical to many areas of FDTD modeling, par-
ticularly to linear wire antenna design and to the study of the human-antenna interaction
for PCS systems. The modeling of wires is complicated by the fact that the wire radius is
typically smaller than a practical size for the FDTD Yee cells, and therefore, the wire does
not conform to the FDTD mesh. This chapter presents a thorough investigation of the
accuracy of wire models. The calculated input impedance of dipole antennas is used to
evaluate model accuracy. A summary of wire modeling in FDTD is provided in Section
6.1, along with a justification of why the antenna input impedance is used to evaluate the
accuracy of wire models. Two currently-used wire models are then described: a standard
wire model (Section 6.2) and a modified wire model (Section 6.3). It is shown in these
sections that to the best of the author’s knowledge there has not been a thorough investiga-
tion of wire model accuracy in FDTD. After describing the relevant details of the tests
used to evaluate the accuracy of the FDTD wire models (Section 6.4), it is shown that the
standard and modified wire models are not sufficiently accurate for some purposes, even
with spatial discretizations smaller than A/40 (Section 6.5). A new subcell wire model is
proposed in Section 6.6. In the development and implementation of the algorithm, special

attention is paid to two factors that affect the accuracy, namely the thin wire model and the
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source model. The stability of the wire model is also addressed. Using the proposed wire

model, parameters of the input impedance are calculated over a broad range of wire radii

and are found to be more accurate than those obtained using the standard or modified wire

model (Section 6.7).

6.1 Background

Wire modeling has been investigated mathematically for over a century [96] and has been
applied to the FDTD technique for over 20 years {97]. Most of the practical work is
focussed on thin wires, in which the radius of the wire is a very small fraction of the wave-
length. In this dissertation, a thin wire is defined as a wire with a radius less than the
selected FDTD mesh size. While accurate results are possible by setting the wire radius
equal to one cell width [98], this approach often results in a very fine discretization and

excessive computational resources.

In early work on FDTD wire modeling, wires with zero thickness were investigated [97],
[99],[100]. However, a zero-thickness model does not accurately calculate parameters that
are sensitive to the radius, such as the input reactance and the antenna bandwidth. The
FDTD modeling of wires with radii greater than zero and less than one cell width requires
modifying Yee's standard FDTD update equations [73] in the cells adjacent to the wires.
The modifications are typically made by using the integral forms of Maxwell's equations
instead of the differential forms [101]. In free space, the integral and differential forms
yield the same update formulas for the E and H fields [102). However, when performing

subcell modeling, the integral formulations allow for the incorporation of the field distri-
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butions along the contours of integration, which is very effective in improving the accu-

racy of FDTD in regions of high field variation {103].

A small number of FDTD thin wire models have been reported in the literature. One of
these is a formulation based on the 'in-cell inductance’ of the wire [104]. This complicated
model does not appear to have sufficient accuracy (a 7% error observed in the calculation
of the source current could not be improved) and it has not been found in later papers.

Two other models are described in Sections 6.2 and 6.3.

FDTD wire modeling was initially applied to scattering problems [99],[79] and was later
extended to include the radiation [100],[105],[106] and input impedance [106]-[109] of
wire antennas. Good accuracy has been obtained for scattered fields and radiation patterns
using relatively coarse spatial discretizations of A/10 to A/20. This accuracy is relatively
easy to obtain, due in part to the fact that scattered fields and radiation patterns are not
very sensitive to the wire dimensions. For example, a 10% increase in the length of a
dipole antenna from L = A/2 results in only a 3% reduction in the 3-dB beamwidth of the
radiation pattern [110]. Also, "the [radiation] pattern is essentially unaffected by the thick-
ness of the wire in regions of intense radiation’ [111]. The accurate calculation of the
input impedance, however, requires spatial discretizations of A/40 or finer [108]. At reso-
nance, where A = 2L, this means that each arm of a dipole antenna must be at least 10
cells long. Such a fine discretization is necessary to accurately represent the sinusoidal
distribution of current along the antenna length. It will be shown in Section 6.5 that even

with discretizations finer than A/40, the input impedance calculated by currently-used wire
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models is not sufficiently accurate for some purposes. The accurate calculation of antenna
input impedance is critical to many areas of FDTD modeling, including the large body of

work in antenna design and in the human-antenna interaction for PCS systems.

6.2 Standard Subcell Wire Model
In a paper by Umashankar et al. [79], a subcell wire model was presented that is now con-
sidered to be the standard in the FDTD community. A derivation of this wire model and a

summary of relevant published work on the model is provided in this section.

Az
) Ey2 Yee cell
P
N a, A

Ez2=0 ﬁ y @ EZIA AZ

Fig. 6.1 Electric and magnetic field components in a Yee cell adjacent to a wire.

For a thin wire, the update formula for the circumferential # field component adjacent to

the wire (H, in Fig. 6.1) follows from Faraday's law [112]:

2[[uR- & = §E-a 6.1)
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The magnetic field is integrated over the rectangular area of the Yee cell, and the electric
field is integrated around the perimeter of the cell, as shown in Fig. 6.1. Expanding the

integrals yields:

dAZAY Ay Az Ay
—2;-[ JLledde = jEyldy+ IEzldz- IEyZdy (6.2)
00 0 0 0

Unfortunately, each E or H field component of (6.2) is known only at the centre of the
domain of integration. Therefore, assumptions must be made about their distributions
before the integrals of (6.2) can be evaluated. Since the size of the Yee cell is small com-
pared to the wavelength, static field approximations can be made, using the Biot-Savart
law and Coulomb's law [113]. According to the Biot-Savart law, the magnetic field cir-

cumscribing a wire has the following relationship to the current / flowing in the wire:

Idl x a,
=] 4nR’ ©)

where R and a, are the magnitude and direction of the vector between a point P on the
wire and a point Q where the field is calculated, and dl is the differential length vector
along the wire from P to Q, as shown in Fig. 6.1. Coulomb's law relates the electric field

in the vicinity of the wire to the linear charge density p on the wire:



E= 2L a (6.4)
4neR

where € is the permittivity of the medium surrounding the wire. The standard subcell wire
model assumes that both 7 and p are uniformly distributed along the wire and that the wire
is infinite in extent. Using these assumptions in equations (6.3) and (6.4) leads to the fol-

lowing expressions for E and H in the yz plane:

B = %ax (6.5)
_ _P -
E = 21t8ya>’ (6.6)

where Zx and Zy are unit vectors in the x and y directions, respectively. Thus, the circum-
ferential component of the magnetic field and the radial component of the electric field
vary as 1/r near the wire, where r is the radial distance from the wire axis (r =y in this
case). As neither E nor H exhibit variation in the z direction, it is assumed that both fields
are uniformly distributed in z. The update formula for H in Fig. 6.1 is easily derived by
incorporating (6.5) and (6.6) into (6.2) and evaluating (6.2). It should be noted that the
standard wire formulation only applies the 1/r distributions of (6.5) and (6.6) to the
updates of the H field components circumscribing the wire. There are no special update
equations for any other field components and there is no treatment of the field singularities
at the wire ends. An advantage of this is that the model is relatively easy to incorporate

into an FDTD program.
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The accuracy of this formulation on the scattering [99],[79], radiation patterns [105],
[106] and input impedance [106],[109] of wire antennas has been investigated. However,
the accuracy of the input impedance, by comparison with measurements [106] or with the
moment method [109] was not investigated thoroughly. In both cases, the input imped-
ance was plotted over a broad range of frequencies and it was merely observed that the
FDTD and reference curves look similar. No numbers showing relative or absolute errors
were provided. Neither were figures provided showing practical parameters of the input
impedance, such as the resonant frequency or the resonant resistance. In this dissertation,

a more thorough analysis of subcell wire model accuracy is provided.

6.3 Modified Subcell Wire Model

In the published FDTD literature, only one other significant paper was found that proposes
a novel subcell wire model [108]. The model proposed in that paper is an extension of the
standard wire model which includes a special treatment of the wire ends. Like the stan-
dard wire model, this modified model assumes a 1/r variation of the circumferential com-
ponent of the H field and the radial component of the E field in the cells adjacent to the
wire, and it incorporates these distributions into the update formulas for the circumferen-
tial A field components adjacent to the wire. Unlike the standard wire model, it also incor-
porates these distributions into the update formulas for the circumferential H fields one
cell beyond the wire ends and the tangential H fields along the wire. However, there is
still no treatment of the field singularities at the wire ends. These singularities are avoided

by making the wire one-half unit cell longer on each end. The paper applies this model to
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calculate the input impedance of a dipole antenna. However, a qualitative error analysis of
the results is not given. Such an analysis is important for the dissertation, so it is provided

in Section 6.5.

6.4 Geometry and Computational Methods

This section describes the relevant details of the tests used to evaluate the accuracy of
FDTD wire models. The accuracy is determined from calculations of the input impedance
of a dipole antenna. Antenna far-field patterns are not compared as the differences due to
the various wire treatments are negligibly small. FDTD wire model results are compared
with the results of the Numerical Electromagnetics Code [71], a widely-used method of
moments program that is largely based on specialized formulations for wires. A second
method of moments technique was also used for comparison. This technique is based on
the Galerkin formulation with a piece-wise sinusoidal distribution along the wire [114].
The differences in the dipole antenna input impedance calculated by the NEC code and the
Galerkin-based code were negligible compared to the differences between NEC and the
FDTD wire models. Therefore, the Galerkin results are not shown. Analytical formula-

tions for wires of finite thickness could not be used as they are not available.

The thin wire algorithms were tested for a centre-fed dipole of length L =0.21 m. The
radius of the wire was varied from ry = 2L/10% to rg = 2L/100 (at the fundamental reso-
nance of the dipole antenna, A = 2L). The upper limit for r corresponds to the suggested
maximum radius of rg,,, = A/100 for thin wires [115]. For wires thicker than r,,,,,, the

assumption of a sinusoidal distribution of current along the wire becomes inaccurate.
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Also, circumferential currents, which are not taken into account in the NEC thin wire for-

mulation, may exist on thicker wires. The lower ry limit corresponds to a wire radius of

0.42 um, which is an approximate practical lower limit for wires used in microelectronics.

The NEC thin-wire formulation is based on Pocklington's integral equation [116]. This is
a one-dimensional equation which considers only the axial currents on the wire. There are
two choices for the kernel of the thin wire integral equation: a thin-wire kernel, in which
the current on the wire is reduced to a filament of current along the wire axis, and an
extended thin-wire kernel, where the current is uniformly distributed on the surface of the
wire [71]. The extended thin-wire kernel was selected for all NEC calculations in this dis-
sertation. In all NEC tests, the dipole antenna was excited in the centre cell using a volt-
age source with | V amplitude. The length, L, of the dipole antenna was discretized into N
equal length segments. N was selected to be large enough to ensure a fine discretization of
the antenna yet small enough to obey the limit of Az/ry > 2 (where Az = L/N) [71]. This
limit ensures that errors in the NEC formulation are less than 1%. In practice, N = 21 was
selected for the thickest wire and N = 101 was selected for the thinnest wires. It was
observed that the difference in all input impedance parameters between using N = 101 and

N =201 segments was less than 0.2%.

In FDTD simulations, a fine resolution was chosen, with discretizations of Az = 10 mm =
2L/42 and Ax = Ay =7.5 mm = 2L/56 in every wire model except for the modified model,
where Az = 8.75 mm = 2L/48 was chosen in order to keep the same dipole length while

including the wire extension of one-half cell on each end. A relatively coarse resolution
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was also chosen, with discretizations of Ax = Ay = Az = 19.1mm = 2L/22 (it was not neces-
sary to use the modified wire model for this resolution, as explained in Section 6.5). The
discretizations used in the fine resolution correspond to the limit of A <A./40 for the
accurate FDTD calculation of the input impedance of wire antennas [108]. The coarse
resolution is another practical resolution for FDTD simulations that is used for compari-
son. Note that the results of the FDTD wire models do not change when the entire geom-
etry is proportionally scaled (i.e. when the sizes of all spatial increments and physical

objects are scaled by the same factor). This observation was tested and verified.

Across the centre cell of the dipole, a z-directed E, spike was excited using a wide-band-
width frequency-shifted Gaussian pulse. The center frequency and frequency range of the
pulse were 1.2 GHz and 1.0 GHz, respectively. Other excitations could have been used
instead (as long as they have sufficient power in the proper frequency range), as it was
observed that the type of excitation did not affect the calculation of the fundamental reso-
nance frequency. The impedance of the source was 50 € The computational space was
terminated by the PML(7,P,1) absorbing boundary (seven layers, a parabolic profile and
one percent termination reflection) [77]. For modeling accuracy, the simulation time was

chosen to ensure that the pulse amplitude decayed to below 0.001% of its maximum value.

The antenna input impedance was calculated from the E and H fields at the source cell of
the dipole antenna. The E and H fields were observed in the time domain and integrated to
obtain the source voltage V(¢) and the source current /(¢). For a z-directed dipole, V(¢) is

obtained by integrating E,(t) along the length Az of the source region. For the source exci-
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tation chosen, E (1) is constant along the length Az. Therefore, V(1) is expressed:

(z+42)
V) = [ E,(ndl = AzE, (1) 6.7)

b4

The source current I(?) is calculated by integrating the H field along a closed contour

around the wire source. Due to symmetry, the circumferential H component, Hy(1), is uni-
form along a circular contour centered at the wire axis. In the yz-plane, Hy(r) = H,(f). If

the radius of the circular contour is r = Ay/2, then I(?) is expressed:

Ay

a1 (68)

I1(t) = $H, (ndl = 21:(
To determine the input impedance in the frequency domain, the time signals V(¢) and /(¢)
are Fourier transformed to obtain V(f) and I(f). Then the input impedance, Z(f), is calcu-
lated by dividing V(f) by I(f). However, in the FDTD algorithm E and H fields are com-
puted at alternate half time steps. Therefore, time-shifting by one half time step, At/2, is
needed to align the V(r) and I(#) measurements in time. In the frequency domain, this

leads to the following expression for the input impedance:

Z( = %exp(—jhtf( %‘)) (6.9)

From the input impedance curves, four parameters are presented: the input resistance and



90

reactance when the dipole length is L = A/2, and the wavelength and input resistance at the

first dipole resonance (the lowest frequency where the input reactance is zero).
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Fig. 6.2 Input impedance of the dipole antenna calculated by existing wire models.
ro = 2L/2100.

6.5 Accuracy of Existing Wire Models

The accuracy of the two existing FDTD wire models is presented in Figs. 6.2 to 6.5. A
general view of the agreement between the FDTD and NEC results over a broad frequency
range is first presented. I[n Figs. 6.2 and 6.3, the dipole antenna input impedance is pre-
sented for wire radii of ry = 2L/2100 and ro = 2L/10°, respectively. These figures can be
compared with the results given in published papers. A more detailed illustration of

model accuracy is presented in Figs. 6.4 and 6.5. Four parameters of the calculated input

impedance are presented, as discussed in Section 6.4. For all of the data in this section,
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the finer spatial resolution was used.

The impedance curves calculated by the two FDTD wire models have similar shapes as
those calculated by NEC (Figs. 6.2 and 6.3). However, FDTD wire model results are
scaled down in frequency compared to NEC results. Thus, the FDTD models predict
lower resonant frequencies, as if a longer dipole antenna was modeled. This error has also
been observed in published papers [99],[107],[108]. It is caused by the fact that the
update formulas for the circumferential H field components assume that the wire is infi-
nitely long (as discussed in Section 6.2). The finite length of the wire must be more prop-

erly taken into account to correct this problem.
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Fig. 6.3 Input impedance of the dipole antenna calculated by existing wire models.
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For the wire radius of ry = 2L/2100, the results of the modified wire model are somewhat

better than the standard model results, although it is not known how much of the improve-
ment is due to the model and how much is due to the finer Az discretization used for the
modified wire model. For a wire radius of ro = 2L/ 10°, the errors in the FDTD results are
even more pronounced (Fig. 6.3). The errors are due to frequency scaling, which is worse
for this wire radius, and the smaller magnitudes of the FDTD curves. For this wire radius,
the modified wire model results are worse than the results of the standard wire model.
Given that the errors of the standard wire model are already quite large, there does not
appear to be a significant benefit to using the modified wire model. Comparing Figs. 6.2
and 6.3, it appears that the accuracy of the input impedance calculated by the modified
wire model is better than that of the standard model for thicker wires, and worse for thin-

ner wires. This observation is confirmed by the results of Figs. 6.4 and 6.5.

For a more detailed evaluation of the wire model accuracy, four useful parameters of the

dipole antenna input impedance are presented. The input resistance, R;,, and the input
reactance, X;,, at the frequency where L = A/2 are presented in Fig. 6.4. The normalized

wavelength, A/2L, and the input resistance at the first dipole resonance are shown in Fig.
6.5. All of the results are shown over a range of wire radii, and cubic splines were used to

interpolate between the data points, shown as circles in the figures.

To verify the accuracy of the NEC results, the input impedance parameters were compared

to their theoretical values when rg = 0. It was observed that when rg approaches zero, the

NEC value for the input impedance at L = A/2 converges to the theoretical value of Z;, =
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Fig. 6.4 (a) Input resistance and (b) input reactance of the dipole antenna at L = A/2,
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Ry +jX; =73.1 +j42.5Q[117]. This can be observed in Fig. 6.4. The NEC values for

A/2L and the resonant resistance converge to values of 1.01 and 72.8 Q, respectively,
which are close to their theoretical values of 1.04 [111] and 73 € (using the induced EMF

formulation) [118].

As seen in Figs. 6.4 and 6.5, the errors in the results of standard wire model are large, even
though a relatively fine resolution was used. The standard wire algorithm grossly overes-
timates the input resistance and reactance at L = A/2. All errors are greater than 40% and
the largest error in the input reactance is 358%. The resonant wavelength and input resis-
tance are also overestimated. The resonant resistance calculated by the standard wire

algorithm is consistently off by approximately 24%.

The results of the modified wire model are also not accurate, particularly for thin wire
radii. Although the errors from the modified model are generally lower than those of the
standard wire model for relatively thick wires, the errors become much greater as the wire
radius is reduced. The errors in the input resistance and reactance at L = A/2 are as high as
77% and 621%, respectively. The modified wire model errors in three of the four parame-
ters are not consistent over the range of radii, which makes it difficult to use correction
factors to scale the results to the correct values. For these reasons, the modified model is

not recommended as an alternative to the standard wire model.

Out of the four parameters calculated by the two FDTD wire models, the input reactance

at L = A/2 is the most sensitive to the wire radius (Fig. 6.4(b)). For the modified wire
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model, X;, varies from 48.7 Q to 321.5 Q. Interestingly, however, NEC values of X, do

not vary widely with wire radius. This results in errors which vary widely over the range

of ry and become larger as the wire radius decreases. The reason for the large errors is that
the value of X;, near L = A/2 becomes increasingly sensitive to small changes in the

antenna electrical length, L/A, as the wire radius is reduced. For very thin dipole antennas,

a relatively small error in A/2L can result in a large error of X;,. For example, using the

standard wire model, a 3.7% error in A/2L at ry = 2L/114 results in a 73.8% error in Xin

while at rg = 2L/ 10°, 2 6.6% error in A/2L results in a 358% error of X;, (Figs. 6.4(b) and

6.5(a)). The errors in many parameters of the input impedance can be significantly
reduced by accurately computing the electrical length of the antenna. This can be

achieved by taking into account the proper field distributions at the wire ends.

6.6 Proposed Wire Model

The observations of the previous section motivated the development of a new FDTD wire
model. This model takes into account the finite length of the wire and the field distribu-
tions beyond the wire ends. The assumed distributions of the field components used in the
proposed wire model are described in Section 6.6.1, and two update equations are pro-
vided. In the implementation of the model (Section 6.6.2), two important issues are
addressed: the model of the source and the model stability. The proposed wire model
assumes that other objects in the computational space (e.g. metal objects) are not close
enough to the wire to disturb the distributions of the field components in the cells adjacent

to the wire. It also treats thin wires in which only axial currents exist on the wire.
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Fig. 6.6 Field components affected by the new wire model.

6.6.1 Algorithm

The proposed subcell algorithm for thin wires includes new update formulas in addition to
the update formulas used by the standard wire formulation. There are two main differences
between the proposed model and the standard model. First, the proposed algorithm incor-
porates the 1/r distributions of normal E and circumferential H field components into the
updates of all field components adjacent to the wire (e.g. Ey, and H,, in Fig. 6.6. The stan-
dard model only incorporates 1/r distributions into the updates of circumferential H field
components). Second, the proposed model uses special update formulas for the field com-
ponents one cell beyond the wire ends (e.g. E,4 and H,3 in Fig. 6.6. The standard model
does not treat these components). The field distributions for the special update formulas

are based on analytic expressions and NEC results, as described below. In one case, the
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resulting field distribution was modified for the sake of numerical stability. As an example

of how the algorithm is implemented, the update equations for two of the field components

will be provided.

The field components affected by the proposed wire model are illustrated in Fig. 6.6 for a
wire oriented in the z direction. For clarity, only the field components in one quadrant are
shown, but the model applies to all four quadrants surrounding the wire. Of the field com-
ponents shown in Fig. 6.6, the 1/r dependency is assumed to be the main influence on the

field distributions of Hy,, Ey, and H, 3 for line integrals and H,,, E,; and E|3 for surface

integrals.

Table 6.1 Assumed distributions of field components in the proposed wire model.

all

field component E, Ey Hg H,, H, others
line integral distribution 1/2%6 1/r!3 1r 0 1r
surface integral distribution | eqn (6.10) lr uniform 0 t/r

Other field distributions which require special treatment are summarized in Table 6.1. At
the wire ends, some fields have a dependency that decreases more rapidly than 1/r, due to
singularities and the accumulation of charge there. Although analytic formulas do not exist
for field distribuiions at the end of a wire of nonzero thickness, numerical techniques can

give insight into the problem. Using the NEC program, the distribution of E\3 was

observed to have a dependence close to 1/r!*! for very thin wires and 1/r!# for wires with

radii approaching maximum for thin wires. The distribution did not change significantly
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with frequency or spatial resolution. A /3 dependence was selected as it falls within the

range given by NEC, and it was found to give very good results.

The accumulation of charge at the wire end is assumed to provide the main contribution to

the distribution of E,4. The wire end can be described as a circular disk. Assuming that the
fields are quasi-static, the distribution of E,4 on a rectangular surface above the wire end
can be evaluated from the following equation for the surface charge density on a thin cir-

cular disk [119]:

4:—:0 |4

p(r) = —=—
Y

(6.10)

where ry is the radius of the disk, r is the radial distance from the centre of the disk to the

point of interest, and V is the applied voltage. Coulomb's law is used to integrate the charge

density to obtain the electric field distribution. As the surface integral of E,4 was found to

vary only slightly with radius, a constant value was used corresponding to ro = 2L/2100.

The line distribution of E,4 for the update of H,3 is more challenging to obtain than its sur-
face distribution. The difficulty is caused by the lower bound of z = 0 in the line integral.

Many expressions were tried, based on solutions from NEC or analytic formulas for geom-
etries similar to wires. However, these expressions, when integrated from z=0to z = Az,

resulted in numerical instabilities. Results from NEC simulations show that E 4 has a dis-

tribution of 1/z” where p > 1. This formula does not have a finite integral, so values of p <
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1 were chosen. A value of p = 0.6 was found to provide a good trade-off between stability

and model accuracy.

The only other special treatment is the setting of H, =0 in the four Yee cells surrounding
each wire section (this applies to H,| and H,; in Fig. 6.6). Theoretically, this should be the

case for thin wires, as only axial currents exist on the wire, so there is no loss of generality

of the model by imposing H, =0. It was also observed that there was no significant change
in the numerical accuracy of the wire model when H, was set to be zero. The reason for
this treatment is that it improved the stability of the algorithm, particularly for very thin

wires.

The FDTD update equations of the electric fields can be formulated from Ampere's law.

For the update of E,4, this requires knowledge of the surface distribution of E 4 and the line
distributions of H,; and the three other H field components surrounding the E,4 component.

If the FDTD node at the wire end is located at (x, y, z) = (iAx, jAy, kAz), then implementing

the 1/r dependence of H 3 and the E,4 distribution given from equation (6.10) results in the

following update formula for a wire in free space:

#1,. . _ .. At
E." (hj,k+1/2) -E:(z,j,k+l/2)+80K Ay{ (6.11)
12 1. 1)_ +|/2(._1 . 1)) (g)_
(H’; (l+2,_],k+2 H; i 2,_],k+2 Axatan

VT N A V2 T A 1)) (A_x)
(H: (1,]+2,k+2) HZ (1,] 2,k+2 Ay atan Ay }
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where the superscript # denotes the time step at which the field component is calculated (at

time ¢ =nAt) and K is determined from the surface distribution of E,4. In practice, K =0.7.

Faraday's law in the integral form provides the update equations for the H field compo-
nents. For the update of H 5, the surface distribution of A, ; and the line distributions of
E 4, Ey3, E,3 and E 4 are needed. No special treatment of either E 4 or E 3 is given. Thus,
they are assumed to vary uniformly along their lines of integration. This results the follow-

ing update equation:

At
LAyAZ
(ClE;,'(i,j+ 1/2,k) +AzE;‘ (L,j+ Lk+1/2) -

AyE;'(z',j-l- 172, k+1) - C,E! (i,j,k+1/2) ) }

Hr+V2(3 j+ 1/2,k+1/2) = HF-V2(ij+ 1/2,k+1/2) - { (6.12)

where:
10/ Ay\'3( -03 -0.3
C, =T(7y) (ro ~Ay ) (6.13)
2.5A
C, = =35 (6.14)
50

6.6.2 Implementation

Two important issues need to be addressed in the implementation of the wire model: the
modeling of a source region inside the wire, and the model stability. The modeling of the

source region should be based on the near-field physics of the region and consistent with
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the model of the rest of the wire. This prevents non-physical reflections at the source
region which would influence the input impedance and other parameters. The source
model applies to all FDTD wire models presented in this dissertation. The stability analy-
sis of the wire model provides information on how the stability of the model is influenced
by the wire geometry and other model parameters. A formula is given which can be used

to select a stability coefficient for the proposed wire model.

For the results presented in this dissertation, a dipole antenna is modeled with a 50 Q
source in the middle cell. A zero-impedance source gives the same value for the input
impedance as a 50 Q source, but it requires more iterations to achieve steady-state condi-
tions. The dipole antenna is modeled as one continuous wire, rather than as two wires sep-
arated by a gap in the source region. This ensures that there are no discontinuities in the

source region to influence the results.

The update equations for the source region are similar to those used along the wire. The
E. field in the source resistor is updated assuming a [/r distribution of the circumferential
H field, Hy, and a uniform distribution of E,. The update equations for the four H, compo-
nents surrounding the source region are similar to those for the same components along

the wire. Outside the resistor, the fields vary as 1/r. However, inside the resistor, the Hq,

components are nonzero. If the current density inside the wire is approximately uniform,

then Hy, varies linearly from zero at the wire axis to a maximum value at the wire surface

[113]. The maximum value is determined from continuity conditions at the resistor

boundary. The assumption of a uniform current density inside the source resistor is accu-
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rate when the skin depth of the resistor, J, is large compared to the radius. For all of the

results presented in this dissertation, & > 1.6 ry. Thus the current density at the centre of
the resistor is at least exp(-r¢/8;) = 54% of its value at the resistor surface. Although the

current density is not exactly uniform, the deviation between the true and assumed current
distributions does not affect the results. This was tested and verified. It was also observed

that using this distribution of H¢ (as opposed to assuming that Hq, = 0) stabilized the

source model for thick wires.

As explained in Chapter 4, the time stepping increment, Az, must be less than the Courant
limit to ensure the numerical stability of the FDTD method [75]. The stability coefficient,
S <1, can be selected to give a certain margin of stability, and values of 0.9 <S< 1 are
common in the FDTD method. Often when using subcell modeling, subcell gridding or
other improvements to the conventional FDTD algorithm, lower stability coefficients must
be used to ensure numerical stability. Both the modified and proposed wire models must
be stabilized by reducing the stability coefficient as the wire radius is decreased. For the
proposed wire model, the reason for this is that the scalar factor in front of E ;3 (C) in
equation (6.13)) increases exponentially as the wire radius is reduced, resulting in a non-
physical accumulation of energy at the wire ends. Reducing the stability coefficient
decreases the time increment between time steps, thus reducing the accumulation of
energy at the wire ends. The only disadvantage of decreasing the stability coefficient is

that the number of time steps must be increased to ensure that the same amount of time is

simulated.
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A formula has been derived that can be used to find the maximum stability coefficient,

Smax Which guarantees the stability of the proposed wire algorithm. This formula was
derived by fitting curves to a number of data points for S,,,, as a function of the wire
radius and the spatial discretizations. The relationship between S,,,, and log(rp) is

approximately a straight line, and the slope and y-intercept of this line are functions of the

spatial discretization. For a z-directed wire with Ax = Ay:

Smax = A l0g(ro) (B + (Ay/AZ)) + C (D - (AAy)) (6.15)

where A = 0.058951, B =1.349891, C = 0.150746, and D = 10.334458. Stability coeffi-
cients between 0.5 and 0.99 were used for the wires tested in this dissertation with the pro-
posed algorithm. Lowering the stability coefficient was found to be the best way to
guarantee stability and ensure consistent accuracy of the wire model. Other methods,
including modifying the distributions of the field components or fixing the values of field
components to those corresponding to using a thicker wire, were not as successful. The

accuracy of the wire model is independent of the stability coefficient.

6.7 Accuracy of the Proposed Model

The accuracy of the proposed wire model is compared to the accuracy of the standard and
modified models in this section. Wire model accuracy is evaluated using the same figures
as shown in Section 6.5, with curves added for the proposed model. For the graphs of the
four input impedance parameters, two other curves are also added to compare the accuracy

of the standard and proposed wire models for a coarser spatial resolution (Ax = Ay = Az =
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Fig. 6.7 Input impedance of the dipole antenna calculated by existing and proposed
wire models. ry = 2L/2100.

19.1mm = 2L/22). As the accuracy of the modified model was found to be unacceptable
using the finer resolution, it is not compared to other wire models using the coarser

resolution.

The input impedance of the dipole antenna is plotted over a broad frequency range in Figs.
6.7 and 6.8 for wire radii of rg=2L/2100 and ry = 2L/10°, respectively. For both wire radii,
the input impedance curves calculated by the proposed wire model are in close agreement
with NEC results. Due to the incorporation of more representative field distributions at the
wire ends in the proposed model, the frequency scaling present in the results of the standard
and modified wire models is nearly absent in the proposed wire model results. There is
some amplitude error in the input impedance curves of the proposed wire model for ry =

2L/2100, but this error is not significant for ry = 2L/10°. To further illustrate the improved
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accuracy of the proposed wire model, the percent error in the input resistance (i.e. the
percent deviation from the NEC input resistance) is shown in Fig. 6.9 for the three FDTD
wire models. For both the standard and modified models, the error in the input resistance
is greater than 40% for all values of L/A below 0.8, and it is greater than 100% at values of
L/A near 0.8 (just below the second resonance). By comparison, the error in the input

resistance of the proposed model is very small (less than 10% for all values of L/A).
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Fig. 6.8 Input impedance of the dipole antenna calculated by existing and proposed
wire models. ro = 2L/10°.

The input resistance, R;,, and the input reactance, X, at the frequency where L = A/2 are
presented in Fig. 6.10. The normalized wavelength, A/2L, and the input resistance at the

first dipole resonance are shown in Fig. 6.11. As in Section 6.5, the data points are shown
as circles in the figures and cubic splines were used to interpolate between them. Bold lines

indicate data using the finer spatial resolution and thin lines indicate data using the coarser



107

resolution.
100 LN T :: ’ L ! T T
e i
80 [ .."' " !‘ -
. ' 4 -
RS ]
60 e o < 1 <]
rmm—-— 3 .-"
40r 3
3 R
20r ; ',.1 |
;\a o- ............ T ememmimi—— Y -.}". l‘ig"..'
N’ ':l N imimim. - —’t.
e 1 ”
E 207 3 E
-40r "' e ' E
) 27
- = standard model LR AN
-60 B . '_.‘ - -.,-’ -
----- modified model
-80} |~ proposed model . i
-10 : : L L L
8.2 0.4 0.6 0.8 1 1.2
Normalized length, L/A
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With the finer spatial resolution, the results of the proposed model are much more accurate
than those of the standard and modified models. The results of the proposed model are
consistently more accurate than all of the standard model results and most of the modified
model results. Although the errors in the modified model calculations of A/2L and X, are
smaller than those of the proposed model for the thickest wires studied, these errors
increase dramatically as the radius is reduced. In contrast, the errors of the proposed

model decrease as the wire radius is reduced. The maximum errors of R;,, and X, at L =

A/2 are 5.25% and 62.4%, respectively, using the proposed model, compared with maxi-
mum errors of 52.7% and 363% using the standard model and 76.6% and 629% using the

modified model. For calculations of A/2L and the resonant resistance, the errors of the
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proposed model are not greater than 3.01% and 5.09%, respectively. In comparison, the
maximum errors are 6.53% and 25.1% using the standard wire model and 11.2% and
24.9% using the modified wire model. The significant improvements in the results are
largely due to the modeling of the wire ends. While the modeling of the source region and
the treatment of the field components along the length of the wire were important in
improving the stability of the proposed wire model, the modeling of the wire ends affected
the accuracy of the proposed wire model more significantly. At the wire ends, the E field
components were more influential in improving the wire model accuracy than the H field
components. This is due to the fact that the magnitudes of the E and H fields are propor-
tional to the charge and current densities on the wire, respectively, and at the wire ends,
the current density is at a minimum on the wire while the charge density is at a maximum.

The distributions of Ey3 and E 4 (Fig. 6.6) have the most pronounced effects on the model

accuracy, and their effects are more pronounced for thinner wires.

With the coarser spatial resolution, the results of the standard and proposed wire models
are less accurate than they are with the finer resolution, as expected. An interesting
observation, however, is that in most cases, the accuracy of the proposed wire model with
the coarser resolution is better than the accuracy of the standard wire model with the finer
resolution. In fact, the proposed model results of R;,, at L = A/2 and the resonant resistance
are still relatively close to the NEC values. From these observations, one could conclude
that in order to achieve the same accuracy as the standard wire model, the proposed model
may use a much coarser spatial resolution, resulting in large savings of computer memory

and time.
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6.8 Concluding Remarks

During the dissertation research on the interaction between PCS antennas and the mobile
communication environment (Chapter 5), there was an interest in calculating the input
impedance of the PCS antennas, in addition to the antenna efficiency, radiation patterns
and SAR. Before the FDTD calculations of antenna input impedance could be performed,
however, a test was needed to determine their accuracy. The subsequent tests and litera-

ture search led to the body of research which is summarized in this chapter.

The literature search revealed that while a number of FDTD thin wire models have been
proposed, a thorough investigation and comparison of their accuracy had not been under-
taken. Consequently, it was difficult to know how reliable the FDTD wire models are.
This research attempts to provide much needed information to this important area. The
results of this research are important in many areas of FDTD modeling, including antenna

design and the human-antenna interaction for PCS systems.

Two currently-used models were analyzed {79],[108], and the accuracy of both models in
calculating the input impedance of a dipole antenna was found to be poor, even though rel-
atively fine spatial resolutions were used in the calculations. While the shapes of the input
impedance vs. L/A curves were similar to those of NEC, the curves were scaled downward
in frequency, resulting in significant errors in the input impedance at L = A/2 and the

wavelength and input resistance at the first dipole resonance.

A new wire model was developed in this chapter. This wire model includes special treat-
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ments of the wire ends and the source region, as discussed in Section 6.6. The stability of
this wire model was addressed, and a formula was developed for the maximum stability
coefficient to be used with this wire model as a function of the wire radius and the spatial
resolution selected. This formula can be integrated into an FDTD program to make the

use of this wire model easy for the user.

The frequency scaling present in the results of the standard and modified wire models is
nearly absent in the proposed wire model results. As a consequence, the proposed wire
model is more accurate than the two other wire models for a given spatial resolution. The
results also indicate that for the proposed wire model to achieve the same accuracy as the
standard wire model, the proposed wire model may use a much coarser spatial resolution,
resulting in savings of computer memory and time. The modeling of the field component
distributions at the wire ends was the major contributor to the improvement in model
accuracy, while the modeling of the source region and the field components along the

length of the wire improved the model stability.

The additional computational cost of the proposed wire model to the FDTD method is
minimal. The main difference between the proposed and standard wire models is that dif-
ferent factors are used in the update equations for the E and H field components adjacent
to the wire (e.g. C; in equation (6.3)). As these factors can be calculated during the pre-
processing stage of the FDTD execution, there is no significant change in the computation
time of the main FDTD simulation. The added memory of the proposed model is small

compared to the total memory requirements of the FDTD program.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

The objective of the dissertation was to add to the current understanding of the
electromagnetic interaction between a PCS antenna and the mobile communication
environment. Using the FDTD technique, the effects of the user’s body and the
multipath environment on the antenna performance were investigated. These effects
were studied and compared for two antenna configurations representative of linear and
microstrip antenna types. The accuracy of FDTD modeling was crucial to the research,

and the accuracy of wire modeling was investigated. The original contributions of this

research are summarized in the following paragraphs.

The research on antenna configurations emphasized the development of microstrip
antennas because of many features which make them attractive for use on PCS handsets.
A novel polarization diversity antenna (PDA), first designed by the author during the
Master's thesis, was further developed for practical use on PCS devices. The use of the
FDTD technique in the design of this antenna allowed for relatively easy modifications
of the antenna, and FDTD results provided a complement to measured results. The far-
field radiation patterns of the PDA, calculated using the FDTD method, were in good

agreement with measured radiation patterns.
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An evaluation of the performance of PCS antennas in mobile communication
environments was undertaken, also using the FDTD technique. This included the
calculation of the far-field radiation patterns, the antenna efficiency and the specific
absorption rate (SAR) of energy in the user's body. The radiation patterns were used,
together with statistical models of the waves incident on the antenna from the mobile
environment, to calculate the mean effective gain of an antenna and the correlation
coefficient of a diversity antenna. Anatomically accurate models of the user's head and

hand were implemented to evaluate the interaction between the PCS antenna and the user.

The results of the analysis of PCS antennas at frequencies near 900 MHz provided
knowledge on how the following factors influence antenna performance and absorbed
power in the user: the type of antenna (monopole or PDA), the presence of the user (head
and hand) and the type of mobile communication environment (urban outdoor or
suburban outdoor). Changing the antenna configuration from the monopole antenna to
the PDA significantly affects the antenna efficiency and SAR in the user's body. When
the monopole antenna is used, most of the absorbed power is dissipated in the head while
a relatively small amount of power is dissipated in the hand. The opposite is true for the
diversity antenna. Overall, the PDA performs better than the monopole antenna in terms
of the antenna efficiency, the peak averaged SAR in the head, and the MEG. Also, the
two modes of the PDA are sufficiently uncorrelated for diversity operation in both
environments. However in terms of the MEG, the PDA is more sensitive than the

monopole antenna to the presence of the user's body. The presence of the user's body
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reduces the antenna efficiency, distorts the far-field radiation patterns, particularly in the
direction of the head, and generally increases the magnitude of the cross polarization
radiation. The type of mobile communication environment chosen has a pronounced
effect on the correlation coefficient of the PDA and on the MEGs of the PDA and the
monopole antenna. In urban outdoor environments, vertically-polarized antennas should
perform well, while in suburban outdoor environments antennas that strongly receive
both vertically-polarized and horizontally-polarized fields should perform better than
vertically-polarized antennas. The results showed that the monopole antenna did not
perform as well as the PDA, even in the urban environment, because it radiated a
significant amount of power towards the ground. Small perturbations in the statistical
model of the mobile environment did not greatly change the MEG and correlation
coefficient results of either antenna. Thus the antenna performance is not very sensitive

to small changes in the mobile environment.

The dissertation work included an in-depth study of the FDTD modeling of thin wires.
The accurate FDTD modeling of thin wires and other objects is critical to the
development of linear wire antennas (such as the monopole antenna considered in this
work) and the research on the interaction between PCS antennas and the environment. A
literature search revealed that no thorough investigation of the accuracy of FDTD thin
wire models had been undertaken. Furthermore, two currently-used thin wire models
were found to be inaccurate after a thorough investigation was performed in this
dissertation. An evaluation of the accuracy of FDTD thin wire models was developed in

this dissertation, based on the calculation of the input impedance of a dipole antenna
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over a broad range of dipole radii. The finding of the errors in the two current wire
models motivated the development of a new model. This model includes a special
treatment of the field components at the wire ends and the development of a model of the
source region. The stability of the wire model was also studied. The proposed wire
model is more accurate than the two other wire models for a given spatial resolution.
Also, for a given accuracy, the proposed wire model can use a much coarser spatial

resolution than either of the two other models, resulting in savings of computer memory

and time.

7.2 Future Work

The accurate FDTD thin wire model developed in this dissertation is a valuable tool that
can be used to extend the analysis of PCS antennas in mobile communication
environments. Using this model, one can evaluate how the presence of the user or the
design of the handset changes the input impedance of a PCS antenna. In particular, the
effects of the user or the handset design on the antenna resonant frequency or the
impedance bandwidth are of interest. Antenna designers can use this information to
design an appropriate matching circuit for an antenna or to learn how to use the presence
of the user and the handset design to the greatest advantage. As the user’s body is in the

antenna near field, it should be considered part of the antenna.

The knowledge gained in the development of the thin wire model can also be used to
develop accurate FDTD subcell models of other geometries. For example, the modeling

of wire bends has not been treated satisfactorily in the literature. An accurate model of
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wire bends, based on the near-field physics of the region near the wire bend, is a natural
extension of the current work. The subcell modeling of thin slots and thin dielectrics

may also be of interest.

In the analysis of the interaction between the PCS antenna and the surroundings, there is
increasing interest in understanding how the ground plane formed by the handset affects
the antenna performance, especially with the miniaturization of PCS handsets. Of
interest is how the shape and size of the handset, the plastic covering and other features
affect the electrical parameters of the antenna. The effect of the handset geometry on
SAR in the user is also of interest, as the handset may shield the user's head from RF
fields for some antenna configurations. A large body of work has been performed on the
diffraction of radiated fields by ground plane edges and its effects on antenna
characteristics (as reviewed in Chapter 3). However, much of the work has been limited
to simple geometries that are analytically solvable (e.g. infinitely thin ground planes and
circular geometries), or to experimental measurements, which are limited in terms of
measuring near fields and current distributions. Using the FDTD technique, this work

could be readily extended to include an analysis of PCS handsets.
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