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Abstract

Cellular telephony is currently facing many challenges, one of which is
the ability to provide consistent high-quality voice or data amidst the
multipath fading effects inherent in the mobile environment. The use of
diversity antennas at the mobile receiver can overcome some of the fading
effects. For this thesis, three microstrip antennas are presented. Each of them
is designed to provide polarization diversity near the 800 MHz cellular
frequency band. The last antenna works very well and has some commercial
potential. Measured scattering parameters and radiation patterns show that
the vertically-polarized and horizontally-polarized modes radiate‘
independently with good return losses and very low coupling between them.
Future research should include reducing its size for hand-held units and

evaluating how well it improves the received signal level.
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Chapter 1 Fads, Phones and Fading 1

Chapter 1
Fads, Phones
and Fading

1.1 Object of Investigation

It is no wonder that the cellular telephone has become the latest status
symbol in our culture. It is probably the single most popﬁlar yet unattainable
technology of the twentieth century. From Dick Tracy to Captain James Kirk
and Agent Maxwell Smart, popular culture has marveled at the magical
presence of the portable communicator, the definitive technology of some far
distant future.

Yet in the early 1980s, the industrialized world was finally informed
that the future had arrived. Science and ingenuity had boldly gone where
only Star Trek had gone before, and it was only a matter of time before every
man, woman and child would wear a personal telephone on their wrist, on
their chest, or even in their shoe if they were so inclined. Those who could
afford them quickly scrambled to buy the prohibitively expensive first
generation of cellular telephones to show that they were indeed part of this
glorious future. The rest of society patiently waited.

. Ten years later, the technology of the mobile telephone has slowly

advanced but is far from keeping its daring promises; Still very few people
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own these systems and the rest of society has all but given up waiting.
Meanwhile, in the dark corridors of university electrical engineering

departments and in the looming office towers of cellular telephone designers,

engineers and scientists are working to level some of the mountainous

obstacles that still stand between the present technology and the phone

systems of the future.

Fig. 1.1 Signals arriving from a base station.

Communicating electrically through the air between two devices the
size of a wallet at practically any locations on earth with only a couple of watts
of power has always been thought to be difficult, especially if those devices are
moving. For instance, if one of the devices is traveling in an autorﬁobile
through a busy downtown area, the signal arriving at its antenna will have a
power level that fluctuates in time, according to the environments around it
and the transmitter, and according to the obstacles in the path between them.
As shown in Fig. 1.1, the signal from a base station antenna can travel along a

large number of paths before reaching a mobile telephone.



Chapter 1 Fads, Phones and Fading 3

Each component of the signal may be reflected, refracted, partially
absorbed and otherwise degraded before arriving with random phase and
amplitude at the receiver. The power level of the total vector sum of these

signals will have a "multipath” fading characteristic as shown in Fig. 1.2.
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Fig. 1.2 Multipath fading characteristic [1.1].

During the deep fades, highlighted in Fig. 1.2, the signal level is so low
that communication is nearly impossible. Luckily the deep fades are brief in
duration, but they occur often enough to degrade the overall voice quality
heard at the receiver of the mobile telephone.

The obvious questibn to be asked is therefore, "How can this fading be
removed?" The answer, unfortunately, is, "It can't," but the proba‘bility of
fading can be reduced, which is what diversity reception is designed to do.

To reduce the probability of signal fading at a cellular telephone
receiver, twé or more antennas are used to receive the signal instead of one.

If the system is designed properly, there is a low probability that when one
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antenna experiences fading, the others also experience fading. With the
receiver designed to either combine the received signals or switch between
them, the received signal fades far less frequently than the signal from one
antenna alone. This system of two or more antennas is called a "diversity
antenna.”

Although diversity reception has not yet been used on mobile receivers
in cellular communication, there is widespread interest in using it in future
generations of the medium. Tests have shown that when diversity receivers
are used instead of traditional receivers, a signal improvement of 6dB is
measured [1.2].

This thesis is a study of different diversity antenna designs for the next
generation of cellular telephonés. Such antennas must be small enough to fit
inside the wallet-sized communicators and effective enough to make
diversity worthwhile. These two factors are usually in competition with each
other and therefore, innovative designs are necessary to take this into
account. |

The antennas covered in the thesis were designed, built and then tested
to determine various properties such as efficiency, radiation pattern and
signal polarization. These properties indicate how well the diversity

antennas perform.

1.2 Historical Background

"Rome was not built in a day," accordiné to an anonymous scribe who
either was not a Christian or had forgotten about a very important book that
states that the entire universe was created slightly under a week.

Nevertheless, this statement withstood the tests of time and criticism,
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becoming a testimony to the idea that great inventions do not just appear, but
are the result of sweat and sacrifice.

The same can be said of the cellular telephone and the microstrip
antenna. In fact, it can be said that neither of them are great inventions at all.
Instead, they are technologies that have gradually evolved over time through
~ a little inspiration, a lot of perspiration, and a clever mistake or two.

This section is a brief discussion of the history of these technologies.

1.2.1 _ Cellular Telephony

As stated in the last section, it is difficult to physically realize the
concept of communication between' two wallet-sized, wireless, personal
communicators. Such a concept requires the prerequisite inventions of other
technologies, namely the telephone and the radio.

The telephone provided a communication hierarchy, together with its
circuit switching and traffic handling capabilities, that made it possible for
_ personal communication to work. The radio allowed for the transmission of
signals through space, thus liberating communications from being fixed into
a network of copper wire.

These two inventions evolved along largely divergent paths which
crossed only occasionally to bring such innovations as dispatch systems,
citizens' band radio, amateur radio and the car radio-telephone. The first car .
phone was conceived in 1946. It was this development that very slowly
became today’s cellular telephone.

However, to say that the cellular .telephone is merely a merging of the
radio and the telephone is an over simplification; mobile communication has

its own set of challenges which requires some technological innovation.
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Fig. 1.3 Simple cellular coverage

(hexagons give a rough indication of cell boundaries).

Take, for instance, the very narrow frequency spectrum allotted by
regulatory agencies to mobile communications. Ohly 50 MHz is allocated for
the cellular 800 system (compared to 400 MHz for television channels 2 to 69),
which makes it difficult for the system to supply enough radio channels to a
large city like New York if traditional radio broadcasting is used. Reducing
the channel bandwidth can increase the number of channels in the spectrum,
but only by a limited amount. Mobile telephone designers therefore
employed a channel-reuse scheme. With this scheme, a city uses a large
number of low-powered transmitters instead of one high-powered
transmitter (see Fig. 1.3). Each of the smaller transmitters cévers only a small
area (called a “cell”) within the city”. Because of the lower power of a cell, two
signals can be transmitted on the same channel from two distant transmitters

without significantly interfering with each other. Therefore, the number of

* In concentrated urban districts such as downtown New York, some transmitters cover less than
one square kilometre.
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available radio channels is more dependent on the number of cells than it is
on the allocated frequency spectrum.

However, this leaves one unanswered question, “How many channels
will be required in a city, and therefore, how many transmitters should be
installed?” The answer to this question is difficult to find, as the number of
mobile telephone users changes over time. This query lead engineers to a

second innovation in cellular communications - cell splitting (see Fig. 1.4).

Large Cells
For Suburban
Areas

Small Cells
For Urban
Centres

Fig. 1.4 An example of cell splitting.
(From “Digital Cellular Radio,” by Calhouﬁ, pg- 43.)

Instead of installing a fixed number of cell sites in a city, cell sites can be
added gradually whenever the demand for more channels arises. An area
may start with one high-powered transmitter, and as the need for more radio
channels arises, the cell is subdivided into a number of lower-powered cells,

each with its own set of channels. When one ofrthose smaller cells becomes
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saturated it too can be subdivided. The process is repeated as necessary until
either all of the channels are supplied or the maximum cell density is
reached.

While cell splitting alleviates the problem of limited service and
allows the system to gradually evolve, it creates another problem. The
smaller a cell becomes, the greater the chance that a call will not be completed
within the boundaries of a single cell. A vehicle traveling on a highway may
pass through several cells during a single conversation.

To handle this problem, the hand-off procedure was developed. Just
like it sounds, hand-off allows a éail to be hz;n-dred off from one cell site to its
neighbour-as the vehicle moves between the two. Using the signal strength
from the vehicle as measured at the cell site, a mobile-telephone switching
office determines when the vehicle is moving from one cell to another and
commands the cell sites to hand off the call.

Today, cellular communication is a working technology that has
gained considerable acceptance over the past ten years. there are, however,
some obstacles preventing it from achieving its potential. Among them is
‘the problem of multipath fading which is prohibiting cellular
communication from providing a consistent quality of voice and data

transmission. This problem can be alleviated by using diversity reception.

1.2.2 Microstrip_Antennas

The microstrip antenna appears to be a natural inclusion into the
evolution of cellular communications. As mobile telephones become
smaller and more portable, their antennas must also shrink. Microstrip

antennas, unlike conventional monopole antennas, lend themselves well to
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this aim.

A microstrip antenna is essentially a printed circuit, with the radiators
photo-etched on one side of the board, and a metallic ground plane on the
other side. Matching networks, phasing circuits and power splitters may also
be built into the planar construction of the dielectric and conductors. A
simple configuration is shown in Fig. 1.5. Its planar geometry allows the
microstrip antenna to be used where space is limited and gives it the ability to
be molded to conform to the shape of a structure such as the tip of an aircraft

wing or the roof top of a car.

microstrip radiator

<«+—dielectric board

«———ground plane

power dividers and
phasing

matching network
Fig. 1.5 Simple microstrip antenna configuration.

The microstrip radiator was not always looked upon favorably,
however. In the early days of microstrip circuit design, radiation was
something only to be avoided, as it represented a loss in the circuit. Engineers
were therefore busy designing circuits that suppressed radiation as far as
possible. But in 1953, Deschamps [1.3] thought that this radiation could be
utilized and introduced the concept of microstrip circuits as antennas. A
revolutionary concept in microstrip circuit design perhaps, but a concept that

was virtually ignored for twenty years.
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The first practical use of microstrip antennas was in warfare. In the
early 1970s, the United States military realized that because of the flat
geometry and low profile of these antennas, they could be installed on the
sides of guided rockets and missiles without disturbing their aerodynamics.
This interest provided the funds necessary to fuel the microstrip antenna's
initial developments.

Such developments led the microstrip antenna out of its dark ‘
beginnings and into more commercial use by the late 1970s. More recently,
the revolution in electronic circuit miniaturization, brought about by
progress in large scale integration, fiber optics and sensor technology, has
allowed microstrip antenna technology to advance even further.

The microstrip antenna has many advantages over other designs
which makes it the preferred choice in many applications. These advantages
include

* light weight, compact size and planar geometry, which allow it to be
used where small size is important or conformity with a structure is
required

* manufacturing that is inexpensive and ‘accurate, therefore making it
readily amenable to mass production. Feed lines and matching

- networks can also be fabricated simultaneously with the antenna

.. structure

e compatibility with integrated circuits, which can be mounted
directly on the board '

Along with these advantages, the microstrip antenna also has inherent
limitations which include |

¢ narrow bandwidth
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¢ dielectric loss, hence somewhat lower gain

» Jower power handling capability

e complicated electrical properties, which make microstrip antennas
difficult to analyze in the general case

* possible excitation of surface waves

* poor isolation between the feed and the radiating elements

* radiation into a half space only

For many uses, the limitations of microstrip antennas are far
outweighed by their advantages. Therefore, it is expected that in the future,
microstrip antennas will replace conventional antennas for many
applications [1.4]. Today, microstrip antennas are used in a variety of areas,
including satellite communication, Doppler and other radars, environmental
instrumentation, remote sensing and biomedical radiators.

Cellular telephony is another field in which there is increasing interest
in microstrip antennas. Bandwidth, power handling capability and full-plane
radiation are not critical here, and the light weight, compact size and simple
manufacturing make these antennas attractive to designers and

manufacturers of cellular telecommunications equipment.

1.3 Multipath Effects in Cellular Communications
In these increasingly fast-paced, highly-mobile times, the portable
communicator is sometimes viewed as a great liberatdr, allowing near-instant
accessibility to people and information without wires to keep us tied to a fixed
location. However, accessibility has its costs. Before wires are to be done away

with completely, some of the problems of radio communication need to be
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addressed.

Section 1.1 briefly described that a signal arriving at a portable .
communicator has a power level that fluctuates in time, exhibiting a
multipath fading effect. In this section, further detail is given regarding the
causes and effects of the multipath phenomenon.

Communicating through a wire, however limited it may be, is at least
predictable. Once a wire network is fixed in place, its characteristics are
knoWn and, with the exception of weathering and the occasional accident,
they are not expected to change significantly. Some ‘cross talk, echoing and
line loss may exist, but a caller is reasonably assured of clear, two-way
communication.

The same cannot be said of cellular communication. Here, a signal
must pass through the air. between the portable phone and the cell site’'s base
station antenna. Along the way, the signal will experience free-space loss,
terrestrial loss and perhaps some Doppler frequency shifting if the caller is
moving. Most importantly, it will encounter rnultipéth effects. Between the
phone and the base station, the signal will travel alohg several different paths
(see Fig. 1.1), some of which may encounter obstacles which can scatter,
refract, absorb, reflect or re-polarize them. In outaoor communication, these
obstacles are typically trees, buildings, cars and the terrain. For indoor 7'
communication, they are desks, people, walls and partitions.

Some of the signal components arrive at their destination, but with
different amplitudes, phases, polarizations and arrival times. Signal
components with different phases may destructively interfere, resulting in
the signals partially or wholly canceling each other out. In addition, the

polarizations of some of the signal components may be different from the
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polarization of the receive antenna, giving rise to further power loss.

The final received signal has an amplitude and phase that are difficult
to predict and fluctuate in time as the personal communicator moves and the
mobile environment changes (see Fig. 1.6). Therefore, it is very difficult for
cellular communications to assure the caller of clear, two-way

communication.
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Fig. 1.6 Multipath fading characteristic showing long term fading [1.1].

Some efforts are currently being made to alleviate this problem. The
total multipath fading characteristic can be broken up into long-term and
short-term fading components. The long-term component (shown with the
total fading characteristic in Fig. 1.6) is caused by gradual variations in the
mobile environment, such as terrain (for outdoor communication) or
corridors (for indoor communication). It can be averaged out at the receiver
using an automatic gain control circuit. The short-term fading, on the other

hand, is impossible to remove completely, but diversity reception can
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significantly reduce it.

1.4 Diversity Reception

In simple terms, diversity reception is a modern extension to the age-
old phrase, "two heads are better than one." Like most age-old phrases, this
one comes with a set of provisions: two heads are betfer than one only if each
can think independently and agrees to cooperate with the other. In cellular
telephony, two antennas are better than one provided that they both receive
statistically independent signals and the receiver that they are connected to

can use them cooperatively.

signal strength (dB)

T ¥ i v 1 i T i ]

4 6 8 10
time (ms)
(the vehicle is travelling 50 km/h)

Fig. 1.7 Received signals from two antennas [1.1].
As was seen in the last section, a mobile telephone with one antenna
receives a signal that has a multipath fading pattern. If the same mobile
telephone is instead connected to two antennas, it will receive two signals,-

each having a statistically-similar type of fading pattern (see Fig. 1.7).
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The advantage of using two antennas is that the receiver can either
select which sfgnal to receive, based on which has the higher signal strength
at that time, or somehow combine the two signals. Either way, the resultant
signal fades less frequently and less severely than either of the individual

signals. Fig. 1.8 illustrates this point. It represents the sum of the two signals

of Fig. 1.7.
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Fig. 1.8 Additively combined signals of Fig. 1.7.

As Fig. 1.8 illustrates, there is still some fading in the resultant received
signal, which occurs when both individual antennas (collectively known as a
“diversity antenna”) experience fading simultaneously. The key to designing
a diversity antenna is therefore to ensure that the two received signals are not
likely to fade at the same time (or, in other words, the fading patterns of the
two signals are statistically independent).

A number 6f different diversity methods can be employed to ensure a

reasonable amount of statistical independence. Six of these methods are:
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space diversity, frequency diversity, time diversity, angle diversity, field
component diversity and polarization diversity. Each method is briefly

described and evaluated below.

1.4.1 Space Diversity

In this method, the two antennas are spaced sufficiently far apart that
the short-term components of the received signals are statistically
independent. Results have shown that the minimum antenna separation for
reasonably in.depeh.dent statistics is 1/2, where 1 is the free space wavelength
(1.5}

At 880 MHz (the median receive frequency in the cellular 800 system),
A/2 =17 em. This separation is too large; for a diversity antenna built into a
handset. Even at 1800 MHZ (indoor cordless), A/2 = 8.33 cm, which is still

impractical for a handset antenna.

142 Frequency Diversity

~ Two signals with very different carrier frequencies are “possibly
independent” [1.6]. The independence increases with frequency separation;
however, even for a very large separation it is not good enough for some
applications. Another disadvantage of this method is that it requires extra

bandwidth, a commodity that is already scarce in cellular communications.

1.4.3 Time Diversity

If the cellular telephone is moving, then the mobile environment is

varying in time. Therefore, two time-delayed transmissions of the same
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signal may be statistically independent. The minimum time delay for
diversity depends on how quickly the mobile environment is varying, which
is usually measured from the speed of the mobile: the faster it moves, the
shorter the delay.

Although time diversity has the advantage that only a simple antenna
is needed, there are some strong arguments against using it. For it to work,
the base station must have knowledge of the mobile's speed to decide when
to send the second transmission. From the system's perspective, this makes
time diversity more complicated than the other methods. Also, when the
mobile is stationary the time delay becomes infinite, so time diversity will not
work. This is especially a problem with hand-held systems, where the unit is

likely stationary or moving very slowly.

14.4  Angle Diversity

Multipath fading is largely the result of the destructive interference of
signal components arriving from different signal paths. If these components
can be isolated before they interfere, multipath fading will be much less
severe. Angle diversity makes use of the observation that most of the signals
arriving from different signal paths also have different angles of arrival. In
most cases, the signals from different arrival angles will have fading patterns
that are statistically independent. Diversity can therefore be achieved using
directional antennas to isolate the signal components.

The more directional each antenna is, the more independent each
received signal is. Fig. 1.9(a) illustrates the case when three highly directional
antennas are placed on top of a car. Unfortunately, using highly directional

antennas also results in less coverage area and therefore low average received
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signal power. There may also be deep fades when no signals arrive in the
directions of the antenna beams. Widening the antenna beamwidths (as
shown in Fig. 1.9(b)) generally increases the signal power and coverage but
may reduce the statistical independence. As a result, the beamwidth of the
antennas must be adjusted to find an optimum tradeoff between statistical

independence and signal coverage.

(a) ‘ | (b)

Fig. 1.9 Angle diversity with three directional antennas, using (a) narrow

beamwidths and (b) wide beamwidths.

1.4.5 _ Field Component Diversity

A wave traveling in space has a maximum of six field components,
three for the electric field (Ey, Ey and E;) and three for the magnetic field (Hy,
Hy, and H;). In an ideal mobile environment, where the waves propagate
close to the g‘round, the vertically-polarized electric field (E;) and the
horizontally-polarized magnetic fields (Hy and Hy) are the most significant

[1.7]. Each of the three components for a single wave is interdependent on the
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other two, but in a multipath environment where a measured signal is the
combination of several waves, each combined component can be shown to be
statistically independent of the others [1.7]. An energy density antenna, one
which receives E, and one or both of H, and Hy independently, provides field-

component diversity.

1.4.6 Polarization Diversifv

Polarization diversity is a specific form of field component diversity
where the received components are of the same field. It usually refers to the
separate reception of a vertically-polarized and horizontally-polarized electric
field. This type of diversity works in most cases, although, as was stated in
section 1.4.5, only the vertically-polarized electric field is significant in an
ideal mobile environment. Many studies have been done on polarization
diversity, and the results conclude that polarization diversity offers a
substantial improvement in outdoor systems in suburban areas and in indoor
systems where there is no line-of-sight propagation.

Bergman and Arnold [1.9] tested polarization diversity indoors at 816
MHz using a cross-polarized microstrip patch antenna. Measurements were
taken in an office building (where both the transmitter and receiver were
indoors) and in a house (with the transmitter outside and the receiver
inside). The results indicate that the vertically- and horizontally-polarized
electric fields are only weakly independent (the correlation’ coefficient, p, is
0.5) when there is a strong line of sight but are strongly independent (p = 0.01)
when there is no line of sight.

The improvement due to polarization diversity for indoor systems was
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studied by Davies [1.2]. A cross-polarized dipole antenna was used in
hallways and a gymnasium at 915 MHz. Selective combining of the
vertically- and horizontally-polarized signals gave an average improvement
of 6 dB (improvement is defined as the increase in gain of the deepest fades
after the long-term fading is removed). After removing the long-term fading,
the different polarizations were found to be statistically independent (p = 0.1
max).

Measurements conducted by Lee [1.8] show that the local mean levels
of the horizontally- and vertically-polarized electric fields received at a mobile
antenna are similar in suburban areas. In urban centres, however, Lee states

that the vertical component is slightly stronger:

In comparing the local means of E, and E, in a suburban area,
there are no gross differences between the average local mean
levels of E, and E;. However, on the basis of rﬁeasured data
recorded within a 3-mi radius of the base station located in the
Keyport-Strathmore area of New Jersey, it was noted that E, was

slightly higher than Ej.

The antennas studied here use a combination of polarization diversity
and angle diversity. They are described in more detail in Chapter 4.

Although diversity reception has the advantage of substantially
increasing the received signal power at a mobile, it also has some drawbacks.
A more complex receiver structure is required to receive the diversity signals
and combine them. This requires extra parts which makes the wireless phone

more expensive and less compact. Due to recent advances in circuit mass
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production and miniaturization, however, this is becoming less of a problem.

1.5 Previous Work

Most of the diversity antenna research to date employs space diversity,
as mentioned in section 1.4.1, which is impractical for use in hand held radios
because the distance between the antennas is so large. There is, however,
some important work in this area that concentrates on antenna designs with
a flat profile.

Nishikawa et al. have designed two flat antennas -- one a table
antenna, the other resembling a folded F antenna -- that operate in diversity
when separated by more than 0.4 wavelengths [1.10]. Although‘ this design is
too large for a handset, it can be mounted on a vehicle, replacing the
traditional monopoles which can bend or break and may not be aesthetically
pleasing.

Tsunekawa has created a working diversity system using two planar
inverted-F antennas [1.11]. By combining space and angle diversity, he was
able to reduce the distance between the antennas to 0.1 A, but thé antennas are
only weakly independent (p = 0.43). |

Some important work in single, compact diversity antenna design is
| provided by Arai et al [1.12]. Their antenna consists of a centre-fed disk above
a ground plane with four slots cut radially into the disk. In the plane of this
flat-profile antenna, the disk receives an electric field component while the
slots receive a magnetic field component. Thus, field component diversity is
achieved in one integrated unit. However, with a diametef of over 0.6 A, this

antenna is also impractical for use in a handset.
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A simple polarization diversity scheme was proposed by Lalezari et al
over 10 years ago [1.13]. Two feed line networks independently feed a pair of
square microstrip patches. This system provides horizontal and vertical
polarizations independently and is said to minimize the coupling between
the feed ports, but again, size is a problem. To isolate the patches and make

room for the two feed networks, the structure must be 0.95 4 long.
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Chapter 2
Background Theory

As microwave circuit design is a very specialized field, some
" background theory will help the reader appreciate the remaining work of this
thesis.

This chapter contains two sections, the first describing the basic
operation of microstrip antennas. Topics discussed here include the
excitation and radiation of electric fields, methods of theoretically analyzing
microstrip antennas and ways of manipulating an antenna’s physical and
electrical properties to change its measured characteristics. ‘,

The Smith chart is briefly described in Section 2.2. This graphical

design tool is indispensable in microwave circuit design.

2.1 Microstrip Antenna Theory

At first sight, the microstrip antenna appears to be a remarkably simple
device. It is merely a printed circuit c;n a dielectric with a ground plane
underneath (see Fig. 2.1). The top surface is accessible, so it is easy to mount
discrete devices on it and make modificatic;ns to it. Its simple configuration
allows the patch radiators to be designed to any flat shape and enables it to be
molded to wrap around a structure.

However, despite its simple appearance, the microstrip antenna is
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often not used because of its complex electrical properties. The radiation
mechanism of microstrip circuits is complicated because the radiating patch

rests between two different materials: air and a dielectric.

microstrip radiator

<«—dielectric board

<«———ground plane

feeding and
matching network

Fig. 2.1 Siple microstrip antenna configuration.

~ Fig. 2.2 gives a cross-sectional view of the microstrip antenna of Fig. 2.1,
showing its electric and magnetic fields. In this case, the microstrip patch is at
a voltage potential above the ground plane, exciting an electric field between
them. At the centre of the patch, the electric field acts vertically between the
patch and the ground plane, but towards the patch edges, the field is not as
concentrated and tends to fringe outwards. Some of the fringing electric fields
separate from .the circuit and become radiation fields. As the radiation fields
are essential for an antenna, they can be enhanced by choosing the proper

- patch shape, dielectric thickness and dielectric conistant.
The difficulty in making these choices lies with the fact that, unlike
most antennas, the microstrip antenna radiates into bdth the air and a
dielectric medium. The use of the dielectric medium adds losses. It also
results in the bending and refraction of electric fields. All of these are difficult
to analyze. As a consequence, although patch conductors can be designed to

any flat shape, the difficulty in analyzing these shapes generally restricts them
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to conventional shapes (rectangles, circles and triangles).

——— E field lines
— — —H field lines

Fig. 2.2 Side view of microstrip circuit showing field lines.

Many methods exist to analyze microstrip antennas (ie., determine the
radiation pattern, input impedance, gain, bandwidth, beamwidth, efficiency,
losses and Q factor), but none of thém are exactly comparable to practice.
Some of these methods are described below [2.1]:

e One of the more rigorous methods is the Vector Potential Approach
where' the mode theory of wave propagation is used to numerically
evaluate the fields of the antenna based on the fields of a dipole antenna.

e The Dyadic Green's Function Technique uses Maxwell's equations
together with a superposition integral and the appropriate boundary
conditions to determine the radiated fields.

o If the niicrostrip antenna radiation can be thought to come mainly from
an open-circuited end of the patch, the Radiating Aperture Method can
be used.

e Another method is the Cavity Model, where microstrip antennas are
treated as cavities in microstrip lines and the fields in the antenna are
assumed to be those of the cavities.

e A simple method for rectangular patches is the Transmission Line
Model where the radiator element is represented as two radiating slots

separated by a length of transmission line.
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¢ The Wire Grid Model is a generalized method of analyzing the radiation
mechanism of any antenna that can be described as a matrix of straight
wires. This method first solves for the currents on the wires and then
derives the radiation pattern and other characteristics from those
currents.

The Wire Grid Model [2.1] is the method of analysis used during the
thesis work. It is provided by Numerical Electromagnetics Code [2.2], a
computer program described in section 3.2.1.

During the design and testing stages, it is also important to know some
general principles of microstrip antennas, such as how the patch size,
dielectric thickness, dielectric constant and feed point design affect its
electrical properties:

The size of the patch affects the resonant frequency, field polarization
and efficiency. For most designs, a size on the order of half a Wavelength
achieves the best performance. Patches smaller than required reduce the
antenna's efficiency, while larger patches increase the efficiency but introduce
higher-order modes, distorting the fields [2.3]. As well as being undesirable in
a small hand-held radio, larger patches also tend to reduce the antenna
beamwidth. Size is a very critical pérameter because of the narrow bandwidth
of microstrip antennas. -

The thic.kness:of the dielectric determines the antenna's bandwidth
and efficiency. Thick dielectrics typically allow larger bandwidths and greater
antenna efficiency.

The substrate’s dielectric constant is a ‘very critical parameter also, as it
affects the size, bandwidth, efficiency and most other parameters. Materials

with large dielectric constants (& = 10.0) allow the antenna size to be reduced '
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and still operate at the same frequency. Unfortunately, this also reduces the
bandwidth, gain and efficiency. The substrate dielectric constant also
- determines which parameter tolerances will affect the antenna's resonant
frequency. For substrates with low dielectric constants (&, = 2.5), the resonant '
frequency is strongly affected by tolerances in the antenna size. For antennas
with high dielectric constant substrates, tolerances in the dielectric constant
become a strong influence on the resonant frequency.

Feeding the antenna is as important as designing the antenna itself.
Choosing the proper feed point location can provide some input impedance
matching. The geometry of the feed point should also be carefully selected to
reduce unwanted inductive effects. For example, if a coaxial feed is chosen in
preference to a microstrip transmission line feed, then the thickness and
shape of the post should be taken into consideration. Matching circuits may

also be required at the feed point to provide further impedance matching.

2.2 The Smith Chart

One graphical and analytical toel indispensable to RF design is the
Smith chart. Developed by P.H. Smith in the late 1930s, it is still widely used
today as a graphical method to solve impedance transformation problems in
RF circuit design.

The idea for the Smith chart came from the need to provide a simple
method of plotting impedances on a polar plot. The input impedance of a
microwave circuit can be plotted in polar form by first converting it to a
reflection coefficient. An example of this is shown in Fig. 2.3(a), where the
input impedance is Z;, = 15 + j25 ohms on a 50 ohm -line. The mismatch

between the line impedance and circuit input impedance produces a
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reflection, with a reflection coefficient of {2.4]
I'=0.62¢134 2.1)

The polar plot has a maximum radius of one, and angles are measured
counter-clockwise from the positive real axis.

The advantage of a polar representation of impedances is that all
possible values of impedance can be plotted on the same chart. | HoWever, the
numerical conversion from impedance to reflection coefficient is time

consuming and tedious to the RF designer who will be doing it often.

4
6
225° 8
: 1
270° s l I
X Zin =15 +j25 ohms 0123456 81014201 2014108 65432 1 0
Return Loss (dB)
(@) & (b)

Fig. 2.3 Two representation of impedances: (a) polar and (b) Smith chart.
Fortunately, this numerical conversion can be avoided if a graphical
conversion is provided on the graph itself. With this new graph, the Smith

chart, impedances can be plotted directly. Fig. 2.3(b) shows how this is done
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with the same input impedance, Z;, =15+ j25 ohms. The input impedance
must first be normalized to the 50 ohm system impedance before being

plotted

N

in 15+ 25
o 50

=03 +j05, (2.2)

N

where Z, is the system impedance. The value 0.3 + j0.5 is easily plotted by
following the circles of constant resistance and arcs of constant reactance,

shown respectively on Figs. 2.4(a) and 2.4(b).

g1
(2) (b)

Fig. 2.4 Partial Smith charts showing (a) constant resistance circles anci (b)
constant reactance arcs.

Other parameters of the circuit can also be easily read from the Smith
chart. These include the standing wave ratio, the transmission loss, the
reflection loss and the return loés. A scale for the return loss is shown
beneath the Smith chart of Fig. 2.3(b). Notice how the return loss improves

substantially as the input impedance moves closer to the centre of the chart.
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In other words, the return loss is greatest when the circuit impedance is

matched to the line impedance.



Chapter 3 Design and Measurement : 31

Chapter 3
Design and
Measurement

Many electrical engineers not familiar with microwave circuit design
refer to it as a "black magic." As “proof,” they point to the three-dimensional
partial derivatives and closed-loop integrals of Maxwell's equations and speak
of the difficulty in comprehending the invisible electromagnetic waves that
propagate in all directions at the same time.

However, as the knowledge of this complex field increases and better
tools are developed to design and measure microwave circuits, engineers are
bringing this science down to a more understandable level.

This chapter describes some of the tools which are indispensable in
designing and measuring diversity antennas. The design tools are described
in section 3.2 and the measurement system is outlined and evaluated in
section 3.3. Before this, however, the parameters important in designing and

measuring antennas are described in section 3.1.

3.1 Diversity Antenna Parameters

To evaluate a diversity antenna, one must decide which antenna

parameters are most significant. These parameters should provide a
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quantitative basis for an evaluation of the antenna's ability to overcome
signal fading effects in a multipath environment. 7

The two (or more) antennas constituting a diversity antenna must
radiate efficiently, must have the desired radiation patterns and polarization
and must be reasonably uncorrelated in a multipath environment. These
three criteria are explained in the following subsections.

It is important to note that although these criteria are sufficient in
evaluating a diversity antenna, they cannot measure system improvements
such as the improvement of the signal strength at a mobirle‘ receiver. Such

system improvements are outside the scope of this thesis.

3.1.1 Efficiency

The input power to an antenna is transformed into one of four other
forms. Itis
* reflected at the input port
e coupled through to the other port(s)
» absorbed via dielectric loss or copper loss
* radiated

In equation form, this can be written

Py, = Preflected + Pcoupled + Papsorved + Pradiated CRY

The first three loss mechanisms are undesirable, and an efficient antenna is
therefore one in which all of the input power is radiated. To evaluate how

well an antenna radiates, its efficiency is defined
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P ..
n= r;)dxated (3'2)

in

Looking at equation (3.2), it is apparent that one method of finding antenna
efficiency is to measure the radiated power, P, ;is.4, Telative to the input
power, P;,. The radiated power can be determined from the antenna’s
radiation pattern (as described in section 3.1.2), but this method is not
favoured, as it is time consuming and computationally intensive.

An alternative is to find the efficiency indirectly, measuring the energy
lost in the other three mechanisms, P .foctear Poupleds Pabsorbeds relative to P;,,

substituting them into equation (3.1) and rearranging (3.1) to get

=1 preﬂected + Pcoupled + Pabsorbed
n= P

(3.3)

in

The first two mechanisms, P efecreq and Poypreq, are found directly by
measuring the antenna's scattering parameters (S parameters). For a two-
antenna diversity system, scattering parameters Si; and Sy are the return
losses of the first and second antennas, respectively, while the second and first
antennas, respectfvely, are terminated in a 50 ohm impedance. S3; and 512
describe the power coupled from one antenna to the other. The normalized’
power coupled from antenna 1 to antenna 2 is Sp; and S, measures the power

coupled from antenna 2 to antenna 1. In equation form, the four scattering

parameters are defined

P .
Sy 17 =—reBectedl. (3.4)

inl
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P
Sy 12 == 20 (3.5)
inl
P . ‘
15y 12 =%§‘M (3.6)
in2

p
15 12 =—’f}$§ - (3.7)

Note that numerical subscripts have been added t0 Pefecteas Peouplea and Py to
indicate which of the two antennas is being measured.

The third unwanted mechanism, P, .4, Can be estimated from
microstrip transmission line measurements. In some cases the absorbed
power, which is mainly described by copper losses and dielectric ‘losses, is

small enough to be insignificant. Equation (3.3) can therefore be rewritten as

Th=1-|511 |2-|521 |2 (3.8)
7‘)2=1-|522|2-1512|2 (3.9

where 1), is the efficiency of antenna 1 and 77, is the efficiency of antenna 2.
However, it is bad practice to assume that absorbed power is negligible. If it is
necessary to calculate the efficiency, the absorbed power must be measured.
For this thesis, the absorbed power was not measured and so the
efficiency was not calculated. Instead, the antennas were evaluated by
comparing the scattering pararr{eters to accepted standards. An acceptable
diversity antenna should have at most -20 dB coupling between antennas [3.1]
and 25 MHz of bandwidth at the resonant frequency [3.2]. The bandwidth is
defined as that range of frequencies where the return loss is -9.54 dB at most

(in other words, the SWR is 2 or less).
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3.1.2  Radiation Pattern and Polarization

Although S parameters indicate how well the antenna radiates, they
cannot fully describe the mechanisms of radiation. It is also important to
know in what directions the antenna radiates and how the fields are
polarized. The radiation patterns and field polarizations of the antenna must
therefore be measured. |

To understand electromagnetic wave propagation in a multipath
environment, it is useful to describe the wave in terms of phasor quantities.
If the directions and magnitudes of the electric and magnetic fields are
represented with phasors, then simple physical laws of reflection and
‘refractioﬁ can be used to examine how the fields change in the environment.

Wave polarization is a way of categorizing the direction and
movement of these phasors through space. Three categories are used: linear,
circular and random polarization. - :

Linear polarization exists if the phasors maintain the same orientation
as they travel in time and space. In the example shown in Fig. 3.1, a wave
traveling in the z direction is composed of mutually-orthogonal electric and
magnetic fields. The amplitudes of the fields vary sinusoidally as they travel
in space but are always ofiented in the same direction. By convention, the
type of polarization is based on the direction and movement of the electric
field [3.3]. Therefore, because the electric field is always vertical, Fig. 3.1
describes what is more specifically known as a vertiéally-polarized wave. In
the general case, a linearly-polarized wave could be oriented in any direction.

If the electric field vector has a constant amplitude but rotates in space
instead of having a sinusoidal amplitude that is fixed in space, then the wave

is described by circular polarization. The rotation of the electric field traces
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out a corkscrew pattern which looks like a circle if viewed normal to the xy

plane.

X A Electric Field

Magnetic Field
Fig. 3.1 Linearly-polarized wave.

Linear and circular polarization are both special cases of elliptic
polarization, where the electric field traces out an ellipse when viewed
normal to the xy plane [3.4]. One method of generating elliptic polarization is
to combine two orthogonal, linearly-polarized waves 90° out of phase. If the
amplitudes of the two waves are equal, the polarization is circular; if one
wave has zero amplitude (or both are cophasal), the polarization is linear.
Between these two extremes, the wave is elliptically polarized.

Radiation from radio stars and the sun exhibit random polarization,
where, as the name implies, the orientation of the electric field vector varies
randomly through space and time.

Microstrip antennas can be made to radiate circular-polarized waves,
but they are most often designed for linear polarization. One mechanism for
the creation of linearly-polarized waves was described in section 2.1, The

fringing electric fields between the microstrip patch and the ground plane are
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approximately vertical in Fig. 2.2 (as viewed from the side of the antenna). As
they separate from the antenna and become radiation fields, they remain
vertical.

Linearly-polarized waves are also created if an electric field is excited
across a slot between two patches, as shown in Fig. 3.2. The electric field is
excited when the two patches are fed at different voltage potentials. Those
fields that fringe above and away from the antenna will create linearly-

polarized waves.

Fig. 3.2 Linear polarization between patches.

Both of the above mechanisms are used in the antennas designed for
this thesis.

A radiation pattern illustrates how well an antenna radiates in all
directions. The three-dimensional radiation pattern of a vertical, half-
wavelength slot antenﬁa is shown in Fig. 3.3. The radiation pattern is in the
shape of a doughnut or toroid with its hole closed up. It illustrates that the
slot radiates best in all horizontal directions but not at all vertically:

More can be understood about the radiation pattern with the help. of

some definitions.
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Antenna gain, G, is a standard reference used to compare the
maximum radiated power of the antenna under test (AUT), Py aut, to the
maximum radiated power of a reference antenna, Py . In equation form,

this is expressed

_Pmaur

G= Pmref

(3.10)

where P, aut and Py ref are expressed in Watts. By convention, the reference
antenna is usually a theoretical isotropic antenna that radiates 1 W of power.

with a constant power density in all directions.

AX

Fig. 3.3 Radiation pattern of a slot antenna.

The directivity and beamwidths indicate the antenna's ability to focus

its radiated power in certain directions. The directivity, D, is defined

_ Pmaur

3.11
Pavg AUT ( )
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where Pgyg aur 1S the average radiated power. Directivity is always greater

than one*, and the higher it is, the more focused is the beam.

Ax

(@) - (b)

Fig. 3.4 Beamwidths of a slot antenna radiation pattern in the (a) 6 plane
and (b) ¢ plane. 7

The beamwidth for a given plane (6 or ¢ plane) is the angle over which
the radiated power is at least half of the maximum radiated power. The two
beamwidths of the slot antenna radiation pattern are shown in Fig. 3.4. Fig.
3.4(a) is the side view of the radiation pattern of Fig. 3.3. At 15° above and
below the horizontal, the power decreases to half of the maximum, giving a
~6-plane beamwidth of 30°. In the ¢ plane,-shown by the top view of the
radiation pattern of Fig. 3.3, the radiation is constant and therefore its
beamwidth is 360°.

For cellular communications, the mobile antenna should transmit or

receive in all directions between the horizontal and roughly 30° above the

* Directivity can never equal one unless the antenna is a theoretical isotropic antenna, which is
impossible to construct in reality.
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horizontal [3.5] (because antennas are réciprocal devices, they transmit and
receive with equal ability). Therefore, yp should be no less than 30°. Flat
microstrip antennas can be designed to have any beamwidth. Typically for
rectangular patches, this beamwidth lies between 60° and 160° in the 6 plane’
[3.6] and can be increased by reducing the size of the patch [3.7]. Increasing the
beamwidth has the effect of decreasing the gain and directivity but does not

affect the efficiency.

3.1.3  Diversity

Diversity antenna measurements would not be complete without
some test to determine the received signal improvement using the diversity
antenna versus a single antenna in mobile environments.

One such test is to install the diversity antenna in a mobile telephone
and operate it in a number of typical multipath environments. In each
environment, the received signal power of both antennas in diversity are
measured and a standard selection or combining method is'used to determine
the signal improvement due to diversity (in dB). The same data can also be
used to evaluate the correlation between the two signals. Such information
indicates whether or not the two signals are statistically independent enough
for the diversity antenna to be worthwhile. Although these tests are ideal,
they are so time consuming and resource intensive that they have been the
subject of an entire Master’s thesis on their own [3.8].

A simpler method is to estimate the theoretical correlation between the

two received signals, using an accurate computer model. Such a model

¥ assuming that the antenna lies in the yz (or ¢) plane.
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calculates the correlation from known parameters of the diversity antenna
which are more easily measured. The computer model method has the
advantage of speed but is often less reliable because of the simplifications and
assumptions used. The results of such a model, therefore, can only be used to
provide a reasonable estimate of the received signal improvement using a
diversity antenna. Such a computer model was written by the author as a
project for a computer programming course [3.9]. It was intended for use with -

this thesis work, but time constraints and programming bugs prevented this.

3.2 Software Design Tools

Building and modifying antennas is often time consuming and |
laborious. Weeks of time can be spent measuring, modifying and measuring
again an antenna design that, for seemingly supernatural reasons, will not
work.

In contrast, software design and software testing can be performed very
quickly. This makes them attractive replacements for hardware testing in the
initial debugging stages. Hardware testing, however, must still be used in the
end to verify that the concepft works in reality.

The remainder of this section describes NEC, a software package that
was used to analyze some of the antennas in this thesis. The results of the
NEC analyses were not reliable and thus were not used to complement the
hardware design, but so much time was spent using NEC that it justifies a

brief mention in the thesis.
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3.2.1  Numerical Electromagnetics Code

Numerical Electromagnetics Code (NEC) is a computer program used
to theoretically analyze the electromagnetic properties of any object that can
be described as a structure composed of a finite number of wires and/or
enclosed objects made of planar surfaces [3.10]. The analysis relies on the
numerical solution of integral equations for induced currents. Once the
currents are derived, radiation patterns, impedances and node voltages can be

found.

s

:

Fig. 3.5 The U-patch antenna.

The structure can include lumped elements (resistors, inductors and
capacitors), transmission lines and perfect or imperfect conductors. It may be
modeled over a ground plane that is either a perfect or imperfect conductor
and can be excited by voltage sources on the structure and/or incident plane
waves of any non-random polarization.

As an example of its use, the U-patch antenna of Fig. 3.5 is depicted as it
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would be modeled by NEC in Fig. 3.6. Each copper surface of the antenna is
represented as a rectangular wire mesh, and the feed points are represented by
thick wires. The ground plane is not shown, but it is modeled as infinitely
large along the xy plane.

The density of the mesh and the radii of wires are up to the designer's
discretion. There is no optimum mesh density, although NEC algorithms
work best when the wires are less than 10 per cent of the wavelength apart.
An optimum wire radius has been found using the “Equal-Area Rule”
algorithm [3.11]. Unfortunately, NEC is unable to model dielectric materials,
but this limitation can be transcended:by using capacitors between the

conducting patches and the ground plane.

zZ

Fig. 3.6 Wire grid model of the U-patch antenna.
To automate the design and modification of the models, short
programs were written by the author. These programs allow design changes

to be made in a few seconds. A NEC analysis of this model normally took 30
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to 40 minutes on a DEC™ minicomputer to either find the input impedance
over a frequency range of 600 MHz to 900 MHz or the radiation pattern at one
frequency. |

After the analysis is complete, the input impedances and radiation
patterns are viewed in order to decide whether further design changes should
be made.

NEC was used in this thesis with the hope that it would complement
experimental results, particularly in the initial antenna design stages.
However, after five months of use, the results were not reliable enough to
justify using NEC. The appendix provides some of the results of the NEC

program and compares them to experimental measurements.

3.3 Measurement and Analysis

In section 3.1, it was determined that the important characteristics of a
diversity antenna are efficiency, radiation pattern, radiation polarization and
diversity. The devices used to measure all o'f these characteristics except
diversity are described in this section. During the course of this thesis work,
the hardware facilities at the newly-formed TRLabs were quickly evolving.
Thus, later antenna designs were tested with much more efficient and reliable
equipment than early designs. The square patch antenna was tested with
somewhat crude hardware set-ups which are described in sections 3.3.1, 3.3.2
and 3.3.4. The apparati used to measure the other antennas are discussed in

sections 3.3.3 and 3.3.5.
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3.3.1  Return Loss and Coupling Measurement Apparatus

The S parameters of an antenna, aescribed in section 3.1.1, are
iﬁstrumental in understanding where the power into the antenna is flowing.
With a network analyzer, described in section 3.3.3, the S parameters are
measured very quickly. Unfortunately, one was not readily available wheﬁ
the square patch antenna was being developed. Two other measurement
apparati were used instead. The magnitude and phase of S1; were observed
with a vector voltmeter set-up (shown in section 3.3.2) and the magnitudes of
S11 and Sy; were read from the power meter apparatus, described in this

section and shown in Fig. 3.7.

Fig. 3.7 Power meter apparatus.

The power meter apparatus consists of a Marconi® 2202 signal
generator, one Narda® Microline 3020A bi-directional coupler, the antenna
under test (AUT) and three Hewlett Packard® 436A power meters. From the
signal generator, energy flows through the directional coupler and is split into
two paths. Most of the power propagates straight through the main branch of
the coupler to the antenna, but a small portion (20 dB down) is coupled to one
of the power meters. This power, Pj, acts as a reference. It tracks the output

power of the signal generator, which one should not assume is constant over
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all frequencies. The power to the antenna is either reflected, coupled,
absorbed or radiated, as discussed in section 3.1.1. The portion that is coupled
is recorded as P, by oné power meter, and the reflected power propagates
backwards through the directional coupler, where a 20 dB portion is read by
the third power meter as P;. Substituting P;, P, and P3 into equations 3.4 and

3.5, the forward S parameters are calculated

, P1 .
IS“ | =‘15; (3.12)
b ,
1S 12=52 (3.13)
3

where Py, P, 4 and P3 are given in Watts. With powers measured in decibels,

the above equations become

1S11 1 =P; - Py (3.14)
1Sy | =Pyy- Py =P, -20dB - Py (3.15)

where P, 4 =P, - 20 dB. Note that only the forward S parameters, 511 and S,
are measured. Because the square patch antenna is symmetric, the backward
S parameters, S22 and S12, should be very similar to their forward

" counterparts. This fact is verified in section 4.1.3.

3.3.2  Input Impedance Measurement Apparatus

To plot the input impedance on a Smith chart, both the magnitude and
phase of S11 must be measured. Power meters are, however, only capable of
measuring magnitude, so a different set-up from the one described in the last

section must be used. This instrument is the vector voltmeter, shown
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connected in the measurement apparatus in Fig. 3.8.

Fig. 3.8 Input impedance measurement apparatus.

This apparatus is very similar to that of Fig. 3.7. The main ‘difference is
that the coupled source power, P3, and reflected power from the input port of
the antenna, P, are both mreasured by the same vector voltmeter, rather than
separate power meters (the vector voltmeter measures power in decibels in
addition to rms voltage). Three values are measured by the vector voltmeter:

the magnitudes P; and P; and the phase angle 6, between them. An
uncalibrated return loss, Sijuncal, is calculated from these measurements as

follows

Slluncal= |Slluncall ZQ_}_ (3.16)

where |S11uncat! = Pq - P3and P; and P are measured in dB. This uncalibrated
value is not the true return loss, however. To find the true return loss, the
system must be calibrated. Using an open circuit termination in place of the

AUT, the same measurements are repeated. The new values, Pygpen, P3open

and Oypen are recorded and the return loss of the open circuit is calculated
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S11open = |Sllopen| /Gozen (3.17)

where | S11open! = Piopen - P3open- In a calibratec{ system, both 1S5779pen! and
Oopen are zero, but this is never the case in reality. To account for this, the

return loss is corrected

Su=1Sul ' (3.18)

Where lS’l]I = |S]lunca[ | - IS]]opgnl and 6= 0‘1 - eopen.

3.3.3 HP 8510C Network Analyzer

The HP 8510C Network Analyzer became available for use at TRLabs
after the square patch antenna was developed. It was used to measure the S
parameters of the remaining antennas.

Vector network analyzers like the HP 8510C are used to measure the
magnitude and phase characteristics of devices such as amplifiers, filters and
antennas. The HP 8510C system consists of a series synthesized sweeper, an S-
parameter test set, an IF/detector, and a display/processor [3.12].

The sweeper provides the RF signal. The test set contains the
input/output ports to connect to the antenna under test (AUT) and the signal
separation and mixing required to provide the incident, reflected and
transmitted signals. These signals are then sent to the IF/detector which
converts them to a lower intermediate frequency (IF) so that the signal levels
and phase differences can be measured directly. The resulting S parameters
are finally sent to the display/processor, where they are displayed on a video

screen in a variety of formats.
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The HP 8510 is capable of linear network analysis between 45 MHz and
50 GHz in both the frequency domain and the time domain. For further

technical information, consult the HP 8510C operating manual [3.12].

3.3.4 Polarization Measurement Apparatus

The S parameters of an antenna determine how well matched and
isolated the feed points are, and they indicate, in an indirect way, how
efficiently the antenna radiates, but little is known about the antenna’s

radiating behaviour until the radiation is measured directly.

LPDA

Fig. 3.9 Polarization measurement appafétus.

Two methods of measuring radiation were used in this thesis. For the
U patch antenna, the entire far field radiation pattern was measured at a
single frequency using the Antenna Test Range at NovAtel. This system is
described in some detail in section 3.3.5. For the square patch antenna, a more
crude system was used. Radiation over a band of frequencies in two
polarizations but only in one direction from the antenna was measured. The
experimental apparatus for this measurement is illustrated in Fig. 3.9.

The signal is supplied to one port of the diversity antenna over the 500

MHz to 900 MHz frequency range by a Marconi® 2202A signal generator. The
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unused port of the antenna is terminated with a 50 ohm impedance. At a
distance of 49 centimetres from the diversity antenna, the log-period dipole
array (LPDA) antenna receives the far field radiation which is then measured

by a Hewlett-Packard® 436A power meter.
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Fig. 3.10 Vertical and horizontal polarization of a horizontally-oriented

-dipole antenna.

The LPDA (model CLP 5130-2 by Creative Design Co. Ltd.) is a wide
band antenna (105 to 1300 MHz for SWR < 2) with linear polarization and 10
dBi to 12 dBi gain in the forward direction (the direction pointing towards the
AUT). For a given set of measurements, it is oriented to receive either the
vertical polarization (as shown in Fig. 3.9) or the horizontal polarization. It
only receives energy in the direction normal to the radiating copper patch of

the test antenna, so information such as beamwidth and directivity are
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impossible to determine. These measurements can, however, illustrate
whether the antenna radiates with the polarization that it was designed to in
that direction.

When making radiation measurements, it is important to have the
LPDA antenna only receiving power directly from the test antenna. Just as in
a cellular environment, if radiation is allowed to reflect off of walls and
equipment in the laboratory, some of the reflected signals could arrive at the
receive antenna with different phases, polarizations, etc. than the signal
diréctly from the test antenna. These signals would thus adversely affect the
measurement results, and so microwave absorbing material was placed
around the experimental apparatus to prevent reflected signals., |

To evaluate the measurement set-up and verify that reflected signals
were not significant, a dipole antenna with horizontal polarization and a
centre frequency of 800 MHz was measured, taking the place of the AUT. As
shown in Fig. 3.10, the reflected signals were not significant. The horizontal
polarization dominated around 800 MHz, and the vertical polarization was

almost insignificant across the entire frequency band.

3.3.5 Antenna Test Range

Far-field radiation patterns of the U patch antenna were measured at
NovAtel's Antenna Test Range (ATR) [3.13]. The ATR was developed by the
Antennas/Propagation group at NovAtel Communications Ltd. with the
purpose of measuring the entire far field radiation patterns of small antennas
for cellular telephones and Global Positioning Systems.

The ATR, shown in Fig. 3.11, consists of a large anechoic chamber

where the antenna under test (AUT) and a linearly-polarized receiving
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antenna are placed. Low-dielectric materials and microwave absorbing foam
are used in the ATR to approximate a free-space environment and reduce the
effects of electromagnetic interference. The AUT is connected to a battery-
powered transmitter and mounted in the centre of a test jig which rotates the
AUT to any angular orientation via two stepper motors. As the AUT is
rotating, its emitted radiation is sampled by the receive antenna at points on a
spherical surface surrounding the AUT. The sampled radiation pattern is

then processed and displayed in two- or three-dimensional plots.

Vertical Rotation Axis

Test Jig for AUT
N

Horizontal Rotation Axis

....................
...............
............

Receive Antenna

......
..........
......
......
..............

Foam-covered copper
ground plane

...................

Spectrum Analyzer
(underneath ground plane)

Fig. 3.11 Antenna Test Range configuration.

A block diagram of the ATR is shown in Fig. 3.12. As the stepper
motors rotate the AUT, a spectrum analyzer measures the radiation incident

at the receive antenna and an SDK-85 microprocessor kit records the AUT's
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angular position. Both sets of information are sent to the éontroller, where
they are stored on a personal computer.

The personal computer mediates each test run, sending initialization
commands to all other instruments of the Antenna Test Range, storing the
received data and manipulating it to create the radiation pattern plots. It is
~ connected, via an RS-232 bus, to an IoTech Micro 488 Bus Controller. The Bus
Controller simply allows the personal computer to be connected to the
spectrum analyzer and SDK-85 through a general purpose interface bus

(GPIB).

Receive
Antenna
A
Spectrum ‘A/DA log Si l.‘ SDK-EOS
nalog Signa Modified 8085
Analyzer Microprocessor Kit
T GPIB
RS-232

! :
\ | ToTech Micro 488« »| Personal | !
: Bus Controller | RS-232 Computer | !
, !

Fig. 3.12 Block diagram of the Antenna Test Range.

Besides recording the angular position of the AUT, the SDK-85 is also
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responsible for zeroing the motors before a test run, setting the spatial
resolution of the run and controlling the motors.

To measure the vertically-polarized, horizontally-polarized and total
radiation patterns, three measurement runs are performed, each with the
receive antenna in a different position. For the first two runs, the antenna is
oriented to receive vertical and horizontal polarization. A third run, with
the antenna oriented 45 degrees from the horizon, is necessary to resolve any
ambiguity as to the true direction of the total electric field vector.

The automation of the Antenna Test Range allows a measurement run

to be performed within half an hour.
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Chapter 4
Results

All of the antennas developed during the course of this thesis use two
orthogonally-polarized slots to provide polarization diversity. The simplest

device that uses orthogonally-polarized slots is the cross slot antenna shown

inFig. 41.  °

Fig. 4.1 Cross slot antenna.

A vertical slot and a horizontal slot are cut into a square sheet of

copper. Each slot can be excited independently by creating an electric potential
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across the long sides at the proper frequency. The electric poteﬁtial forces an
electric field to act across the slot and radiate into space with a linear
polarization and radiation pattern as described in section 3.1.2.

The cross slot antenna provides a valid form of polarization diversity
and can be used in mobile cellular systems where size is not restricted.
However, for hand-held cellular telephones, this antenna’is normally too
large. Each slot must be one half of a wavelength long a:t the resonant
frequency which is roughly 17 cm for the 800 MHz cellular systems.

Antenna designé that provide polarization diversity based on the cross
slot antenna but are smaller to be practical in hand-held cellular systems mﬁst

be found. Three such designs are studied in this chapter.

41 Square Patch Antenna

4.1.1 _General Description

A wire dipole antenna must be one half of a wavelength long at its
resonant frequency, but from basic antenna theory it is well known that this
length can be halved if a ground plane is inserted in the middle.

The same principle applies with the slot antenna; its resonant length
can be halved when one side is grounded. As a consequence, if one side of
each slot is grounded, an antenna can be built that has the action of a cross
slot antenna but with an area equal to one quarter of the original area.

It is this idea that created the first of the antenna designs, the square
patch antenna. As shown in Fig. 4.2, this antenna consists of a square
microstrip patch stuck onto a thick dielectric material which is glued atop a

copper ground plane. Each side of the square patch is 6.1 cm loﬁg, which is
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equivalent to one quarter of a wavelength at the resonant frequency. It is
made of copper tape that is cut to shape, peeled from its backing and adhered
to the dielectric material. Compared to photo etching, copper tape is much
easier to work with and makes antenna modifications very simple. The
tradeoff, however, is that copper tape is not as reliable due to the electrical
properties of the glue, air bubbles underneath the surface and frayed edges.
But these tradeoffs are likely to be slight at the low frequencies used (near 1

GHz).

grounding post

dielectric

copper patch

t 54

R

ground plane

Fig. 4.2 Top view of square patch antenna

(all dimensions are in centimetres).

One corner of the square patch is short circuited to the ground plane
using a thick brass screw (8.3 cm long with a 1.0 cm outer diameter). The brass
screw extends a distance £ below the nut under the screw. Each of the two
feed points is a 22 gauge wire (approximately 0.05 cm in diameter) that
extends vertically through the dielectric connecting a BNC connector
underneath the antenna (as shown in Fig. 4.3) to an edge of the microstrip

patch on top of the antenna. The feed points are each a distance 4 away from
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opposite corners of the patch. This distance d is variable, depending on the

required input impedance at each feed point.

brass screw
nut

BNC connectors

Fig. 4.3 Bottom view of square patch antenna

(all dimensions are in centimetres).

4.1.2 Theory of Operation

On its own, a square patch has no slots. It may therefore seem
impossible for it to act like the cross slot antenna of Fig. 4.1. That is why the
addition of the ground plane is essential. As explained in sections 2.1 and
3.1.2, a linearly-polarized wave radiates when an electric potential is created
between the edge of a microstrip patch and ground. With the square patch
antenna, the slot is not created by a gap in a copper patch but rather, it is
created between one edge of the patch and the ground plane.

Each of the feed points (labeled F; and F» in Fig. 4.4) excites a linear
polarization from the patch by feeding current along the closest outside edge
to it (the two outside edges of the patch are defined as those not connected to
the grounding post). Seen from the top in Fig. 4.4, feed point F; feeds current

to the right-most vertical edge of the square patch and F; feeds current to the
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lower horizontal edge.

The operation of the square patch antenna relies on the assumption
that when one feed point is in operation (Fq, say), the edge of the patch that
connects the other feed point (Fp) to the grounding post is close to zero
potential. This assumption is supported by three observations: the grounding
post is very close to zero potential (the brass screw is thick so as to reduce ‘its
inductance to ground); when one feed point is in operation, the other feed '

‘point can be thought of as short circuited due to the superposition principle;
the distance between the groundiﬁg pc;st and the second feed point is small
and therefore the whole edge that connects them together can be assumed to

be at ground potential.

Fig. 4.4 Top view of square patch antenna, showing the radiating edges and

polarizations.

One quarter of a wavelength (A/4) away, the opposite edge experiences

an open circuit so that current there cannot flow across the patch to the short-
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circuited edge. Current can therefore only travel along the open-circuited
edge. This current excites an electric field between that edge and the ground
plane which radiates a horizontally-polarized wave as seen from Fig. 4.4. Ina
similar manner, point F; excites an electric field between the bottom edge of
the microstrip patch and ground, creating a vertically-polarized wave.

The operation of this antenna would not change if the feed points were
moved to the corners of the patch adjacent to the grounding post (so that 4 in
Fig. 4.2 is zero). Moving them in by a distance d only serves to change the
input impedance. For symmetry, both feed points must be moved in by the
same amount.

Section 2.1 explained that the bandwidth of an antenna is proportional
to the dielectric thickness and inversely proportional to the dielectric
permittivity. Therefore, to keep the bandwidth of the antenna large, a thick
dielectric (thickness = 2.54 cm) with a low permittivity (&, = 2.5) was used.

The square patch antenna was designed to operate in the 800 MHz to
900 MHz range. With a length of 6.1 cm being equivalent to one quarter of a
wavelength at resonance, the free space waveylength is 24.4 cm. Without the
dielectric then, the antenna should resonate at 1.23 GHz. But this frequency is
reduced with the inclusion of the dielectric. A relative dielectric constant of
2..5 gives an effective dielectric constant between 2.0 and 2.2 (taking the air
above the antenna into account) so that the resonant frequency is reduced to

between 829 MHz and 870 MHz.

4.1.3 Results

There were three versions of the square patch antenna, named
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Kutzmayteen, Clayoquot and Carmanah™. Perspective views of the antennas
are shown with S-parameter measurements in Figs. 4.5, 4.7 and 4.9. Only the
return loss at port 1 (S11) and the coupling from port 1 to port 2 (521) were
measured (F; was fed and F, was terminated in a 50 ohm impedance). The
other two S parameters were assumed to be similar due to the symmetry of
the antenna. None of the three antennas performed very well, but the
observations made when designing and measuring the square patch antennas
were important when designing the next antennas.

The first antenna, Kutzmayteen, had a long brass tube inserted
vertically into the dielectric half of the way down at the grounding point of
the square patch. The tube was soldered to the patch but did not touch the
brass screw nor the ground plane. Therefore, the air gap between the tube and
the screw acted like a capacitor in series with the inductance of the screw. By
turning the screw inside the tube, the capacitance can be varied until it cancels
the screw’s inductance. At this point, the corner of the patch attached to 'the

tube should be at ground potential.

brass tube
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Fig. 4.5 Kutzmayteen antenna with S parameters for £ = 2.5 cm.

* The antennas in this thesis, with the exception of the triangle patch antennas, are named
after rivers.
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As it is difficult to tell when the corner of the patch is grounded,
measurements were made at a number of different screw settings. The best
results were found when the screw length, £ (as shown in Fig. 4.3) was 2.5
centimetres.

As witnessed by the measurements presented in Fig. 4.5, Kutzmayteen
was a very inefficient antenna. The return loss is poor over most of the
frequency range and even where it improves, the coupling degrades. For
example, the frequency where the return loss is best (-10.06 dB at 825 MHz) is

also where the coupling is the worst (-3.93 dB).
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Fig. 4.6 Polarization and input impedance of Kutzmayteen.

Kutzmayteen has no obvious resonant frequency, but the power sum

of the return loss and coupling is lowest (-2.85 dB) at 750 MHz". The input

* This is likely not the true resonance frequency if the antenna performed well, as it was
designed for a resonance frequency between 829 MHz and 870 MHz.
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impedance of Kutzmayteen was measured from 680 MHz to 900 MHz in 20
MHz steps and is shown in Fig. 4.6 (a screw length of 4 centimetres was used
in this measurement. No measurements were taken when ¢ = 2.5 ¢cm, but
other measurements suggest that they should be very close to those obtained
with £ = 4 cm, particularly above 800 MHz. Also, the results are shown for the
case when F; was fed and F, was terminated with 50 ohms,‘ the same Way that
S parameters were measured). The impedance characteristic is very tight
about a mean impedance of 24 + j1.4 ohms. Both the inductance and
resistance are high. The resistance can be lowered by moving the feed points
closer to the grounding post and the inductance can be tuned out with
capacitors on the feed points.

The measured power in the vertically and horizontally polarized
waves of Kutzmayteen when feed point F; was fed are also shown in Fig. 4.6
(this measurement was explained in section 3.3.4). The horizontal
polarization dominates at low frequencies but is quickly overtaken by the
vertical polarization above 825. MHz. At the 750 MHz ’r.esonant' frequency;
the horizontal polarization is only 4 dB stronger than the vertical. This
strong vertical component around the resonant frequency skews the
polarization away from the horizontal. There are a number of possible
explanations for this. One explanation is that the brass tube was also
radiating. Because the tube was so long (almost one quarter of a wavelength
at 750 MHz) there was no guarantee that the ez;tire tube was at ground
potential even if the tube was grounded near the patch. In fact, using crude
measurements (running a finger along the tube and noting the change in S
parameters) it was determined that parts of the tube near the top were not at

ground potential (the human body is an RF absorber, so if the S parameters
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change significantly when 'parts of the antenna are touched, then those parts
are not near ground potential). The tube may therefore have acted like a
monopole antenna, radiating various polarizations as seen when looking
down at the top of the antenna along a line of sight coincident with the tube
axis. |

There is also a strong possibility that currents from F; were flowing
along the bottom of the square patch (when viewed as in Fig. 4.4) causing
vertically-polarized energy to radiate from the lower edge. This observation
stems from the idea that the edge ‘of the square patch between Fy and the
grounding post may not have been as close to ground -potential as necessary
when F; was fed. The distance between feed pc;int F, and the grounding post
was close to one quarter of a wavelength at the resonant frequency, which
may not have been close enough to force a short circuit along the left edge of
the patch. Hence, parts of the right side of the patch, particularly near the
bottom, did not experience an open circuit condition and currents may have
flowed to other areas of the patch. -

As the frequency increases, this‘behaviour would likely be even more
apparent, as the electrical distance between the grounding post and F, grows.
Moving the feed points closer to the grounding post could alleviate this
problem. |

For the Clayoquot antenna (shown in Fig. 4.7) a number of
modifications were made. The brass tube was replaced by a variable capacitor
to remove ény radiation at the ground point; also the feed points were moved
closer to the grounding post to lower the input resistance and improve the
short circuit condition. The grounding capacitor (T9175 from E.F. Johnson™)

consisted of twelve half-disk plates (two sets of six) that were interleaved by
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turning a screw. Interleaving the plates varied the capacitance between 2.5 pF
and 17.5 pF at low frequencies. The grounding capacitor connected the
microstrip patch to the brass screw which was flush with the top of the

dielectric.
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Fig. 4.7 Clayoquot antenna with S parameters. Grounding capacitor is set to

2% interleave.

Measurements were taken with seven different settings of the variable
capacitor. The results given in this section are for a setting of roughly two per
cent interleave.

Like Kutzmayteen, Clayoquot is very inefficient and the coupling tends
to degrade whenever the return loss improves (see Fig. 4.7). In fact, Clayoquot
is even less efficient than Kutzmayteen. At a ‘resonant’ frequency of 675
MHz, the power sum of the return loss and coupling is lowest at -2.33 dB.
This compares with -2.85 dB for Kutzmayteen. The input impedance of
Clayoquot with 2% interleave of the grounding capacitor is shown in Fig. 4.8.

The mean input impedance is 1.0 + j2.1 ohms. Comparing this figure with a
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mean input impedance of 2.4 + j1.4 ohms for Kutzmayteen indicates that
moving the feed points closer to the grounding post did decrease the input
resistance as expected but at the expense of increasing the input inductance.
As a result, the impedance match is weaker. Adding capacitors to the feed
points should move the impedance curve towards the centre of the Smith

chart and improve the match.
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Fig. 4.8 Polarization and input impedance of Clayoquot (interleave = 2%).

The graphs of measured power in the vertically and horizontally
polarized waves of Clayoquot when feed point Fy is fed (Fig. 4.8) show a
similar pattern to those of Kutzmayteen. The horizontal polarization
dominates below the ‘“resonant’ frequency but is quickly overtaken by vertical

polarization at higher frequencies. In fact, the frequency at which the power
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in the vertical and horizontal polarizations cross over is very close to the 675
MHz ‘resonant’ frequency, indicating that the polarization at this frequency is
closer to 45° than it is to horizontal. This measurement downplays the idea
that radiation from Kutzmayteen’s brass tube significantly distorted the
antenna’s performance and gives further weight to the second idea, which is
that the assumption that the patch edge coﬁnecting F, to the grounding post
was a short circuit is not valid.

The final version of the square patch antenna is Carmanah, illustrated
in Fig. 4.9. A variable capacitor similar to the grounding capacitor was
connected between each feed point and the square patch. For the sake of
maintaining antenna symmetry, the two feed point capacitors were always set
to'the same value. Measurements at 4 different settings were taken while the
grounding capacitor was fixed at 2% interléave. The best results were
observed with the minimum capacitance setting (ie. where the plates were

rotated so they were not interleaved).
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Fig. 4.9 Carmanah antenna with S parameters. Feed point capacitors are at
a minimum setting, and the grounding capacitor is fixed at 2% interleave.

The effect of adding a capacitor to each feed point is to bring the
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impedance plot down from the top of the Smith chart, as shown in Fig. 4.10
(note that the lower frequency on the impedance measurements is now 600
MHz, not 680 MHz. As before, measurements were taken every 20 MHz).
This lowered the return loss above 650 MHz (see Fig. 4.9) resulting in an
improved efficiency over previous designs. At 650 MHz, the power sum of
the return loss and coupling is now lowest at -3.95 dB.

Unfortunately, the impedance moved down the chart faster at the
lower frequencies than at the high frequencies, causing the impedance
characteristic to s'pread out. A single variable capacitor was a poor choice for a

broad band matching circuit.
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Fig. 4.10 Polarization and input impedance of Carmanah (interleave = -10%).

An interesting feature of the input impedance plot is that it has two
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regions of constant resistance which suggests that the antenna was acting like
an impedance transformer. At the low frequencies (600 to 640 MHz), this
resistance is very low (less than 10 ohms), suggesting that feed point F; was
strongly coupled to the grounding post. At the middle and higher frequencies
(680 to 900 MHz) the resistance is higher (near 25 ohms), suggesting that the
strong coupling between the feed points (as illustrated in Fig. 4.9) is
transforming the 50 ohm impedance at F, down at F;. This further reinforces
the argument that the edge of the patch between the ground post and the
secondary feed point is not at ground potential.

Carmanah is the first antenna where horizontal poiarization was not
significantly overtaken by vertical polarization. As shown in Fig. 4.10, the
horizontal polarization is strongest at the 650 MHz ‘resonant’ frequency,
where it is more than 6 dB higher than the vertical polarization. Above this
frequency, both the vertical and horizontal polarizations are very close. This
indicates that the wave from the antenna is either linearly polarized at an
angle near 45° or circularly polarized (no tests were done to determine
whether linear or circular polarization was present, but circular polarization
is unlikely). - Notice that the horizontal and vertical polarizations overlap in
the same frequency ra;ge where the coupling between feed points is strong
(as shown by comparing Figs. 4.9 and 4.10).

It is possiblé that the variable capacitors were radiating, but because of
their electrically small size, the radiation is likely negligible.

Months after the measurements of the square patch antenna were
made, there was some question as to whether they were taken in the proper
frequency range. Although the antenna was designed to operate between 829

MHz and 870 MHz, it may have actually worked above 900 MHz (the highest
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frequency that measurements were taken at). This quandary was aggravated
by the fact that the triangle patch antenna (discussed in section 4.2) was
designed to operate between 816 MHz and 855 MHz but resonated near 1.1
GHz. The U patch antenna, on the other hand, offers some comfort in that it
operated at 856 MHz, very close to the 802 MHz to 842 MHz design range.
Nevertheless, the question needed to be addressed and so the Clayoquot
version of the square patch antenna was reassembled and measured over a
broader frequency range. The results, measured by the HP 8510C Network

Analyzer, are shown in Fig. 4.11.
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Fig. 4.11 S parameters of Clayoquot antenna over a wider frequency range.

There are no interesting features in the S parameters of Clayoquot
between 900 MHz and 2500 MHz, which verifies that the original
measurements were made in the proper frequency range. Neither of the
return losses S11 nor S22 g;)es below -7.5 dB in this range, but more

importantly, there is no sharp dip to indicate a resonance.
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The results shown in the 500 MHz to 900 MHz range of Fig. 4.11 are
very similar to the measurements shown in Fig. 4.7, with a few minor
exceptions. The discrepancies between measurements are largely due to the
finer resolution of the second measurement, where S parameters were
measured every 5 MHZ.V The S parameters given in Fig. 4.7 were measured
every 25 MHz.

All four S parameters are given in Fig. 4.11. The similarities between
Sq11 and Sy and between S1p and Sp; (they are nearly identical) indicate the
symmetry of the square patch antenna. Thus, it was not necessary to measure

all four S parameters in previous measurements.

4.1.4 Conclusions

‘The operation of the square patch antenna is based on the assumption
that at the resonant frequency, the ‘dead’ port and the grounding post are both
at a low potential and therefore force one edge of the patch to be short
circuited. At this frequency, the opposite edge is one quarter of a wavelength
away; hence, the structure should resonate. EBecause the opposite edge sees an
open circuit in the direction of the short-circuited edge, current on the open
circuited edge can only travel along the open-circuited edge (see Fig. 4.4). This
current should then create an electric field between the open-circuited edge
and the ground plane, exciting a horizontally-polarized wave.

Unfortunately, this assumption does not hold. S parameters,
impedance plots and polarization measurements all indicate that the three
versions of the square patch antenna radiated inefficiently with an
unintended polarization. The strong coupling between ports and the

grounding post was the main cause of these problems. None of the design
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improvements were successful in weakening the coupling, so the design was
not pursued any further.

It is recommended that if any more work is to be done on the square
patch antenna, a method of isolating the ports and the grounding post from

each other must be found.
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4.2 Triangle Patch Antenna

421  General Description

Following the results of the square patch antenna, a new antenna was
designed to better isolate the feed points. The triangle patch antenna, shown
in Fig. 4.12, consists of two copper, triangular patches atop a thick dielectric
material that is glued onto a copper ground plane. The dielectric material
used is different than that of the square patch antenna, so some of the
dimensions have changed. Like the square patch, the triangle patches are

made of copper tape.

grounding post

copper patch

dielectric

27

£ ground plane

feed points

Fig. 4.12 Top view of triangle patch antenna (all dimensions are in

centimetres).

The triangles are oriented so that their bases are orthogonal and their
apexes meet at a common grounding post. Each patch is fed at the centre of its
base. Each feed point is a thick copper wire (2 mm in diameter) that extends
through the dielectric to an SMA connector underneath the antenna (see Fig.

4.13). The grounding post is a similar copper wire (a thick brass screw is not
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necessary) that is soldéred directly to the ground plane. The distance between
each feed point and the grounding post (i.e. the height of each triangle) is a
quarter of a wavelength at the resonant frequency. With a height of 6.2 cm,
the resonant frequency of each triangle is designed to be between 816 MHz
and 855 MHz, as mentioned near the end of section 4.1.3. The base width, w,
is adjustable.

Although this design should better isolate the feed points, it reqﬁires

up to twice the area of copper compared to the square patch antenna.

grounding post

SMA connectors

ground plane

1.27
< dielectric

Fig. 4.13 Bottom view of triangle patch antenna (all dimensions are in

centimetres).

42.2 Theory of Operation

Like the square patch antenna, the triangle patch antenna works on the
principle that two edges, orthogonal to each other, each resonate with the
ground plane beneath it, creating two orthogonally-polarized slot antennas.

Unlike the square patch, however, the feed points are physically

separated by a gap in the copper tape. This gap eliminates most of the current
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paths between the feed points, thereby weakening the coupling between
them. It also eliminates the condition that one feed should be at a low
impedance and close to the grounding post while the other feed is in
operation.

Because the electrical distance between each feed point and the
grounding post is a quarter of a wavelength at the resonant frequency, each
feed point should see an open circuit impedance in the direction of the
grounding post. Therefore, current from the feed point cannot flow towards
the ground post and must instead flow along the base of the triéngle. This
action excites an electric field between each base and the ground plane
beneath it, radiating a linearly-polarized wave. Because the triangle bases are
orthogonal, the two radiated waves are orthogonally polarized so that the

antenna uses polarization diversity.

4.2.3 Results

The triangle patch antenna underwent a number of modifications,
some of which are shown on Figs. 4.14 - 4.16, 4.18 and 4.19. A diagram of the
copper patches of each antenna is shown together with its measured S
parameters.

For the first antenna, newt 1, the two triangles were not separated. The
coupling between ports is poor below 800 MHz and the return loss is poor
above this frequency. The antenna is therefore very inefficient at all
frequencies.

By separating the two triangles (newt 3) the coupling improved
substantially, especially above 800 MHz. The return loss, however, is still

high. It can be modified by cutting each triangle in a way that moves the feed
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point away from the centre of its base, thereby changing the input impedance.
This was performed to make newt 5. The side of each triangle to the right of
the feed point was cut closer to the feed point and the corner on the right side
was cut off. Due to this latest modification, newt 5 was not symmetrical about

a vertical line containing the ground post.
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Fig. 4.14 Top view and measured S parameters of newt 1,3, and 5.
A slight dip in the return losses of newt 5 near 1325 MHz suggests that

both patches were resonating here. The return losses are not very good, but
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newt 5 represents a significant step forward in the design. The coupling
improves remarkably at 1175 MHz and 1365 MHz but unfortunately rises near
the two resonant frequencies. This rise is problematic as it tends to reside
near the resonant frequency of the second patch in the remaining antennas.
In future work, a way of eliminating this rise or moving it away from the
resonant frequencies should be explored. Maintaining the symmetry of the
antenna may accomplish this. |

As explained in section 4.2.2, the operation of the antenna relies on the
principle that én open circuit exists at the feed point in the direction of the
ground post. This ensures that current from the feed point cannot flow
towards the ground post and must instead flow along the base of the triangle.
Maintaining the open circuit condition is difficult when there is so much
copper area. With so many possible current paths, the feed point will see
many impedances in the general direction of the ground post. The resulting

impedance may therefore never be an open circuit.
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Fig. 4.15 Top view and measured S parameters of newt 6.

In order to force the open circuit condition, a transmission line was
carved into each patch between its feed point and the ground post. As shown

in Fig. 4.15, newt 6 had two long slots cut into each patch. The slots were
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situated on either side of the direct path between the feed point and the
grounding post, making this path a transmission line.

Both patches appear to be radiating much better. Patch 1 has a return
loss of -13.04 dB at 1177.5 MHz and patch 2 has a return loss of -5.01 dB at
1143.8 MHz. The antenna’s asymmetry created the differences in centre

frequency and return loss for the two patches.

Fig. 4.16 The effect of a thin slot in a conducting surface on current
distribution (arrows indicate current flow).

In the remaining modifications of the antenna, it was found that
widening the two slots on either side of the feed-to-ground transmission line
on each patch and adding other slots parallel to this line had a marked effect
on the antenna performance. Adding slots perpendicular to this line,
however, had very little effect. From these observations it was easy to
determine how the current was flowing on the patches and how the slots
affected this flow.

As shown in Fig. 4.16, a thin slot cut into the surface of a microwave
antenna generally has little effect on the current distribution (and hence the
radiation parameters) if it is cut in the direction of the current (indicated by
arrows). If this slot is cut orthogonal to the current flow, however, the
current has to redistribute and the antenna’s radiating properties change. It is

therefore likely that the current is flowing from the feed points out to the
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sides of the patches of newt 6.

0 o=
q0d |
20 f‘f1
304 "
'40"5' \'1
50 Jo—

400 600 800 1000 1200 1400
frequency (MHz)

Fig. 4.17 Top view and measured S parameters of newt 8.

When slots are cut parallel to the feed-to-ground line as with newt 8§,
the current cannot flow to the sides of the patches in the same way: Some of -
it will flow beside the siot to the ground post, but more of it will flow closer to
the base of the patch. Z |

The added' current along the base gave rise to a stronger electric field
between the base and the ground plane, and the patches therefore radiated
more efficiently, as shown in Fig. 4.17. The retﬁrn losses are -21.11 dB and
-9.39 dB at the respective centre frequencies of patch 1 and patch 2.
Unfortunately, the coupling increased to -11.85 dB at the centre frequency of
patch 2; but the overall efficiency (neglecting losses) improved over that of
newt 6.

On newt 9, extending the thin slot of ef;lch patch to the inside edge
severely degraded its performance. The modifications broke the current path
along the inside edge, preventing the currents 6n the outside of the thin slot
from flowing to ground. As seen on Fig. 4.18, the coupling has risen sharply
at 1032 MHz, reducing the antenna’s efficiency. A plausible explanation for

this is that the currents on the outside of the thin slot, lacking a path to
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ground, have established an electric field in the gap between the triangle
patches.

The S parameters of newt 11 are very close to those of newt 8, which as
was explained earlier, is likely because currents were flowing in the direction

of the new slots and were therefore unchanged.
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Fig. 4.18 Top view and measured S parameters of newt 9, 11 and 13.
Soldering a corner back onto the second patch (newt 13) resulted in

lower coupling between the feed points but nearly destroyed the resonance of
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the second patch. The resonance of the first patch was not significantfy

affected. This corner was removed again for all subsequent modifications.
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Fig. 4.19 Top view and measured S parameters of newt 22, 24 and 25.

newt25

For newt 22, 24 and 25, more slots were cut parallel to the feed-to-
ground line. Compared to newt 8, each slot typically lowered the resonant
frequency of the patch it was cut into. Slots cut in the area between the feed
points (newt 24 and 25) also tended to improve the impedance matching

(return loss) of the second patch while a slot cut outside this area (newt 22)
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worsened the matching. To further illustrate this, the measurements of newt
8,22, 24 and 25 ére tabulated for comparison.

Of the eleven antennas studied hére, newt 25 has the best return loss of
the second patch and the closest spacing of the resonant frequencies. The
centre frequencies of the two patches of newt 25 are 13.8 MHz apart. They
could be brought closer together by cutting more slots in patch 1 parallel to its
feed-to-ground transmission line to lower its resonant frequency or by

shortening the height of the second patch to raise its resonant frequency.

Antenna centre frequency (MHz) . return loss (dB)
Patch 1 Patch 2 Patch 1 Patch 2
newt 8 1115.0 1091.3 -21.11 -9.39
newt 22 1113.8 1083.8 -18.98 -7.87
newt 24 1113.8 1085.0 -19.41 -10.11
newt 25 1098.8 1085.0 -18.66 -10.52

Table 4.1 Centre frequencies and return losses of newt 8, 22, 24 and 25.

The resonant frequencies of newt 25 aré not within the useful range for
the 800 MHz or 1.7 GHz cellular systems, but they can be adjusted by changing
the size of the antenna.

The first patch had a bandwidth of 15.7 MHz. At its resonant frequency,
it coupled -17.61 dB of energy to patch 2. Patch 2 had 8.7 MHz of bandwidth
and at its resonant frequency it coupled -12.19 dB to patch 1 (the definition of
bandwidth used throughout this thesis is that range of frequencies where the
standing wave ratio is less than or equal to two, or, in other words, where the
return loss is less than or equal to -9.54 dB). These bandwidths are too narrow
for this antenna to be useful in current cellular systems. In the 800 MHz

cellular band for instance, a receiving antenna should have at least 25 MHz of
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bandwidth. The bandwidth can be improved by using a thicker dielectric or a
lower dielectric constant. The coupling between antennas is worse than the
-20 dB desired to keep the patches comfortably isolated.

The radiation pattern and polarization of newt 25 were not measured

due to time constraints.

4.2.4 Conclusions

The triangle patch antenna, although larger than the square patch
antenna, performed much better. In theory, both antennas operate on the
same principle; the quarter-wavelength size of each mode creates a resonant

-structure and because one end is grounded, the currents concentrate on the
opposite edge, radiating a linearly-polarized wave.

There is, however, one fundamental difference. With the triangle
patch antenna, a gap existed between the feed points which was intended to
physically isolate them. According to experimental results, the feed points
were in fact better isolated than those of the square patch antenna, particularly
at higher frequencies.

Cutting thin slots into each triangle patch in a direction parallel to the
direct path between the feed point and the grounding post greatly improved
the return loss. The slots formed transmission lines within the patches
which served two uses. First, they reduced the copper area on the triangles,
thus creating less paths for current flow and therefore maintaining an open
circuit condition at the feed points. Second, they forced the current to flow
only in certain directions, and because of the open-circuit condition, most of
the current flowed along the base edge of each triangle, increasing. the electric

potential between each base edge and the ground plane.



Chapter 4 Results 84

4.3 U Patch Antenna

4.3.1 General Description

The most general version of the U patch antenna is shown in Figs. 4.20 and
4.21. Two rectangular copper patches of the same size rest atop a thick dielectric
material which is glued to a copper ground plane. Like the previous antennas,
the patches are made of copper tape. There is also copper tape along the entire
front side of the antenna, grounding the front edges of the rectangular patches.
This antenna is called a U patch because the two rectanglilar patches and the
grounded side form the shape of the letter ‘U’ A gap of width g exists between
the rectangular patches, forming a rectangular slot. The feed points on either
side of the gap on the top of the ‘U’ are copper wires (1 mm in diameter). Each is
soldered at one end to a rectangﬁlar patch and extends through the dielectric
medium and the ground plane to SMA connectors at the other end. The length of
each copper patch is 6.3 cm, equivalent to one quarter of a wavelength at the
resonant frequency”. Its width, w, is variable. ’

The U patch antenna has a more complicated feed arrangement than the
square or triangle patch antenna. Rather than bei.ng fed separately, the two feed
points are fed together in phase or 180° out of phase. This phasing is easily

'provided by attaching a hybrid circuit to the SMA connectors of the antenna.
The hybrid circuit used for this antenna was the Anzac™ H-183-4, illustrated in
Fig. 4.22. It operates like two power splitters (one from port A, one from port B),

except that one splitter also provides a phase reversal in one output. When fed

* This length is slightly larger than the 6.2 cm length of the triangle patches, only because the
extra length was needed in case there were errors in cutting the copper tape. Afterwards, the
author did not bother removing the extra length, which only means that the antenna is designed
for a slightly smaller frequency.
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into port B, a signal is split, with equal amplitude and phase, to ports C and D. If
port A is fed instead, the signals at ports C and D are equal in amplitude, but the
signal at port D is delayed 180° with respect to the signal at port C. Ports A and

B are isolated from each other and port C is isolated from port D.

dielectric

microstrip patch

ground plane

grounded side

feed points

Fig. 4.20 Top view of U patch antenna

(all dimensions are in centimetres).

ground plane

<—— grounded side

SMA connectors

Fig. 4.21 Bottom view of U patch antenna

(all dimensions are in centimetres).

The Anzac™ H-183-4 has a frequency range of 30 MHz to 3 GHz. On the

HP 8510 Network Analyzer, data on the Anzac™ hybrid was measured for the 45
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MHz to 1 GHz frequency range. When port A was fed, the maximum phase
error between ports C and D was 0.5° and the maximum signal level difference
was 0.103 dB. When port B was fed, ports C and D had a maximum phase error
of 0.6° and a maximum signal level difference of 0.0662 dB. The‘maximum
coupled power between ports A and B was -32.93 dB. For ports C and D, the

maximum coupled power was -36.08 dB.

.

inputs

v

Fig. 4.22 Anzac™ H-183-4.

Ports C and D of the hybrid were connected to ports 1 and 2 of the
antenna, respectively, via two short lengths or rigid coax. As measured on the
HP 8510 Network Analyzer, the maximum differences in phase and amplitude
out of the two lines were 0.809° and 0.017 dB respectively in the 45 MHz to 1

GHz frequency range.

4.3.2 __Theory of Operation

‘ The idea for the U patch antenna ev‘élved out of some observations from
the results of the triangle patch antenna, although the methods of operation of
the two antennas are quite different. The slot antenna created between the base
edge of each triangle patch and the ground plane radiated well, but the gap

between the patches radiated also, increasing the coupling between feed points
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and therefore reducing its radiation efficiency. If the gap is used to enhance the
antenna’s performance rather than degrade it, the resulting antenna will be more
efficient. In other words, it is desirable to have a diversity antenna where one
polarization is created between a patch edge and ground, and the other
polarization is created across the gap. }

This can be achieved by cutting a gap through the centre of one triangle
patch and removing the other patch, as shown in Fig. 4.23. To operate this
antenna, the feed point at the base of the triangle is split into two feeds which are
placed on either side of the gap. The U patch antenna is created from this
modified triangle patch by spreading the grounded end out. This ensures that
the top edges of the patch are at a constant distance of one quarter of a

wavelength from ground potential.

grounding post

feed points

Fig. 4.23 Triangle antenna utilizing the gap.

As stated earlier, the two modes of the antenna are provided by exciting
the feed points in phase or 180° out of phase. When they are excited in phase, an
electric field is created across a slot between the top edges of the ‘U’ and the

ground plane, as shown in Fig. 4.24. In this case, the radiated field has a
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polarization that is parallel to the direction of the gap between the patches.

Fig. 4.24 U patch antenna fed in phase.

When the feed points are excited out of phase, the two patches are at
different potentials. Therefore, an electric field is excited across the gap between
them, as shown in Fig. 4.25. The radiated field from this gap has a polarization
that is orthogonal to that of the radiated field when the feed points are excited in

phase.

Fig. 425 U patch.'antenna fed out of phase.

Because of the design of the U patch antenna, its two modes are inherently
isolated. For example, when the feed points are excited in phase, both patches
are at the same voltage potential, so no electric field can exist across the gap, as it

does when the feeds are excited out of phase. For the case when the feeds are
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excited out of phase, electric fields can exist between each patch and the ground

plane, but because the fields of one patch are 180°‘out of phase with the fields of

the other, they will cancel each other out before they propagate into the far field.
For ease of description, the gap between the patches is called “slot 1” and

the slot between the top edges of the ‘U’ and ground is called “slot 2.”

43.3 Results

Many variations of the U patch were studied. Some of them are shown in
Figs. 4.26, 27, 29 and 30. A perspectivie view of each antenna is shown together
with its four measured S parameters. Because the input sigﬁals were fed through
the hybrid circuit before reaching the antenna, the definitions of these S
parameters differ slightly from those of the previous antenna designs. Parameter
S11 is the return loss at port A of the hybrid, Sz is the‘return loss at port B, Sp1 is
the coupling from A to B and Sy is the coupling from B to A.

Tsitika is the unmodified antenna described by Figs. 4.20 and 4.21. As
predicted, the coupling is low over the entire 400 MHz to 1400 MHz range. This
antenna is a very inefficient radiator, however. The best return loss is -6.83 dB at
port A and -4.39 dB at port B. Impedance matching reduces the return loss. It
can be achieved by moving the locations of the feed points on the conductors or
by connecting matching circuits to the feed points. The former method is more
difficult because more holes have to be drilled through the ground plane, the
dielectric and the copper patches. Also, these holes could have undesirable
effects on the antenna performance. Matching circuits avoid these problems and
can be simple to build. Two quarter-wave transformers were designed for this
antenna, one of which is shown in Fig. 4.27. The quarter-wave transformer is a

microstrip transmission line with a length of one quarter of a wavelength at the
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resonant frequency and a width determined by the desired matching impedance

and the physical parameters of the line [4.1, 4.2].
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Fig. 4.26 Diagrams and S-parameters of Tsitika and Yangtze.

To provide impedance matching near the resonant frequency, the
impedance of each line was set to the geometric mean of the antenna’s total input
impedance and the 50 ohm system impedance. The total input impedance of the
antenna was defined as the arithmetic mean of the input impedances at ports A
and B. At the resonant frequencies, the input impedances are purely resistive
and can be calculated from the return loss measurements. Return losses of -6.83
dB and -4.39 dB give input impedances of 32.82 ohms at port A and 23.32 ohms at

port B, respectively [4.3], for a total antenna impedance of 28.07 ohms. The
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quarter-wave transformer therefore needs an input impedance of 37.46 ohms to
match the antenna to 50 ohms at resonance. However, when Tsitika was first
tested, an error was made and the total antenna impedance was calculated to be

13 ohms, giving a quarter-wave transformer impedance of 25.5 ohms.

feed point

dielectric
(thickness = 0.75 mm)

microstrip line
(thickness = 0.01 mm)

ground plane

§ +~——SMA connector

Fig. 4.27 Quarter—ave transformer.

Using a printed circuit board having a relative dielectric constant of 2.53, a
dielectric thickness of 0.75 mm and a copper thickness of 0.01 mm, a width of
5.28 mm provides the 25.5 ohm impedance at the 880 MHz resonance frequency
[4.2]. |

The two quarter-wave transformers were installed on the U patch
antenna, replacing the SMA connectors on the ground plane. At first, the
transformers were attached to the top of the antenna. The ground planes of the
transformers were soldered to the copper patches of the antenna, making the top
of the antenna act as the ground plane for the microstrip transformers (see
Yangtze, Fig. 4.26). This ruined the return loss and substantially increased the
coupling between feeds. There are a number of plausible explanations for this.
For one, the copper patches were not at ground potential near the gap, especially

close to the feed points. The patches therefore acted as poor ground planes for
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the transformers. Also, placing the transformers atop the most critical region of
the antenna likely affected the electric fields there, preventing these fields from
acting across the gap or through the dielectric to the ground plane as they

should.
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Fig. 4.28 Diagrams and S-parameters of Lodden 1 and Lodden 2.

Attaching the transformers to the bottom of the antenna produced much

better results. The ground planes of the transformers were soldered to the

“anténna’s ground plane and a wire extended from the end of each transformer
through the dielectric to a feed point on the U patch. As shown in Fig. 4.28,

Lodden 1 has a distinct resonant frequency for each slot and very low coupling

over the entire frequency range. The impedance match of slot 2 is excellent (-

30.34 dB at 873.75 MHz). The match of slot 1 is not as good (-9.64 dB at 915.00
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MHz) but it is better than for Tsitika or Yangtze. The transformers were
therefore reasonably successful in matching the antenna impedance to the
system.

The other modification of Lodden 1 is the increased gap across slot 1 to 1
cm. This modification alone had a negligible effect on the antenna performance,
as witnessed by other measurements not shown here. Even when the gap was
further widened to 1.5 cm, no noticeable effect was seen (the gap was widened all
along slot 1 except near the feed points, where the gap remained at 1 cm to keep

the feeds attactied to the patches).

Lodden1
Lodden 2

0 123456810 1420‘2014 1086543210 0123456810 1420|2014 108 6543210

Return Loss (dB) . Return Loss (dB)

(a) (b)
Fig. 4.29 Smith charts comparing Lodden 1 and Lodden 2. (a) S11 (b) S2.

B}} the time Lodden 2 was designed, so much heat had been applied to the
antenna from soldering and de-soldering that the glue could no longer keep the

ground plane bonded to the dielectric. Screws were therefore inserted at five
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locations around the perimeter of the antenna to clamp it together (see Lodden 2,
Fig. 4.28). Nylon screws were used instead of metal screws so that there was
minimal disturbance of the electromagnetic fields. In order to make room for
two of the screws on the sides of the antenna, each side of the U patch was
recessed by 0.8 cm from the edge, as shown in Fig. 4.28 (Lodden 2). This had the
effect of raising the return losses of both slots. Smith charts of the impedances
for Lodden 1 and Lodden 2 (Fig. 4.29) reveal t.hat the return losses are higher for
Lodden 2 near resonance because the input impedances have increased away
from the centre of the Smith chart. When thé feec_lrs' are operated out of phase, the
sides of the ‘U’ can be thought of as tr‘ansmi'ss.ion lines whose characteristic
impedance is inversely proportional to their width; as each side of the U patch is

narrowed, its characteristic impedance increases.

Edeowie 1

L3ty T

0 1200 1400

Edeowie 2

0 600 800 1000 1200 1400
‘ frequency (MHz)

Fig. 4.30 Diagrams and S-parameters of Edeowie 1 and Edeowie 2.
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This, however, does not explain why widening slot 1 did not also increase
the input impedance unless it is also taken into consideration that the narrower a
transmission line is, the greater is the effect of its width on its impedance. In
other words, when slot 1 was widened, the transmission lines defined by the
sides of the ‘U’ were so wide that the decrease in width was too srﬁaﬁ to effect
the impedance..

When the feeds are operated in phase, the currents along slot 2 are
strongest at the outside ends. These currents are impeded when the ends are cut
in, resulting in a raised input impedance. .

Thé modifications that led to the formations of Edeowie 1, 2 and 3 are
based on the converse statement of the previous paragraph: when a slot is
lengthened, its impedance will drop. Although Lodden 2 has low coupling
between ports and a good impedance match for slot 2, the input impedance of
slot 1 needs to be brought down substantially. The two slots must also operate at
the same resonant frequency, so the resonant frequency of slot 1 must be brought
closer to that of slot 2.

Lengthening slot 1 can accomplish both of theée aims simultaneously. As
shown in Fig. 4.30, slot T was lengthened by cutting down the front, towards the
grouna plané. The cutting was done in small steps, one or two millimetres at a
time, and at first, itrhad no noticeable effect. The last few millimetres, however,
gave a substantial improvement in return loss and resonant frequency, and so it
seemed that cutting close to the ground plane was the way to go. After cutting
the slot extension about as far as possible, it was tapered out, making it wider
near the ground plane (see Edeowie 2). This further improved both the return
loss and resonant frequency. Finally, thin horizontal slots were cut out from the

base of the taper, close to the ground plane until the resonant frequencies were
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equal (see Edeowie 3, Fig. 4.31). The measured results of Lodden 2 and Edeowie

1,2 and 3 are summarized in Table 4.2 for comparison. 4

Edeowie 3

Y
o O
sasefresy

201

"50 3 T T T T T
400 600 800 1000 1200 1400
frequency (MHz)

0 —
-10 \f
i

C=025pF L=138nH -20

Edeowie 3 with L-C match

460 500 " 800 1000 1200 1400
frequency (MHz)

Fig. 4.31 Diagrams and S-parameters of Edeowie 3, unmodified and modified.

It is interesting to note that the coupling between ports improved as the
return loss improved, although only slightly. This is different from the square
and triangle patch antennas, where improvements in return loss were always in a
tradeoff with stronger coupling. |

Edeowie 3 is clearly the best antenna of the U patch designs. It is therefore
the best antenna among all of the antennas tested. The coupling between ports is

below the -20 dB mark, indicating that both ports were well isolated from each
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other. The return loss of slot 1 is good, the return loss of slot 2 is excellent and

both modes of the antenna resonated at nearly the same frequency.

Antenna Return loss (dB) fr1 - fro (MHz) | max. coupling (dB)
| slot1 | slot2

Lodden 2 -6.3 | -22.3 27.50 -16.9
Edeowie 1 -7.4 -24.8 16.25 -18.3
Edeowie 2 -8.7 -21.0 8.75 -18.0
Edeowie 3 -12.0 -23.0 1.25" ' -20.2

Table 4.2 Summary of S-Parameter results for Lodden 2 and Edeowie

antennas (f,; = resonant frequency of slot 7).

Based solely on S parameter measurements, Edeowie 3 appears to have
some potential for commercial use (although this claim cannot be substantiated
without also looking at the radiation patterns, which are discussed shortly).
However, there is still one problem which would limit its commercial use. Slots
1 and 2 have bandwidths of 17 MHz and 33 MHz, respectively. As mentioned in
Section 4.2.3, each slot should have at least 25 MHz of bandwidth. The
bandwidth of slot 1 is therefore too narrow. To widen the bandwidth, external
matching circuits can be designed. These circuits can be connected to the input
end of the transmission line matching circuits or integrated with them. Edeowie
3 has an impedance characteristic very similar to that of Lodden 1 or Lodden 2,
shown on Fig. 4.29. Remembering that an impedance curve for a passive circuit
rotates clockwise as the frequency increases, the impedance is inductive below
the resonant frequency (f,) and capacitive above it. With this in mind, a circuit
that adds capacitive reactance below the resonant frequency, inductive reactance

above it and zero reactance at the resonant frequency will tighten the impedance

*1.25 MHz is the resolution of the measurement, so the resonant frequencies are very close.
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curve around the centre of the Smith chart and thus widen the bandwidth of the
antenna.

One simple circuit that provides these properties is the series-tuned
resonant circuit, shown in Fig. 4.31. This circuit was built in software using the
TOUCHSTONE® microwave computer aided design program [4.4]. Various
capacitance and inductance values were programmed into the circuit until an
optimal bandwidth for slot 1 was found. With a capacitance of 0.25 pF and an
inductance of 138 nH_ slots 1 and 2 have bandwidths of 45 MHz and 43 MHz,
respectively. Both of thesé bandwidths are comfortably above the 25 MHz
requirement for commercial use.

For the TOUCHSTONE® program, the ideal capacitor and inductor were
used. Practical capacitors and inductors are commefcially available for the
values required, but they have non-ideal characteristics (such as finite Q, self
resonance and series resistance) that result in lower antenna bandwidths.
Coilcraft™ offers ceramic chip inductors of 120 nH value. They have a minimum
Q of 25, a maximum DC resistance of 0.63 ohfns and self resonate above 900 MHz
[4.5]. Since the self resonant frequency is so close to the operating frequency of
the antenna (856 MHz), it is better to sacrifice bandwidth and use an inductor
with a higher self reson.ant frequency. An 82 nH inductor self resonates above
950 MHz, which is comfortably above the antenna's operating frequency. Using
this inductor, a capacitance of 0.42 pF is required to provide matching at 856
MHz. Porcelain Superchip™ capacitors are available at microwave frequencies
from American Technical Ceramics™ ranging from 0.1 pF to 100 pF [4.6].

When entered into the TOUCHSTONE® prégram, the new values of
inductance and capacitance give bandwidths of 41 MHz and 48 MHz for slots 1

and 2, respectively. The bandwidth of slot 1 is reduced slightly but still
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substantially above the 25 MHz criterion. A practical circuit will have even less

bandwidth, but it is likely to stay above 25 MHz.

Two dimensional slices of Edeowie 3's radiation patterns are shown in
Figs. 4.32 to 4.37. On these graphs, radiated power is measured outwards from
-50 dB to 0 dB, with 0 dB referenced to the maximum radiated power. The first
three graphs, 4.32 to 4.34, display the radiation in different planes when the -
antenna's feed points 'are"excited inphase (0 dB = 8.97 mV). Figs. 4.35 to 4.37
show the radiation when the feed points are excited out of phase (0 dB = 11.1
mV). The vertical and horizontal polarizations are dispfayed separately, as parts
(a) and (b) of each figure, respectively.

An interesting observation about these measurements is that the antenna
worked best when rotated onto its side. The orientation of Edeowie 3 that was
used for Figs. 4.32 to 4.37 is illustrated in Fig. 4.38.

The experimental results of the antenna in this orientation are superb.
When the feed points were excited in phase (ie. slot 2 is in use), the horizontal
polarization was strong and nearly omnidirectional in the horizontal (yz) plane
(¢gp = 315°) while the vertical polarization was much weaker (¢yp is explained
in section 3.1.2). On average, the horizontal polarization was 23.6 dB stronger
than the vertical.

A similar situation was found when the antenna was fed out of phase (slot
1 is in use); the vertical polarization was strong and fairly close to
omnidirectional in the horizontal (yz) plane (¢yp = 199°) while the horizontal

polarization was 19.9 dB weaker on average.
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y
, (a)
Fig. 4.34 (a) Vertical and (b) horizontal radiation in yz plane, fed in phase.
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Fig. 4.35 (a) Vertical and (b) horizontal radiation in xy plane, fed out of phase.
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Fig. 4.36 (a) Vertical and (b) horizontal radiation in xz plane, fed out of phase.
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Fig. 4.37 (a) Vertical and (b) horizontal radiation in yz plane, fed out of phase.
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to receiving
antenna

z
Fig. 4.38 Orientation of Edeowie 3 (origin of axes is in the geometric centre of

the antenna).

In the forward vertical (xy) and side-looking vertical (xz) planes, the
antenna has more than the required 30° beamwidth above the horizontal
necessary to capture the bulk of the multipath signals in a cellular environment.
The beamwidths of the dominant polarization of the antenna when fed in phase

and out of phase are tabulated in Tables 4.3 and 4.4 respectively.

Beamwidth | xy plane xz plane
Total I 60.5° 73.2°
Above Horizon || 30.5° 37.5°

Table 4.3 Beamwidths of the horizontal polarization when the antenna is fed
in phase.

Edeowie 3 has a fairly directional radiation pattern that has slightly less

gain than an omnidirectional antenna. The gain and directivity of the

horizontally-polarized radiation pattern when the antenna was fed in phase are
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0.97 (-0.15 dB) and 3.8 (5.8 dB) respectively. When Edeowie 3 was fed out'of
phase, the vertically-polarized radiation pattern had a gain of 0.99 (-0.05 dB) and
5.16 (7.13 dB) of directivity.

Beamwidih f xy plane xz plane
Total I 66.5° 70.6°
Above Horizon || 34.8° 36.6°

Table 4.4 Beamwidths of the vertical polarization when the antenna is fed

out of phase.

Edeowie 3 has many excellent features that make it attractive for
commercial use. Because of its size, it can be used in a vehicular mobile system,
but it is not yet small enough for use in a portable hand held unit. As indicated
in Figs. 4.20 and 4.21, thé antenna is 15.1 cm long, 8.8 cm wide and 1.27 cm high
in its current form. This size is clearly too large for a hand held system, but there
are a number of ways to reduce it. For example, substrates with higher dielectric
constants can be used, as discussed in section 2.1. Also, the antenna can
incorporate reactive loading in the antenna structure or at the feed points to
offset the reactance that exists when an antenna is smaller than its optimal size.
An example of this is found in the cellular ‘whip’ antennas mounted on vehicles.
An inductive coil is incorporated part of the way up the monopole to tune out
the capacitance that exists because of its smaller than ideal size.

Each of the above methods imposes new challenges, however, as the
bandwidths and efficiency will decrease. Smaller antennas are also more
sensitive to design tolerances (substrafe homogeneity, impedance discontinuities
and dirty or rough copper surfaces) which means that manufacturing must be

done meticulously.
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The antenna can also be made smaller if it is designed to operate at higher
frequencies. All other things equal, an antenna built to operate a.t 2.0 GHz
instead of 856 MHz would have its size reduced by a factor of 2.34. In other
words, the antenna operating at 2.0 GHz would be 6.5 cm long, 3.8 cm wide and

0.54 cm high -- a practical size for a hand held unit.

434 Conclusions

Although the measurements of the triangle patch'antenna are better than
the square pafch antenna, still too much power was coupled between the feed
points. By observing some of the design flaws in the triangle patch antenna,
some minor design changes were made. The result of these changes is the U
patch antenna, which provides inherent isolation between its two modes of
operation and uses the gap between the patches to its advantage rather than its
detriment.

The latest model of the U patch antenna, Edeowie 3, has excellent
.radiating characteristics and has commercial potential. The vertically- and
horizontally-polarized modes resonated at frequencies within 1.25 MHz of each
other and were coupled by only -20.2 dB, slightly below the recommended -20 dB
ceiling.

The two modes of operation had bandwidths of 17 MHz and 33 MHz.
Although one of these bandwidths is smaller than the 25 MHz bandwidth
needed for the receive band of the 800 MHz cellular system, it can be improved
with a simple, series-tuned LC circuit.

The radiation patterns of Edeowie 3 indicate good discrimination between
the vertically-polarized and horizontally-polarized radiation of both modes in

the yz plane. In both modes, the dominant polarization was nearly
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omnidirectional in the horizontal plane and roughly 20 dB stronger than the

weaker polarization.

4.4 Summary of Results

Three antennas were designed and built over the course of the Master's
thesis work in an attempt to provide polarization diversity.

The first antenna, the square patch, was meant to provide the operation of
a cross slot antenna with one quarter of the copper area. With two feed points
situated near opposite corners of a square microstrip patch and a thick post
gréunding a third corner, the antenna was designed to independently excite a
horizontally-polarized or vertically-polarized field by creating an electric
potential between one edge of the square and the ground plane. This antenna
did not work very well. Strong coupling between the feed points prevented the
structure from radiating efficiently, which called into question whether the
fundamental assumptions regarding its operation held.

As the coupling between the feed }.Joints was the main challenge with the
square patch antenna, the triangle patch antenna was designed specifically to
overcome this challenge. Each feed point of this second antenna was soldered to
its own triangular radiating patch and both paicﬁés were physically separated
from each other, except at one common grounding point.

This design did in fact reduce the coupling between the feed points and
resulted in a much better antenna. The latest model of the triangle patch
antenna, newt 25, radiated with fairly good return losses (-18.66 dB and -10.52 dB
for patch 1 and patch 2, respectively) at centre frequenciesr that are quite closely

spaced (1098.8 MHz and 1085.0 MHz). The coupling from patch 2 to patch 1 is
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-12.19 dB at 1085.0 MHz. This parameter is much better thaﬁ that of the square
patch, but coupling of at least -20 dB is necessary to ensure sufficient isolation
between the two modes of operation.

The best solution to the coupling problemAwas met with the final design,
the U patch antenna. Coupling across the gap between patches was seen as a
significant contributor to the total coupling between the tWo feed points of the
triangle patch antenna, so the U patch antenna used the gap to its advantage.
Exciting the feed points 180° out of phase created an electric field across this gap,
radiating a vertically-polarized wave. By operating two feed points in phase, this
structure excited an electric field across the slot Betweeﬁ the patches and the
ground plane, creating a horizontally-polarized wave.

The result is a very attractive antenna that has some commercial potential.
The maximum coupling between the feeds is -20.2 dB. As well, the two modes
resonated within 1.25 MHz of each other. They had 17 MHz and 33 MHz
bandwidths, one of which is not large enough to make the antenna viable for use
in the 800 MHz cellular system but can be improved with a series-tuned LC
resonant circuit.

For the U patch antenna, vertically-polarized and horizontally-polarized
radiation patterns were measured at NovAtel's Antenna Test Range. These
patterns show that the dominant polarization was nearly omnidirectional in the
horizontal plane and roughly 20 dB stronger than the weaker polarization.

The last model of the U patch antenna, Edeowie 3, is viable for use in
vehicular mobile systems in its current form. Because of its large size, it is not
compact enough to be used in hand-held systems, but the size can be reduced

through design changes or by operating it at higher frequencies.
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Chapter 5
Conclusions

The telephone has played a very influential role in the industrialized
world but its life has been slow to progress. Although it was born in the late
1800s, it took us nearly a century to cut its umbilical cord. Wireless telephony is
a very difficult concept to realize, and even now that it is here, there are still
many challenges lying in its path to progress. One challenge is providing
consistent high-quality voice or data amidst the multipath fading effects inherent
in the mobile environment. It is well known that diversity reception can help in
meeting this challenge and this thesis is therefore an attempt to provide antennas
that employ diversity reception and are also compact enough to be used with
today’s portable communicators. The three sections of this chapter summarize
the experimental results of three diversity anténnas, debate the merits and
drawbacks of the antenna measurement systems and recommend the direction of

future research in this area.

5.1 Experimental Results
Microstrip antennas were used throughout the thesis because they are
light, compact, and relatively easy to manufacture [5.1]. Each antenna was

designed to provide polarization diversity which substantially reduces signal
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fading in mobile environments, particularly when there is no line-of-sight
propagation [5.2, 5.3, 5.4]. The first design uses a square microstrip patch
antenna, fed near opposite corners to provide both vertical and horizontal
polarization. This design did not work well, as strong coupling between the feed
points prevented the structure from radiating efficiently or with the proper
polarization. The next design, the triangle patch antenna, operates on the same
principles as the square patch antenna with the exception that the feed points
were physically separated to reduce the coupling. This antenna performed much
better than the square patch antenna, but its coupling is still insufficient to isolate
the two modes of operation. Some radiation across the gap between the two
triangle patches contributed to the coupling.

The final design, the U patch antenna, solved the coupling problem by
using the gap to its advantage. It performed very well and has some commercial
potential. Both the vertically-polarized and horizontally-polarized modes of the
latest model of the U patch antenna resonated well and there was very low
coupling between them. The bandwidth of one mode is low but can be improved
with a series LC resonant circuit. Measured radiation patterns indicate strong
discrimination between the two modes and alﬁost omnidirectional radiation in
the horizontal plane. The latest form of the U patch antenna is viable for use in
vehicular mobile systems but is not compact enough for hand-held units. The
size can be reduced significantly if the antenna is designed for higher

‘frequencies.
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5.2 Measurement Systems

The three antennas were evaluated based on their scattering parameters,
which indicate how the power incident at an antenna is used and indirectly give
some idea of how wéll an antenna radiates. In addition, the radiated fields of the
square patch and U patch antennas were measured either at one position in front
of the antenna over a broad frequency range or at many locations all around the
antenna at one frequency. These measurements, particularly the latter type,
provide an understanding of the strength and polarization of the fields and in
doing so outline the diversity of the polarizations. However, none of these
measurements can determine the most important feature, which is how much the
signal fading is reduced in a typical mobile environment. To do this, the antenna
must be set up to receive signals in a number of typical mobile environments and
the measured signals at each antenna in diversity should be compared to the
diversity signal which is produced by standard selection or combining methods.
If this method is too time consuming or resource intensive to be practical, a
computer model can estimate the improvement due to diversity based on

radiation pattern measurements [5.5].

5.3 Future Research

Although the square patch and triangle patch antennas did not perform
very well, further research on them is recommended as they are so compact. So
much work needs to be done to improve the square patch antenna that it alone is
not worth pursuing. However, judging from the relative success of the triangle
patch antenna and its foregeeable potential if more research on it is carried out,

the next logical antenna design would combine the function of the triangle patch
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with the smaller size of the square patch.

The U patch antenna performed very well and has commercial potential.
The next step for this antenna is to evaluate how much it reduces signal fading in
mobile environments by one of the methods described in section 5.2. There
should also be some work done to find ways of reducing its size given a fixed
operating frequency. This can be achieved with reactive loading or by using

substrates with higher dielectric constants.
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Appendix
NEC Simulations

The initial thesis plan was to complement experimental results with
NEC computer simulations, particularly in the initial design stages. As,
during the course of the NEC work, the models became better understood,
they could be relied on more heavily. The NEC modeling would then be :
more expedient and versatile than physical design. After more than five
months of simulations, however, the models did not prove to be reliable
enough to use and the work had to be abandoned.

Two NEC models will be used in this appendix to illustrate the point.
They are both prototypes of the U patch antenna, described in Section 4.3. As
NEC cannot model planar surfaces unless they compose an enclosed object,
the two NEC prototypes must instead be described as a grid of wires (see Fig.
A.1). NEC also cannot model dielectric materials and so the prototypes were
designed to operate in an air dielectric medium. The ground plane of each
antenna is not shown but was modeled as an infinitely large, perfect
conductor lying in the -zx plane.

The length of the antennas, ¢, is 9.375 cm which is the electrical
equivalent to one quarter of a wavelength at 800 MHz. The other dimensions
(the height, width and gap across slot 1) are given in Fig. A.1. Both prototypes

are symmetric about a line that cuts through the middle of slot 1 and is
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normal to the electric wall that connects the top patches to the ground plane.

For each model, the input impedances as calculated by NEC are

displayed in Figs. A.2 and A.3 with the measured impedance of the Tsitika

antenna. Fig. A.2 represents the case when the two feed points are fed out of

Tsitika is the

phase and Fig. A.3 is the case when they are fed in phase.

simplest of the U patch antennas and therefore most closely resembles the

NEC models.

Fig. A.1 (a) NEC model 1 and (b) NEC model 2 of the U Patch antenna

timetres).

imensions are in cen

(@ll d

It should be noted that the NEC calculations and the experimental

results of Tsitika are slightly different. The input impedance from NEC was

calculated at the feed points (both feed points have the same impedance, so

the total input impedance of the antenna is the same as the impedance at one

feed point) while the input impedance of Tsitika was measured at an input

port of the hybrid circuit (see Fig. 4.20). However, although they are different
measurements, they should give the same results. For example, there was a
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time (phase) delay of 2.353 nanoseconds between the feed points and the
input ports to the hybrid circuit, but this delay was removed in the
experimental measurement. The hybrid circuit also splits or combines the
signals into or from the antenna, respectively, but because all ports of the
hybrid are matched to 50 ohms, this should not alter the input impedance

from what would be seen at the feed points.

Tsitika
—-— NEC model 1
— —-NEC model 2 \

0 123456 810 142012014 1086543210

Return Loss (dB)

Fig. A.2 Inputimpedances of Tsitika and two NEC models, feed points fed

out of phase.

The input impedances of the NEC models are both very different from
the experimental results, or, more importantly, each pair of input impedances
for one NEC model does not even closely approximate the pair of measured
impedances of Tsitika. The S11 values of NEC 2 and Tsitika come fairly close

to each other, but the Sy values are very different. This is typical of all of the
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NEC models studied. By varying the height, width and gap across slot 1, one
impedance can be brought closer to the experimental curve, but always at the

expense of moving the other impedance farther away.

Tsitika
----NEC model 1
——— NEC model 2

0 123456 810 1420‘2014108 6543210

Return Loss (dB)

Fig. A.3 Inputimpedances of Tsitika and two NEC models, feed points fed in

phase.

The computed radiation patterns are even more different from those
measured in reality. Shown in Figs. A4 and A.5, the radiation patterns of
both polarizations of the antenna when the feed points were fed out of phase
and in phase, respectively, clearly do not even resemble the radiation patterns
of Edeowie 3, given in Figs. 4.32 to 4.37 (only the radiation above the -zx i)lane
is shown because there is no radiation below an infinitely large ground

plane).
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A more reasonable comparison to make would be between the
radiation patterns of NEC model 1 and those of Tsitika, but radiation patterns
of Tsitika were not measured, and even if they were, they are not expected to
be significantly different from those of Edeowie 3, as many of the
modifications from Tsitika to Edeowie 3 would only affect the antenna’s

internal parameters such as impedance matching.

(a) (b)
Fig. A.4 (a) Vertically-polarized and (b) horizontally-polarized radiation

patterns of NEC model 1, feed points fed out of phase.

The NEC radiation patterns show that the horizontally-polarized
radiation is much weaker than the vertically-polarized radiation, the vertical
components radiate mainly in the -zx plane whereas the horizontal
components do not radiate in that plane at all, and the vertical components
are weakest along the -y axis, precisely where the horizontal components are
strongest. None of these properties are true of the measured radiation
patterns of Edeowie 3.

All of the differences between NEC calculations and experimental
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results do not mean that NEC cannot analyze antennas well, but rather in
five months the author could not design one well. Being an all-purpose
electromagnetic analysis program, NEC’s manuals did not offer tips for
antenna designers. The author also did not find many articles that could offer
assistance (aside from [3.6]) and therefore, time and experience were the only
tools available to make some progress with this complex program. Five
months did not prove to be enough time for this author, but any more time

seemed like a waste.

(b)
Fig. A.5 (a) Vertically-polarized and (b) horizontally-polarized radiation
patterns of NEC model 1, feed points fed in phase.

The main difficulty with using this program is that there are so many
variables to simultaneously manipulate. The wire radii, the spacing between
wires, the wire grid pattern and the shape of the antenna are all of concern, as
is the question of whether the dielectric should be approximated with an
array of capacitors or whether the size of the antenna should be enlarged to

work with an air dielectric.



Appendix NEC Simulations 122

In retrospec.t, all of these concerns were addressed as thoroughly as
possible aside from one: the wire grid pattern. As the wire mesh must
approximate as closely as possible a planar conductor, it is important that the
currents on the mesh flow as they would on the planar conductor. Care must
therefore be taken to orient the wires in the directions of current flow, which
is more likely to be radially outward from the feed points than along straight
lines parallel to the x and -z axes. Modifying the pattern of the wires in this
way could significantly affect the calculated input impedances and radiation

patterns.



