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Preface

The work presented in this thesis was carried out at the Electronic Research
Laboratory, Department of Physics, University of Kashmir, Srinagar. Due to
the large applicability of dielectric and polymer materials in communication,
it was thought with an aim of this thesis to investigate how to improve the

basic parameters of different antennas.

The thesis is divided into six chapters. First chapter gives an introduction
to Antennas and basic parameters. Chapter two describes the parabolic
antenna and its different types. Chapter three gives brief description of
dielectric materials and its properties. Chapter four describes the polymers
and its types, applications and processing of polymers and its properties.
Chapter five describes the effect of dielectric and polymer material on various
antennas. Chapter six gives summary and future plan of the present work.

Refer-ences to the literature are mentioned at the end of the thesis.
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Chapter 1

Introduction to antennas and

basic parameters

1.1 Introduction

Antennas are devices used for radiating and receiving electromagnetic waves.
These are ubiquitous in military surveillance applications and antennas are
commonly used in a large number of commercial telecommunication applica-
tions like cellular and PCS. Antennas come in a variety of shapes and sizes
and in general sophisticated electromagnetic computational techniques are
used to design their geometry for specific applications.

In addition, large bandwidth, tunability and mechanical flexibility of the
antennas are all desirable properties. These factors place rather stringent
requirements on the material parameters as well as geometry and design
of radiation-efficient antennas. The ultimate performance and efficiency of
antennas are governed by the intrinsic properties of materials used in fabri-

cating them [1]. It has been observed that gain radiation characteristics for a
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standard antenna can be improved by using various dielectric materials [1,2].
The dielectric rod antenna has proved to be useful device in certain special-
ized application in beacons, arrays, short range communication system where
end-fire characteristics with high gain and stable radiation patterns against
frequency are desired [6,7]. The gain obtained with well designed dielectric
antenna is of the order of rectangular horn antenna & the -3db beam width
is much smaller than that of a rectangular horn. Typical values of antenna
power gains have been found of the order of 17db & -3db beam widths are less
than 20 degrees in X-band (8.5-11.5) GHZ frequencies. At millimeter wave
frequencies dielectric rod antennas provide significant performance advantage
and are at low cost alternative to free space high gain antenna design such
as yagi-uda and horn antennas which are often more difficult to manufacture

at these frequencies|11].

1.2 Basic Parameters of Antenna

Some basic parameters affect an antennas performance. The designer must
consider these design parameters and should be able to adjust, as needed,
during the design process the frequency band of operation, polarization, input
impedance, radiation pattern, gain and efficiency. An antenna in transmit-
ting mode has a maximum power acceptance. An antenna in the receiving
mode differs in its noise rejection properties. The designer should evaluate

and measure all of these parameters using various means.
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1.3 Impedance

As electromagnetic waves travel through the different parts of the antenna
system, from the source (device) to the feed line to the antenna and finally
to free space, they may encounter differences in Impedance at each interface.
Depending on the impedance match, some fraction of the waves energy will
reflect back to the source, forming a standing wave in the feed line. The ratio
of maximum power to minimum power in the wave can be measured and is
called the standing wave ratio (SWR). An SWR of 1:1 is ideal. An SWR of
1.5:1 is considered to be marginally acceptable in the low- power application
where power loss is more critical, although an SWR as high as 6:1 may still
be usable with the right equipment. Minimizing impedance differences at
each interface will reduce SWR, and maximum power transfer through each
part of the system.

The frequency response of an antenna at its port is defined as input
impedance (Z;,).The input Impedance is the ratio between the voltage and
current at the antenna port. Input Impedance is a complex quantity that
varies with frequency as Z;,(f) = Rin(f) + jXin(f), where f is the frequency.
The antenna has an input impedance of Z;, = R, + jX,. The real part
consists of the radiation resistance (R,) and the antenna losses (R;). The
input can then be used to determine the reflection coefficient (I' ) and related
parameters, such as voltage standing wave ratio (VSWR) and return loss

(RL), as a function of frequency as given in [1,2,3,4]

Zin — 7o

I=— 1.1
Zin+Zo ( )

Where Zo is the normalizing impedance of the port. If Z, is complex, the
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reflection coeflicient can be modified to be

Lin — 4
e (1.2)
Zin+Zo

Where Z7 is the conjugate of nominal impedance. The VSWR is given

as
1+T
WR=_"" 1.
VSWR 1T (1.3)
And the return loss is defined as
RL = —-20log (1.4)

The impedance of the antenna can be adjusted through the design process

to be matched with the feed line and have less reflection to the source.

1.4 Bandwidth

The bandwidth is the antenna operating frequency band within which the
antenna performs as desired. The bandwidth could be related to the antenna
matching band if its radiation patterns do not change within this band. In
fact, this is the case for small antennas where a fundamental limit relates
bandwidth, size and efficiency. The bandwidth of other antennas might be
affected by the radiation patterns characteristics, and the radiation charac-
teristics might change although the matching of the antenna is acceptable.
We can define antenna bandwidth in several ways. Ratio bandwidth (BWr)
is

Bw, = (1.5)

i
Where f, and f; are the upper and lower frequency of the band respec-

tively.
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1.5 Radiation Pattern

Radiation patterns are graphical representation of the electromagnetic power
distribution in free space. Also, these patterns can be considered to be
representatives of the relative field strengths of the field radiated by the
antenna [12-15].For the ideal isotropic antenna, this would be a sphere. For
a typical dipole, this would be toroid. The Radiation pattern of an antenna is
typically represented by a three-dimensional graph. The graph should show
sidelobes and backlobes.

1.6 Polarization of the Antenna

The Polarization of an Antenna is the orientation of the electric-field (E-
plane) of the radio wave with respect to earths surface and is determined
by the physical structure and orientation of the antenna. It has nothing
in common with the antenna directionality terms: horizontal, vertical and
circular. Thus, a simple straight wire antenna will have one polarization when
mounted vertically and a different polarization when mounted horizontally.
Electromagnetic wave polarization filters are circuits that can be employed
to act directly on the electromagnetic wave to filter out wave energy of an
undesired polarization and to pass wave energy of a desired polarization.
Reflections generally affect polarization. For radio waves, the most im-
portant reflector is ionosphere- the polarization of signals reflected from it
will change unpredictably. For signals reflected by the ionosphere, polariza-
tion cannot be relied upon. For line- of sight communications, for which

polarization can be relied upon, having the transmitter and receiver use the
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same polarization can make a huge difference in signal quality; many tens of
dB difference is commonly seen, and this is more than enough to make up
the difference between reasonable communication and broken link.
Polarization is the sum of the E-plane orientations over time projected
onto an imaginary plane perpendicular to the direction of motion of the radio
wave. In the most general case, polarization is elliptical (the projection is
oblong), meaning that the polarization of the radio waves emitting from the
antenna is varying over time. Two special cases are linear polarization (the
ellipse collapses into a line) and circular polarization (in which the ellipse
varies maximally). In linear polarization, the antenna compels the electric
field of the emitted radio wave to particular orientation. Depending on the

orientation of the antenna mounting, the

1.7 Directivity and Gain

The directivity of an antenna has been defined as the ratio of the radiation
intensity in a given direction from the antenna to the radiation intensity
averaged over all directions. In other words, the directivity of a nonisotropic
source is equal to the ratio of its radiation intensity in a given direction, over

that of an isotropic source [12-15]:

- (1.6)

Where D is the directivity of the antenna; U is the radiation intensity of
the antenna; U; is the radiation intensity of an isotropic source; and P, is
the total power radiated. Sometimes, the direction of the directivity is not

specified. In this case, the direction of the maximum radiation intensity is
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implied and the maximum directivity is given as

Umaz 47T Uma:}c
Do = = 1.7
U, P (L.7)

Where D,,.. is the maximum directivity and Umax is the maximum ra-

diation intensity.

1.8 Gain of antenna

Gain as a parameter measures the directionality of a given antenna. An
antenna with low gain emits radiation with about the same power in all di-
rections, where as a high-gain antenna will preferentially radiate in particular
direction. Specifically, the gain, directive gain, or power gain of an antenna is
defined as the ratio of the intensity (power per unit surface) radiated by the
antenna in a given direction at an arbitrary distance divided by the intensity
radiated at same distance by a hypothetical isotropic lossless antenna. Since
the radiation intensity from a lossless isotropic antenna equals the power
into the antenna divided by a solid angle of 47 steradians, we can write the

following equation:
_AnU

“=7F

(1.8)

Although the gain of an antenna is directly related to its directivity,
antenna gain is a measure that takes into account the efficiency of the an-
tenna as well as its directional capabilities. In contrast, directivity is defined
as a measure that takes into account only the directional properties of the
antenna, and therefore, it is only influenced by the antenna pattern. If,

however, we assume an ideal antenna without losses, then antenna gain will
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equal directivity as the antenna efficiency factor equals 1 (100% efficiency).

In practice, the gain of an antenna is always less than its directivity.

B 47U
P,
47U
P,
= 6CdD (19)

G

= €cd

This gives the relation between antenna gain and directivity, where e.q is the
antenna radiation efficiency factor, D the directivity of the antenna, and G
the antenna gain. We usually deal with relative gain, which is defined as
the power gain ratio in a specific direction of the antenna to the power gain
ratio of a reference antenna in the same direction. The input power must be
the same for both antennas while performing this type of measurement. The
reference antenna is usually a dipole, horn, or any other of antenna whose

power gain is already calculated.

1.9 Antenna Efficiency

Antenna efficiency is the measure of the antennas ability to transmit the
input power into radiation [12-15] . Antenna efficiency is the ratio between

the radiated powers to the input power:

P,
P,

e =

(1.10)

Different types of efficiencies contribute to the total efficiency. The total
antenna efficiency is the multiplication of all these efficiencies. Efficiency is

affected by the losses within the antenna itself and the reflection due to the
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mismatch at the antenna terminal. Efficiency is the ratio of power actually
radiated to the power input into the antenna terminals. A dummy load may
have an SWR of 1:1 but efficiency of 0, as it absorbs all power and radiates
heat but not RF energy, showing that SWR alone is not an effective measure
of an antennas efficiency. Radiation in an antenna is caused by radiation
resistance, which can only be measured as a part of total resistance, including
loss resistance. Loss resistance usually results in heat generation rather than
radiation and reduces efficiency. Mathematically, efficiency is calculated as

radiation resistance divided by total resistance.

1.10 Basic antenna models

There are many variations of antennas. Below are a few basic models.

The isotropic radiator is a purely theoretical antenna that radiates equally
in all directions. It is considered to be a point in space with no dimensions
and no mass. This antenna cannot physically exist, but is useful as a theo-
retical model forcomparison with all other antennas. Most antennas’ gains
are measured with reference to an isotropic radiator, and are rated in dBi

(decibels with respect to an isotropic radiator).

1.10.1 The dipole antenna

A dipole antenna is a radio antenna that can be made of a simple wire, with
a center-fed driven element as shown in figure 1.1. It consists of two metal
conductors of rod or wire, oriented parallel and collinear with each other

(in line with each other), with a small space between them. The simplest
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practical antennas from a theoretical point of view. They are used alone as
antennas, notably in traditional "rabbit ears” television antennas, and as the
driven element in many other types of antennas, such as the Yagi. Dipole
antennas were invented by German physicist Heinrich Hertz around 1886
in his pioneering experiments with radio waves. Radio frequency voltage is
applied to the antenna at the center, between the two conductors. Dipoles
that are much smaller than the wavelength of the signal are called Hertzian,
short, or infinitesimal dipoles. These have a very low radiation resistance
and a high reactance, making them inefficient, but they are often the only
available antennas at very long wavelengths. Dipoles whose length is half the
wavelength of the signal are called half-wave dipoles, and are more efficient.
In general radio engineering, the term dipole usually means a half-wave dipole

(center-fed).

——  Lenglh = 143/(MHz) melers ——»|
E W d

o

75 Ohm feedline

Figure 1.1: Schematic representation of a dipole antenna.

A half-wave dipole is cut to length 1 for frequency f MHz according to the
formula 1 =143/f where 1 is in meters or 1 =468 /f where 1 is in feet. This is
because the impedance of the dipole is purely resistive at about this length.

The length of the dipole antenna is approximately 95% of half a wavelength
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at the speed of light in free space. The exact value depends on the ratio
of the wire radius to wavelength, as the reactance of a dipole depends on
the ratio of wire radius to wavelength. For thin wires (radius = 0.000001
wavelengths, this is approximately 98.1%, dropping to 91.5% for thick wires

(radius = 0.01 wavelengths).

1.10.2 The Yagi-Uda antenna

A basic yagi consists of a certain number of straight elements, each measuring
approximately half wave length. The driven or active element of a yagi is
the equivalent of a center-fed, half-wave dipole antenna Paralleto the driven
element, and approximately 0.2 to 0.5 wave length on either side of it, are
straight rods or wires called reflectors and directors, or passive elements
altogether. A reflector is placed behind the driven element and is slightly
longer than half wavelength; a director is placed in front of the driven element
and is slightly shorter than half wavelength. A typical yagi has one reflector
and one or more directors. The antenna propagates the electromagnetic
field energy in the direction running from the driven element toward the
directors, and is most sensitive to incoming electromagnetic field energy in
this same direction the more directors a yagi has, the greater the gain. As
more directors are added to a yagi, however, it becomes longer.

Figure 1.2 shows the yagi antenna with 6 directors and one reflector. Yagi
antennas are used primarily for point-to-point, have a gain from 10 to 20 dBi

and a horizontal beam width of 10 to 20 degrees.
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Figure 1.2: photograph of a yagi antenna with 6 directors and one reflector.

1.10.3 The horn antenna

A horn antenna or microwave horn is an antenna that consists of a flar-
ing metal waveguide shaped like a horn to direct radio waves in a beam.
Horns are widely used as antennas at UHF and microwave frequencies, above
300MHz [18]. They are used as feeders (called feed horns) for larger antenna
structures such as parabolic antennas, as standard calibration antennas to
measure the gain of other antennas, and as directive antennas for such devices
as radar guns, automatic door openers, and microwave radiometers.[19] Their
advantages are moderate directivity (gain), low SWR, broad bandwidth, and
simple construction and adjustment.[20]

One of the first horn antennas was constructed in 1897 by Indian radio
researcher Jagadish Chandra Bose in his pioneering experiments with mi-
crowaves.[21][22] In the 1930s the first experimental research (Southworth
and Barrow, 1936) and theoretical analysis (Barrow and Chu, 1939) of horns
as antennas was done.[23] The development of radar in World War 2 stimu-
lated horn research to design feed horns for radar antennas. The corrugated

horn invented by Kay in 1962 has become widely used as a feed horn for
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microwave antennas such as satellite dishes and radio telescopes.[23] An ad-
vantage of horn antennas is that since they have no resonant elements, they
can operate over a wide range of frequencies, a wide bandwidth. The usable
bandwidth of horn antennas is typically of the order of 10:1, and can be up
to 20:1 (for example allowing it to operate from 1GHz to 20GHz).[18] The
input impedance is slowly-varying over this wide frequency range, allowing
low VSWR over the bandwidth. The gain of horn antennas ranges up to 25
dBi, with 10 - 20 dBi being typical.[18§]

1.10.4 Microstrip antennas

In telecommunication, there are several types of microstrip antennas (also
known as printed antennas) the most common of which is the microstrip
patch antenna or patch antenna.

A patch antenna is a narrowband, wide-beam antenna fabricated by etch-
ing the antenna element pattern in metal trace bonded to an insulating di-
electric substrate, such as a printed circuit board, with a continuous metal
layer bonded to the opposite side of the substrate which forms a ground
plane. Common microstrip antenna shapes are square, rectangular, circular
and elliptical, but any continuous shape is possible. Some patch antennas do
not use a dielectric substrate and instead made of a metal patch mounted
above a ground plane using dielectric spacers; the resulting structure is less
rugged but has a wider bandwidth. Because such antennas have a very low
profile, are mechanically rugged and can be shaped to conform to the curv-
ing skin of a vehicle, they are often mounted on the exterior of aircraft and

spacecraft, or are incorporated into mobile radio communications devices.
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Microstrip antennas are relatively inexpensive to manufacture and design
because of the simple 2-dimensional physical geometry. They are usually
employed at UHF and higher frequencies because the size of the antenna is
directly tied to the wavelength at the resonant frequency. A single patch
antenna provides a maximum directive gain of around 6-9 dBi. It is rela-
tively easy to print an array of patches on a single (large) substrate using
lithographic techniques. Patch arrays can provide much higher gains than a
single patch at little additional cost; matching and phase adjustment can be
performed with printed microstrip feed structures, again in the same opera-
tions that form the radiating patches. The ability to create high gain arrays
in a low-profile antenna is one reason that patch arrays are common on air-
planes and in other military applications. Such an array of patch antennas is
an easy way to make a phased array of antennas with dynamic beam forming
ability.[24]

An advantage inherent to patch antennas is the ability to have polar-
ization diversity. Patch antennas can easily be designed to have vertical,
horizontal, right hand circular (RHCP) or left hand circular (LHCP) polar-
izations, using multiple feed points, or a single feed point with asymmetric
patch structures. [25] This unique property allows patch antennas to be used
in many types of communications links that may have varied requirements.

The most commonly employed microstrip antenna is a rectangular patch.
The rectangular patch antenna is approximately a one-half wavelength long
section of rectangular microstrip transmission line. When air is the antenna
substrate, the length of the rectangular microstrip antenna is approximately

one-half of a free-space wavelength. As the antenna is loaded with a dielectric
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as its substrate, the length of the antenna decreases as the relative dielectric
constant of the substrate increases. The resonant length of the antenna
is slightly shorter because of the extended electric ”fringing fields” which
increase the electrical length of the antenna slightly. An early model of the
microstrip antenna is a section of microstrip transmission line with equivalent
loads on either end to represent the radiation loss.

The dielectric loading of a microstrip antenna affects both its radiation
pattern and impedance bandwidth. As the dielectric constant of the sub-
strate increases, the antenna bandwidth decreases which increases the Q fac-
tor of the antenna and therefore decreases the impedance bandwidth. This
relationship did not immediately follow when using the transmission line
model of the antenna, but is apparent when using the cavity model which
was introduced in the late 1970s by Lo et al.[26] The radiation from a rect-
angular microstrip antenna may be understood as a pair of equivalent slots.
These slots act as an array and have the highest directivity when the antenna
has an air dielectric and decreases as the antenna is loaded by material with
increasing relative dielectric constant.

The half-wave rectangular microstrip antenna has a virtual shorting plane
along its center. This may be replaced with a physical shorting plane to
create a quarter-wavelength microstrip antenna. This is sometimes called a
half-patch. The antenna only has a single radiation edge (equivalent slot)
which lowers the directivity /gain of the antenna. The impedance bandwidth
is slightly lower than a half-wavelength full patch as the coupling between

radiating edges has been eliminated.
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Chapter 2

The Parabolic Antenna

2.1 Introduction

Antennas based on parabolic reflectors are the most common type ofdirective
antennas when a high gain is required. The main advantage is that they can
be made to have gain and directivity as large as required. The main problem
or disadvantage is that big dishes are difficult to mount and are likely to
have a large windage.The basic property of a perfect parabolic reflector is
that it converts a spherical wave radiating from a point source placed at the
focus into a plane wave. Conversely, all the energy received by the dish from
a distant source is reflected to a single point at the focus of the dish. The
position of the focus, or focal length, is given by:

D2
T 16 x c

f (2.1)

Where D is the dish diameter and ¢ is the depth of the parabola at its
Center.The size of the dish is the most important factor since it determines

the maximum gain that can be achieved at the given frequency and the
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resulting beam width. The gain and beam width obtained are given by:

nx (mx D)?

G="" (2.2)
0\
BW = = (2.3)

Where D is the dish diameter and n is the efficiency. The efficiency is
determined mainly by the effectiveness of illumination of the dish by the feed,
but also by other factors. Each time the diameter of a dish is doubled, the
gain is four times, or 6 dB, greater. If both stations double the size of their
dishes, signal strength can be increased of 12 dB, a very substantial gain. An
efficiency of 50% can be assumed when hand-building the antenna.

The ratio f/D (focal length/diameter of the dish) is the fundamental factor
governing the design of the feed for a dish. The ratio is directly related to
the beam width of the feed necessary to illuminate the dish effectively. Two
dishes of the same diameter but different focal lengths require different design
of feed if both are to be illuminated efficiently.

The value of 0.25 corresponds to the common focal-plane dish in which
the focus is in the same plane as the rim of the dish. Dishes up to one meter
are usually made from solid material. Aluminium is frequently used for its
weight advantage, its durability and good electrical characteristics. Windage
increases rapidly with dish size and soon becomes a severe problem. Dishes
which have a reflecting surface that uses an open mesh are frequently used.
These have a poorer front-to-back ratio, but are safer to use and easier to
build. Copper, aluminium, brass, galvanized steel and iron are suitable mesh
materials. .

A parabolic antenna is an antenna that uses a parabolic reflector, a curved

surface with the cross-sectional shape of a parabola, to direct the radio waves.
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Figure 2.1: photograph of a parabolic antenna.

The most common form is shaped like a dish and is popularly called a dish
antenna or parabolic dish. .

The main advantage of a parabolic antenna is that it is highly directive;
it functions similarly to a searchlight or flashlight reflector to direct the radio
waves in a narrow beam, or receive radio waves from one particular direction
only. Parabolic antennas have some of the highest gains, that is they can
produce the narrowest beam width angles, of any antenna type [27].1 In order
to achieve narrow beam widths, the parabolic reflector must be much larger
than the wavelength of the radio waves used, so parabolic antennas are used
in the high frequency part of the radio spectrum, at UHF and microwave
(SHF) frequencies, at which wavelengths are small enough that conveniently
sized dishes can be used.

Parabolic antennas are used as high-gain antennas for point-to-point com-
munication, in applications such as microwave relay links that carry telephone
and television signals between nearby cities, wireless WAN/LAN links for
data communications, satellite and spacecraft communication antennas, and

radio telescopes. Their other large use is in radar antennas, which need to
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emit a narrow beam of radio, waves to locate objects like ships and airplanes.
With the advent of home satellite television dishes, parabolic antennas have

become a ubiquitous feature of the modern landscape.

Figure 2.2: Schematic representation of reflection of radio waves by a parabolic

antenna.

In a parabolic antenna, incoming parallel radio waves (Q); — Q)3) are re-
flected to a point at the dish’s focus (F'), where they are received by a small

feed antenna. .

2.2 Design of parabolic antenna

The operating principle of a parabolic antenna is that a point source of radio
waves at the focal point in front of a paraboloidal reflector of conductive
material will be reflected into a collimated plane wave beam along the axis
of the reflector. Conversely, an incoming plane wave parallel to the axis will
be focused to a point at the focal point.

A typical parabolic antenna consists of a metal parabolic reflector with

a small feed antenna suspended in front of the reflector at its focus, pointed
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back toward the reflector. The reflector is a metallic surface formed into a
paraboloid of revolution and usually truncated in a circular rim that forms
the diameter of the antenna. In a transmitting antenna, radio frequency
current from a transmitter is supplied through a transmission line cable to
the feed antenna, which converts it into radio waves. The radio waves are
emitted back toward the dish by the feed antenna and reflect off the dish into
a parallel beam. In a receiving antenna the incoming radio waves bounce off
the dish and are focussed to a point at the feed antenna, which converts them

to electric currents which travel through a transmission line to the receiver.

2.3 Parabolic reflector

The reflector can be of sheet metal, metal screen, or wire grill construction,
and it can be either a circular ”dish” or various other shapes to create dif-
ferent beam shapes. A metal screen reflects radio waves as well as a solid
metal surface as long as the holes are smaller than 1/10 of a wavelength, so
screen reflectors are often used to reduce weight and wind loads on the dish.
To achieve the maximum gain, it is necessary that the shape of the dish be
accurate within a small fraction of a wavelength, to ensure the waves from
different parts of the antenna arrive at the focus in phase [citation needed].
Large dishes often require a supporting truss structure behind them to pro-

vide the required stiffness.
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2.4 Feed antenna

The feed antenna at the reflector’s focus is typically a low-gain type such as
a half-wave dipole or more often a small horn antenna called a feed horn. In
more complex designs, such as the Cassegrain and Gregorian, a secondary
reflector is used to direct the energy into the parabolic reflector from a feed
antenna located away from the primary focal point. The feed antenna is
connected to the associated radio-frequency (RF) transmitting or receiving
equipment by means of a coaxial cable transmission line or waveguide.

An advantage of parabolic antennas is that most of the structure of the
antenna (all of it except the feed antenna) is no resonant, so it can function
over a wide range of frequencies, that is a wide bandwidth. All that is
necessary to change the frequency of operation is to replace the feed antenna
with one that works at the new frequency. Some parabolic antennas transmit
or receive at multiple frequencies by having several feed antennas mounted

at the focal point, close together.

2.5 Types of parabolic antennas

Parabolic antennas are distinguished by their shapes:

2.5.1 Paraboloidal or dish

he reflector is shaped like a paraboloid. This is the most common type. It

radiates a narrow pencil-shaped beam along the axis of the dish.
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2.5.2 Shrouded dish

Sometimes a cylindrical metal shield is attached to the rim of the dish[28].
The shroud shields the antenna from radiation from angles outside the main
beam axis, reducing the sidelobes. It is sometimes used to prevent interfer-
ence in terrestrial microwave links, where several antennas using the same
frequency are located close together. The shroud is coated inside with mi-
crowave absorbent material. Shrouds can reduce back lobe radiation by 10

dB[28].

2.5.3 Cylindrical

The reflector is curved in only one direction and flat in the other. The radio
waves come to a focus not at a point but along a line. The feed is sometimes
a dipole antenna located along the focal line. Cylindrical parabolic antennas
radiate a fan-shaped beam, narrow in the curved dimension, and wide in the
uncurved dimension. The curved ends of the reflector are sometimes capped
by flat plates, to prevent radiation out the ends, and this is called a pillbox

antenna.

2.5.4 Shaped-beam antennas

Modern parabolic antennas can be designed to produce a beam or beams of a
particular shape, rather than just the narrow ”pencil” or ”fan” beams of the
simple dish and cylindrical antennas above [29]. Two techniques are used,

often in combination, to control the shape of the beam.
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2.5.5 Shaped reflectors

With a single feed antenna, the only option is to alter the shape of the
reflector(s). The parabolic reflector can be given a noncircular shape, and/or
different curvatures in the horizontal and vertical directions, to alter the

shape of the beam. This is often used in radar antennas.

2.5.6 Orange peel” antenna

Used in search radars, this is a long narrow antenna shaped like the letter

”(C”. It radiates a narrow vertical fan shaped beam.

2.6 Arrays of feeds

In order to produce an arbitrary shaped beam, instead of one feed horn an
array of feed horns clustered around the focal point can be used. Array-
fed antennas are often used on communication satellites, particularly direct
broadcast satellites, to create a downlink radiation pattern to cover a partic-
ular continent or coverage area. They are often used with secondary reflector
antennas such as the Cassegrain. Parabolic antennas are also classified by

the type of feed, that is, how the radio waves are supplied to the antenna:[28]

2.6.1 Axial or front feed

This is the most common type of feed, with the feed antenna located in front
of the dish at the focus, on the beam axis. A disadvantage of this type is that
the feed and its supports block some of the beam, which limits the aperture

efficiency to only 55-60% [28].
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2.6.2 Off-axis or offset feed

The reflector is an asymmetrical segment of a paraboloid, so the focus, and
the feed antenna, is located to one side of the dish. The purpose of this design
is to move the feed structure out of the beam path, so it doesn’t block the
beam. It is widely used in home satellite television dishes, which are small
enough that the feed structure would otherwise block a significant percentage
of the signal. Offset feed is also used in multiple reflector designs such as the

Cassegrain and Gregorian, below.

2.6.3 Cassegrain

In a Cassegrain antenna the feed is located on or behind the dish, and radi-
ates forward, illuminating a convex hyperboloidal secondary reflector at the
focus of the dish. The radio waves from the feed reflect back off the sec-
ondary reflector to the dish, which forms the outgoing beam. An advantage
of this configuration is that the feed, with its waveguides and ”front end”
electronics does not have to be suspended in front of the dish, so it is used
for antennas with complicated or bulky feeds, such as large satellite commu-
nication antennas and radio telescopes. Aperture efficiency is on the order

of 65 - 70% [28).

2.6.4 Gregorian

Similar to the Cassegrain design except that the secondary reflector is con-

cave, (ellipsoidal) in shape. Aperture efficiency over 70% can be achieved[28].
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2.7 Main types of parabolic antenna feeds

The main types of parabolic antenna feeds are shown in figure 2.3.

__ Parabolic
reflector

Feed
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#" Concave
secandany
reflactar

Figure 2.3: Schematic representation of different types of parabolic antenna feeds.

2.8 Gain of parabolic antenna

The directive qualities of an antenna are measured by a dimensionless param-
eter called its gain, which is the ratio of the power received by the antenna
from a source along its beam axis to the power received by a hypothetical

isotropic antenna. The gain of a parabolic antenna is [31]:

4 A w2 d?

C=weTa

€A (2.4)
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Where: A is the area of the antenna aperture, i.e., the mouth of the parabolic
reflector; d is the diameter of the parabolic reflector; A is the wavelength of
the radio waves.

ea is a dimensionless parameter between 0 and 1 called the aperture
efficiency. The aperture efficiency of typical parabolic antennas is 0.55 to
0.70. It can be seen that, as with any aperture antenna, the larger the
aperture is, compared to the wavelength, the higher the gain. The gain
increases with the square of the ratio of aperture width to wavelength, so large
parabolic antennas, such as those used for spacecraft communication and
radio telescopes, can have extremely high gain. Applying the above formula
to the 25-meter-diameter antennas often used in radio telescope arrays and
satellite ground antennas at a wavelength of 21 cm (1.42 GHz, a common
radio astronomy frequency), yields an approximate maximum gain of 140,000
times or about 50 dBi (decibels above the isotropic level).

Aperture efficiency e, is a catchall variable which accounts for various
losses that reduce the gain of the antenna from the maximum that could be

achieved with the given aperture[32].

2.9 Beam width

The angular width of the beam radiated by high-gain antennas is measured
by the half-power beam width (HPBW), which is the angular separation
between the points on the antenna radiation pattern at which the power
drops to one-half (-3 dB) its maximum value. For parabolic antennas, the
HPBW 0 is given by [30 ,32]:

kA

b= (2.5)
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Where k is a factor which varies slightly depending on the shape of the re-
flector and the feed illumination pattern. For a ”typical” parabolic antenna
k = 70 when 6 is in degrees [33]. For a typical 2 meter satellite dish oper-
ating on C band (4 GHz), like the one shown at right, this formula gives a
beam width of about 2.6". For the Arecibo antenna at 2.4 GHz the beam
width is 0.028". It can be seen that parabolic antennas can produce very
narrow beams, and aiming them can be a problem. Some parabolic dishes
are equipped with a boresight so they can be aimed accurately at the other
antenna. It can be seen there is an inverse relation between gain and beam
width. By combining the beam width equation with the gain equation, the

relation is[33]:

o (7)o o6
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Chapter 3

Dielectric Materials

3.1 Introduction

A dielectric is an electrical insulator that can be polarized by an applied elec-
tric field. When a dielectric is placed in an electric field, electric charges do
not flow through the material, as in a conductor, but only slightly shift from
their average equilibrium positions causing dielectric polarization. Because
of dielectric polarization, positive charges are displaced toward the field and
negative charges shift in the opposite direction. This creates an internal elec-
tric field which reduces the overall field within the dielectric itself [34].If a
dielectric is composed of weakly bonded molecules, those molecules not only
become polarized, but also reorient so that their symmetry axis aligns to the
field [34].

Although the term ”insulator” implies low electrical conduction, ”dielec-
tric” is typically used to describe materials with a high polarizability. The
latter is expressed by a number called the dielectric constant. A common, yet

notable example of a dielectric is the electrically insulating material between
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the metallic plates of a capacitor. The polarization of the dielectric by the
applied electric field increases the capacitor’s surface charge [34].

The study of dielectric properties is concerned with the storage and dis-
sipation of electric and magnetic energy in materials [35]. It is important to

explain various phenomena in electronics, optics, and solid-state physics.

3.2 Susceptibility

The electric susceptibility x. of a dielectric material is a measure of how
easily it polarizes in response to an electric field. This, in turn, determines
the electric permittivity of the material and thus influences many other phe-
nomena in that medium, from the capacitance of capacitors to the speed of
light.

It is defined as the constant of proportionality (which may be a tensor)
relating an electric field E to the induced dielectric polarization density P
such that

P =¢x.E (3.1)

Where ¢ is the electric permittivity of free space.

The susceptibility of a medium is related to its relative permittivity by
Xe = €& — 1 (32)

So in the case of a vacuum,
Xe = 0

The electric displacement D is related to the polarization density P by

D=cE+P=¢(l+x.)FE =¢€6ckF (3.3)
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3.3 Dispersion and Causality

In general, a material cannot polarize instantaneously in response to an ap-

plied field. The more general formulation as a function of time is

Plt) = 6 [ Xl = ) B (3.4)

That is, the polarization is a convolution of the electric field at previous
times with time-dependent susceptibility given by x.(At). The upper limit
of this integral can be extended to infinity as well if one defines y.(At) =0
for At < 0. An instantaneous response corresponds to Dirac delta function
susceptibility x.(At) = x.0(At).

It is more convenient in a linear system to take the Fourier transform and
write this relationship as a function of frequency. Due to the convolution

theorem, the integral becomes a simple product,
P(w) = eox — e(w)E(w) (3.5)

Note the simple frequency dependence of the susceptibility, or equivalently
the permittivity. The shape of the susceptibility with respect to frequency
characterizes the dispersion properties of the material.

Moreover, the fact that the polarization can only depend on the electric
field at previous times (i.e. x.(At) = 0 for At < 0), a consequence of

causality, imposes KramersKronig constraints on the susceptibility x.(0).

3.4 Dielectric Polarization

In the classical approach to the dielectric model, a material is made up of

atoms. Each atom consists of a cloud of negative charge (Electrons) bound
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Figure 3.1: Basic atomic model of dielectric polarization.

to and surrounding a positive point charge at its center. In the presence of
an electric field the charge cloud is distorted, as shown in the top right of
the figure 3.1.

This can be reduced to a simple dipole using the superposition principle.
A dipole is characterized by its dipole moment, a vector quantity shown in
the figure as the blue arrow labelled M. It is the relationship between the
electric field and the dipole moment that gives rise to the behaviour of the
dielectric. (Note that the dipole moment is shown to be pointing in the same
direction as the electric field. This isn’t always correct, and it is a major
simplification, but it is suitable for many materials.)

When the electric field is removed the atom returns to its original state.
The time required to do so is the so-called relaxation time; an exponential
decay.

This is the essence of the model in physics. The behaviour of the dielectric
now depends on the situation. The more complicated the situation the richer
the model has to be in order to accurately describe the behaviour. Important

questions are:
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1. Is the electric field constant or does it vary with time?

2. If the electric field does vary, at what rate?

3. What are the characteristics of the material?

4. Is the direction of the field important (isotropy)?

5. Is the material the same all the way through (homogeneous)?

6. Are there any boundaries/interfaces that have to be taken into ac-
count?

7. Is the system linear or do nonlinearities have to be taken into account?

The relationship between the electric field E and the dipole moment M
gives rise to the behaviour of the dielectric, which, for a given material, can

be characterized by the function F defined by the equation:
M =F(E) (3.6)

When both the type of electric field and the type of material have been
defined, one then chooses the simplest function F that correctly predicts the

phenomena of interest.

3.5 Dipolar Polarization

Dipolar polarization is a polarization that is either inherent to polar molecules
(orientation polarization), or can be induced in any molecule in which the
asymmetric distortion of the nuclei is possible (distortion polarization). Ori-
entation polarization results from a permanent dipole, e.g. that arising from
the ca. 104Y angle between the asymmetric bonds between oxygen and hydro-
gen atoms in the water molecule, which retains polarization in the absence of

an external electric field. The assembly of these dipoles forms a macroscopic
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polarization.

When an external electric field is applied, the distance between charges,
which is related to chemical bonding, remains constant in orientation polar-
ization; however, the polarization itself rotates. This rotation occurs on a
timescale which depends on the torque and the surrounding local viscosity
of the molecules. Because the rotation is not instantaneous, dipolar polar-
izations lose the response to electric fields at the lowest frequency in polar-
izations. A molecule rotates about 1ps per radian in a fluid, thus this loss
occurs at about 10! Hz (in the microwave region). The delay of the response
to the change of the electric field causes friction and heat.

When an external electric field is applied in the infrared, a molecule is bent
and stretched by the field and the molecular moment changes in response.
The molecular vibration frequency is approximately the inverse of the time
taken for the molecule to bend, and the distortion polarization disappears

above the infrared.

3.6 lIonic Polarization

Ionic polarization is polarization which is caused by relative displacements
between positive and negative ions in ionic crystals (for example, NaCl).

If crystals or molecules do not consist of only atoms of the same kind,
the distribution of charges around an atom in the crystals or molecules leans
to positive or negative. As a result, when lattice vibrations or molecular
vibrations induce relative displacements of the atoms, the centers of positive
and negative charges might be in different locations. These center positions

are affected by the symmetry of the displacements. When the centers don’t
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correspond, polarizations arise in molecules or crystals. This polarization is
called ionic polarization.

Ionic polarization causes ferroelectric transition as well as dipolar po-
larization. The transition, which is caused by the order of the directional
orientations of permanent dipoles along a particular direction, is called order-
disorder phase transition. The transition which is caused by ionic polariza-

tions in crystals is called displacive phase transition.

3.7 Dielectric Dispersion

In physics, dielectric dispersion is the dependence of the permittivity of a
dielectric material on the frequency of an applied electric field. Because
there is always a lag between changes in polarization and changes in an
electric field, the permittivity of the dielectric is a complicated, complex-
valued function of frequency of the electric field. It is very important for the
application of dielectric materials and the analysis of polarization systems.

This is one instance of a general phenomenon known as material disper-
sion: a frequency-dependent response of a medium for wave propagation.

When the frequency becomes higher: it becomes impossible for dipolar
polarization to follow the electric field in the microwave region around 10*°
Hz; in the infrared or far-infrared region around 10'® Hz, ionic polarization
and molecular distortion polarization lose the response to the electric field;
electronic polarization loses its response in the ultraviolet region around 10
Hz.

In the frequency region above ultraviolet, permittivity approaches the

constant € in every substance, where ¢ is the permittivity of the free space.
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Because permittivity indicates the strength of the relation between an electric
field and polarization, if a polarization process loses its response, permittivity

decreases.

3.8 Dielectric relaxation

Dielectric relaxation is the momentary delay (or lag) in the dielectric constant
of a material. This is usually caused by the delay in molecular polarization
with respect to a changing electric field in a dielectric medium (e.g. inside
capacitors or between two large conducting surfaces). Dielectric relaxation in
changing electric fields could be considered analogous to hysteresis in chang-
ing magnetic fields (for inductors or transformers). Relaxation in general
is a delay or lag in the response of a linear system, and therefore dielectric
relaxation is measured relative to the expected linear steady state (equilib-
rium) dielectric values. The time lag between electrical field and polarization
implies an irreversible degradation of free energy (G).

In physics, dielectric relaxation refers to the relaxation response of a di-
electric medium to an external electric field of microwave frequencies. This
relaxation is often described in terms of permittivity as a function of fre-
quency, which can, for ideal systems, be described by the Debye equation.
On the other hand, the distortion related to ionic and electronic polarization
shows behaviour of the resonance or oscillator type. The character of the
distortion process depends on the structure, composition, and surroundings
of the sample.

The number of possible wavelengths of emitted radiation due to dielectric

relaxation can be equated using Hemmings’ first law (named after Mark

48



Hemmings)
2 —1
2

(3.7)

n =

Where n is the number of different possible wavelengths of emitted radiation,

1 is the number of energy levels (including ground level).

3.9 Debye Relaxation

Debye relaxation is the dielectric relaxation response of an ideal, noninter-
acting population of dipoles to an alternating external electric field. It is
usually expressed in the complex permittivity € of a medium as a function of

the field’s frequency w:
Ae

+ 1+ wr (3.8)

€(w) = €x

Where €., is the permittivity at the high frequency limit, Ae = €, — €5

where €, is the static, low frequency permittivity, and 7 is the characteristic
relaxation time of the medium(37].

Dielectric materials used for capacitors are also chosen such that they are

resistant to ionization. This allows the capacitor to operate at higher volt-

ages before the insulating dielectric ionizes and begins to allow undesirable

current.

3.10 Dielectric Resonator

A dielectric resonator oscillator (DRO) is an electronic component that ex-
hibits resonance for a narrow range of frequencies, generally in the microwave

band. It consists of a "puck” of ceramic that has a large dielectric constant
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and a low dissipation factor. Such resonators are often used to provide a fre-
quency reference in an oscillator circuit. An unshielded dielectric resonator

can be used as a Dielectric Resonator Antenna (DRA).

3.11 Relative Permittivity

The relative permittivity of a material under given conditions reflects the
extent to which it concentrates electrostatic lines of flux. In technical terms,
it is the ratio of the amount of electrical energy stored in a material by an
applied voltage, relative to that stored in a vacuum. Likewise, it is also the
ratio of the capacitance of a capacitor using that material as a dielectric,
compared to a similar capacitor that has a vacuum as its dielectric.

The relative permittivity of a material for a frequency of zero is known
as its static relative permittivity or as its dielectric constant. Other terms
used for the zero frequency relative permittivity include relative dielectric
constant and static dielectric constant. While they remain very common,
these terms are ambiguous and have been deprecated by some standards
organizations [39, 40]. The reason for the potential ambiguity is twofold.
First, some older authors used ”dielectric constant” or ”absolute dielectric
constant” for the absolute permittivity e rather than the relative permittivity
[41]. Second, while in most modern usage ”dielectric constant” refers to a
relative permittivity [40,42], it may be either the static or the frequency-
dependent relative permittivity, depending on context.

Relative permittivity is typically denoted as €,(w) (sometimes k or K)

and is defined as

e (w) = éw) (3.9)

€0

50



Where €(w) is the complex frequency-dependent absolute permittivity of the
material, and ¢y is the vacuum permittivity.

Relative permittivity is a dimensionless number that is in general com-
plex. The imaginary portion of the permittivity corresponds to a phase shift
of the polarization P relative to E and leads to the attenuation of electromag-
netic waves passing through the medium. By definition, the linear relative
permittivity of vacuum is equal to 1[42], that is € = ¢, although there are
theoretical nonlinear quantum effects in vacuum that have been predicted at
high field strengths (but not yet observed) [43].

The relative permittivity of a medium is related to its electric suscepti-
bility, Y., as

er(w) =1+ Xe. (3.10)

3.12 Practical Relevance

The dielectric constant is an essential piece of information when designing
capacitors, and in other circumstances where a material might be expected
to introduce capacitance into a circuit. If a material with a high dielectric
constant is placed in an electric field, the magnitude of that field will be
measurably reduced within the volume of the dielectric. This fact is com-
monly used to increase the capacitance of a particular capacitor design. The
layers beneath etched conductors in printed circuit boards (PCBs) also act
as dielectrics.

Dielectrics are used in RF transmission lines. In a coaxial cable, polyethy-
lene can be used between the center conductor and outside shield. It can also

be placed inside waveguides to form filters. Optical fibers are examples of
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dielectric waveguides. They consist of dielectric materials that are purposely
doped with impurities so as to control the precise value of ¢, within the
cross-section. This controls the refractive index of the material and therefore
also the optical modes of transmission. However, in these cases it is techni-
cally the relative permittivity that matters, as they are not operated in the

electrostatic limit.

3.13 Loss Tangent

The loss tangent is a parameter of a dielectric material that quantifies its
inherent dissipation of electromagnetic energy. The term refers to the tangent
of the angle in a complex plane between the resistive (lossy) component of

an electromagnetic field and its reactive (lossless) component.

3.14 Electromagnetic Field Perspective

For time varying electromagnetic fields, the electromagnetic energy is typi-
cally viewed as waves propagating either through free space, in a transmission
line, in a microstrip line, or through a waveguide. Dielectrics are often used in
all of these environments to mechanically support electrical conductors and
keep them at a fixed separation, or to provide a barrier between different
gas pressures yet still transmit electromagnetic power. Maxwells equations
are solved for the electric and magnetic field components of the propagating
waves that satisfy the boundary conditions of the specific environment’s ge-
ometry [44]. In such electromagnetic analyses, the parameters permittivity

€, permeability p, and conductivity o represent the properties of the media
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through which the waves propagate. The permittivity can have real and

imaginary components such that
e=¢é—je’ (3.11)
If we assume that we have a wave function such that
E = Eye’! (3.12)
Then Maxwell’s curl equation for the magnetic field can be written as
dx H = jwe E+ (we' + 0)E (3.13)

Where €’ is the imaginary amplitude of permittivity attributed to bound
charge and dipole relaxation phenomena, which gives rise to energy loss that
is indistinguishable from the loss due to the free charge conduction that is
quantified by . The component € represents the familiar lossless permit-
tivity given by the product of the free space permittivity and the relative
permittivity, or € = ege,. The loss tangent is then defined as the ratio (or
angle in a complex plane) of the lossy reaction to the electric field E in the
curl equation to the lossless reaction:

7
tand = wero (3.14)
we

For dielectrics with small loss, this angle is < 1 and tand &~ §. After some
further maths to obtain the solution for the fields of the electromagnetic

wave, it turns out that the power decays with propagation distance z as
P = Pye % (3.15)
where Fj is the initial power,
K= wy/ e = 5N (3.16)
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w is the angular frequency of the wave, and A is the wavelength in the di-
electric.

There are often other contributions to power loss for electromagnetic
waves that are not included in this expression, such as due to the wall cur-
rents of the conductors of a transmission line or waveguide. Also, a similar

analysis could be applied to the permeability where
p=p —gu
With the subsequent definition of a magnetic loss tangent

"

tand,, = % (3.17)
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Chapter 4

Polymers and its types

4.1 Introduction

A polymer is a large molecule (macromolecule) composed of repeating units.
These subunits are typically connected by covalent bonds. Although the
term polymer is sometimes taken to refer to plastics, it actually encompasses
a large class comprising both natural and synthetic materials with a wide
variety of properties.

Because of the extraordinary range of properties of polymeric materi-
als [45,46], they play an essential and ubiquitous role in everyday life [47].
This role ranges from familiar synthetic plastics and elastomers to natural
biopolymers such as nucleic acids and proteins that are essential for life.

Natural polymeric materials such as shellac, amber, and natural rubber
have been used for centuries. A variety of other natural polymers exist,
such as cellulose, which is the main constituent of wood and paper. The
list of synthetic polymers includes synthetic rubber, Bakelite, neoprene, ny-

lon, PVC, polystyrene, polyethylene, polypropylene, polyacrylonitrile, PVB,
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silicone, and many more.

Most commonly, the continuously linked backbone of a polymer used
for the preparation of plastics consists mainly of carbon atoms. A simple
example is polyethylene, whose repeating unit is based on ethylene monomer.
However, other structures do exist; for example, elements such as silicon
form familiar materials such as silicones, examples being Silly Putty and
waterproof plumbing sealant. Oxygen is also commonly present in polymer
backbones, such as those of polyethylene glycol, polysaccharides (in glycosidic
bonds), and DNA (in phosphodiester bonds). Polymers are studied in the

fields of polymer chemistry, polymer physics, and polymer science.

4.2 Polymerization

Polymerization is the process of combining many small molecules known
as monomers into a covalently bonded chain. During the polymerization
process, some chemical groups may be lost from each monomer. This is the
case, for example, in the polymerization of PET polyester. The monomers are
terephthalic acid (HOOC —CsHy—COOH ) and ethylene glycol (HO—C Hy—
CHy—OH) but the repeating unit is —OC' —CgH,—COO—CHy—CHy—O—,
which corresponds to the combination of the two monomers with the loss of
two water molecules. The distinct piece of each monomer that is incorporated

into the polymer is known as a repeat unit or monomer residue.
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Figure 4.1: The repeating unit of the polymer polypropylene.
4.3 Polymer properties

Polymer properties are broadly divided into several classes based on the scale
at which the property is defined as well as upon its physical basis [48]. The
most basic property of a polymer is the identity of its constituent monomers.
A second set of properties, known as microstructure, essentially describe the
arrangement of these monomers within the polymer at the scale of a single
chain. These basic structural properties play a major role in determining
bulk physical properties of the polymer, which describe how the polymer
behaves as a continuous macroscopic material. Chemical properties, at the
nano-scale, describe how the chains interact through various physical forces.
At the macro-scale, they describe how the bulk polymer interacts with other

chemicals and solvents.

4.4 Chain length

The physical properties [49] of a polymer are strongly dependent on the
size or length of the polymer chain [50]. For example, as chain length is
increased, melting and boiling temperatures increase quickly [50]. Impact

resistance also tends to increase with chain length, as does the viscosity,
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or resistance to flow, of the polymer in its melt state [51]. Chain length
is related to melt viscosity roughly as 1:103.2, so that a tenfold increase
in polymer chain length results in a viscosity increase of over 1000 times.
Increasing chain length furthermore tends to decrease chain mobility, increase
strength and toughness, and increase the glass transition temperature (7).
This is a result of the increase in chain interactions such as Van der Waals
attractions and entanglements that come with increased chain length. These
interactions tend to fix the individual chains more strongly in position and
resist deformations and matrix breakup, both at higher stresses and higher
temperatures.

A common means of expressing the length of a chain is the degree of poly-
merization, which quantifies the number of monomers incorporated into the
chain [52,53]. As with other molecules, a polymer’s size may also be expressed
in terms of molecular weight. Since synthetic polymerization techniques typ-
ically yield a polymer product including a range of molecular weights, the
weight is often expressed statistically to describe the distribution of chain
lengths present in the same. Common examples are the number average
molecular weight and weight average molecular weight [54,55]. The ratio of
these two values is the polydispersity index, commonly used to express the
7width” of the molecular weight distribution [56]. A final measurement is
contour length, which can be understood as the length of the chain back-
bone in its fully extended state [57]. The flexibility of an unbranched chain

polymer is characterized by its persistence length.
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4.5 Mechanical properties

The bulk properties of a polymer are those most often of end-use interest.
These are the properties that dictate how the polymer actually behaves on

a macroscopic scale.

4.5.1 Tensile strength

The tensile strength of a material quantifies how much stress the material
will endure before suffering permanent deformation [58,59]. This is very
important in applications that rely upon a polymer’s physical strength or
durability. For example, a rubber band with a higher tensile strength will
hold a greater weight before snapping. In general, tensile strength increases

with polymer chain length and cross linking of polymer chains.

4.5.2 Young’s Modulus

Youngs modulus quantifies the elasticity of the polymer. It is defined, for
small strains, as the ratio of rate of change of stress to strain. Like tensile
strength, this is highly relevant in polymer applications involving the phys-
ical properties of polymers, such as rubber bands. The modulus is strongly

dependent on temperature.

4.6 Applications and Processing of Polymers

Polymers play a very important role in human life. In fact, our body is made
of lot of polymers, e.g. Proteins, enzymes, etc. Other naturally occurring

polymers like wood, rubber, leather and silk are serving the humankind for
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many centuries now. Modern scientific tools revolutionized the processing of
polymers thus available synthetic polymers like useful plastics, rubbers and
fiber materials. As with other engineering materials (metals and ceramics),
the properties of polymers are related their constituent structural elements
and their arrangement. The suffix in polymer mer is originated from Greek
word meros which means part. The word polymer is thus coined to mean
material consisting of many parts/mers. Most of the polymers are basically
organic compounds, however they can be inorganic (e.g. silicones based on
Si-O network). This chapter introduces classification of polymers, process-
ing and synthesis of polymers, followed by mechanism of deformation and

mechanical behavior of polymers.

4.7 Polymer types and Polymer synthesis &
processing

Polymers are classified in several ways by how the molecules are synthe-
sized, by their molecular structure, or by their chemical family. For example,
linear polymers consist of long molecular chains, while the branched poly-
mers consist of primary long chains and secondary chains that stem from
these main chains. However, linear does not mean straight lines. The better
way to classify polymers is according to their mechanical and thermal behav-
ior. Industrially polymers are classified into two main classes plastics and
elastomers.

Plastics are moldable organic resins. These are either natural or syn-

thetic, and are processed by forming or molding into shapes. Plastics are
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important engineering materials for many reasons. They have a wide range
of properties, some of which are unattainable from any other materials, and
in most cases they are relatively low in cost. Following is the brief list of
properties of plastics: light weight, wide range of colors, low thermal and
electrical conductivity, less brittle, good toughness, good resistance to acids,
bases and moisture, high dielectric strength (use in electrical insulation), etc.

Plastics are again classified in two groups depending on their mechanical
and thermal behavior as thermoplasts (thermoplastic polymers and ther-

mosets (thermosetting polymers).

4.7.1 Thermoplasts

These plastics soften when heated and harden when cooled processes that
are totally reversible and may be repeated. These materials are normally
fabricated by the simultaneous application of heat and pressure. They are
linear polymers without any cross-linking in structure where long molecu-
lar chains are bonded to each other by secondary bonds and/or inter-wined.
They have the property of increasing plasticity with increasing temperature
which breaks the secondary bonds between individual chains. Common ther-
moplasts are: acrylics, PVC, nylons, polypropylene, polystyrene, polymethyl

methacrylate (plastic lenses or Perspex), etc. [60]

4.7.2 Thermosets

These plastics require heat and pressure to mold them into shape. They are
formed into a permanent shape and cured or set by chemical reactions such as

extensive cross-linking. They cannot be re-melted or reformed into another
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shape but decompose upon being heated to too high a temperature. Thus
thermosets cannot be recycled, whereas thermoplasts can be recycled. The
term thermoset implies that heat is required to permanently set the plas-
tic. Most thermosets composed of long chains that are strongly cross-linked
(and/or covalently bonded) to one another to form 3-D network structures to
form a rigid solid. Thermosets are generally stronger, but more brittle than
thermoplasts. Advantages of thermosets for engineering design applications
include one or more of the following: high thermal stability, high dimensional
stability, high rigidity, light weight, high electrical and thermal insulating
properties and resistance to creep and deformation under load. There are
two methods whereby cross-linking reaction can be initiated cross-linking
can be accomplished by heating the resin in a suitable mold (e.g. bake-
lite), or resins such as epoxies (araldite) are cured at low temperature by
the addition of a suitable cross-linking agent, an amine. Epoxies, vulcanized
rubbers, phenolics, unsaturated polyester resins, and amino resins (ureas and

melamines) are examples of thermosets.

4.7.3 Elastomers

Also known as rubbers, these are polymers which can undergo large elonga-
tions under load, at room temperature, and return to their original shape
when the load is released. There are number of man-made elastomers in
addition to natural rubber. These consist of coil-like polymer chains those
can reversibly stretch by applying a force. Processing of polymers mainly in-
volves preparing a particular polymer by synthesis of available raw materials,

followed by forming into various shapes. Raw materials for polymerization
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are usually derived from coal and petroleum products. The large molecules
of many commercially useful polymers must be synthesized from substances
having smaller molecules. The synthesis of the large molecule polymers is
known as polymerization in which monomer units are joined over and over
to become a large molecule. More upon, properties of a polymer can be en-
hanced or modified with the addition of special materials. This is followed
by forming operation. Addition polymerization and condensation polymer-

ization are the two main ways of polymerization [60,61].

4.7.4 Addition polymerization

It is also known as chain reaction polymerization, is a process in which multi-
functional monomer units are attached one at a time in chain like fashion
to form linear or 3-D macro-molecule. The composition of macro-molecule
is an exact multiple of that of the original reactant monomers. This kind
of polymerization involves three distant stages-initiation, propagation and
termination. To initiate the process, an initiator is added to the monomer.
This forms free radicals with a reactive site that attracts one of the carbon
atom of the monomer. When this occurs, the reactive site is transferred to
other carbon atom in the monomer and a chain begins to form in propagation
stage. A common initiator is benzoyl peroxide. When polymerization is
nearly complete, remaining monomers must diffuse a long distance to reach
reactive site, thus growth rate decreases.

The process for polyethylene is as shown in figure 4.2. Where R represents
the active initiator. Propagation involves the linear growth of the molecule as

monomer units become attached to one another in succession to produce the
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Figure 4.2: Process for polyethylene.

chain molecule, which is represented, again for polyethylene, as is represented

in figure 4.3.
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Figure 4.3: Process for polyethylene.

As we need polymers with controlled molecular weight, polymerization
needs to be terminated at some stage. Propagation may end or terminate in
different ways. First, the active ends of two propagating chains may react or

link together to form a non-reactive molecule, figure 4.4.
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Figure 4.4: Process for polyethylene.
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Thus terminating the growth of each chain or an active chain end may
react with an initiator or other chemical species having a single active bond

as shown in figure 4.5.

Figure 4.5: Process for polyethylene.

With the resultant cessation of chain growth. Polyethylene, polypropy-

lene, PVC, and polystyrene are synthesized using addition polymerization.

4.7.5 Condensation polymerization

Also known as step growth polymerization, involves more than one monomer
species; and there is usually a small molecular weight by-product such as wa-
ter, which is eliminated. The repeat unit here forms from original monomers,
and no product has the chemical formula of mere one mer repeat unit. The
polymerization of dimethyl terephthalate and ethylene glycol to produce
polyester is an important example. The by-product, methyl alcohol, is con-
densed off and the two monomers combine to produce a larger molecule (mer
repeat unit). Another example, consider the formation of polyester from the
reaction between ethylene glycol and adipic acid; the intermolecular reaction
is as follows:

This stepwise process is successively repeated, producing, in this case, a

linear molecule. The intermolecular reaction occurs every time a mer repeat
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Figure 4.6: Process for polyethylene.

unit is formed. Reaction times for condensation are generally longer than
for addition polymerization. Polyesters, phenol-formaldehyde, nylons, poly-
carbonates etc are produced by condensation polymerization. Condensation
polymerization reactions also occur in sol-gel processing of ceramic materials.
Some polymers such as nylon may be polymerized by either technique.

‘ Polymers, unlike organic/inorganic compounds, do not have a fixed
molecular weight. It is specified in terms of degree of polymerization number
of repeat units in the chain or ration of average molecular weight of polymer
to molecular weight of repeat unit. Average molecular weight is however
defined in two ways. Weight average molecular weight is obtained by divid-
ing the chain into sizes ranges and determining the fraction of chains having
molecular weights within that range. Number average molecular weight is
based on the number fraction, rather than the weight fraction, of the chains
within each size range. It is always smaller than the weight average molec-
ular weight . Most of polymer properties are intrinsic i.e. characteristic
of a specific polymer. Foreign substances called additives are intentionally

introduced to enhance or modify these properties. These include fillers,
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plasticizers, stabilizers, colorants, and flame retardants. Fillers are used to
improve tensile and compressive strength, abrasion resistance, dimensional
stability etc. wood flour, sand; clay, talc etc are example for fillers. Plasticiz-
ers aid in improving flexibility, ductility and toughness of polymers by lower-
ing glass transition temperature of a polymer. These are generally liquids of
low molecular weight. Stabilizers are additives which counteract deteriora-
tive processes such as oxidation, radiation, and environmental deterioration.
Colorants impart a specific color to a polymer, added in form of either dyes
(dissolves) or pigments (remains as a separate phase). Flame retardants
are used to enhance flammability resistance of combustible polymers. They
serve the purpose by interfering with the combustion through the gas phase
or chemical reaction. Polymeric materials are formed by quite many dif-
ferent techniques depending on (a) whether the material is thermoplast or
thermoset, (b) melting/degradation temperature, (c) atmospheric stability,
and (d) shape and intricacy of the product. Polymers are often formed at
elevated temperatures under pressure. Thermoplasts are formed above their
glass transition temperatures while applied pressure ensures that the prod-
uct retain its shape. Thermosets are formed in two stages making liquid
polymer, then molding it [61,62]. Different molding techniques are employed
in fabrication of polymers. Compression molding involves placing appropri-
ate amount of polymer with additives between heated male and female mold
parts. After pouring polymer, mold is closed, and heat and pressure are ap-
plied, causing viscous plastic to attain the mold shape. Figure-4.7 shows a
typical mould employed for compression molding.

Figure 4.7: Schematic diagram of a mould employed for compression

67



PR = ;m

H.I.DH'HT'I"FI.LEIITH

.|| d 1“-.
rq"f':ﬁ |I-

N |

Figure 4.7: Process for polyethylene.

molding

Transfer molding differs from compression molding in how the materials
is introduced into the mold cavities. In transfer molding the plastic resin is
not fed directly into the mold cavity but into a chamber outside the mold
cavities. When the mold is closed, a plunger forces the plastic resin into
the mold cavities, where and molded material cures. In injection molding,
palletized materials is fed with use of hopper into a cylinder where charge
is pushed towards heating chamber where plastic material melts, and then
molten plastic is impelled through nozzle into the enclosed mold cavity where
product attains its shape. Most outstanding characteristic of this process is
the cycle time which is very short. The schematic diagram of injection-
molding machine is shown figure 4.8.

Extrusion is another kind of injection molding, in which a thermoplastic
material is forced through a die orifice, similar to the extrusion of metals.
This technique is especially adapted to produce continuous lengths with con-
stant cross-section. The schematic diagram of a simple extrusion machine is

shown in fig 4.9,

68



O RO IDET) THE VI
PLABTIC MATEHEL

ETATICKARY
FaRT

MEVEELE
Fant

CLECTRCAL FEATHG

Figure 4.9: Process for polyethylene.

Figure 4.9: Schematic diagram of a simple extrusion machine
Blow molding of plastics is similar to blowing of glass bottles. Polymeric

materials may be cast similar to metals and ceramics
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4.8 Crystallization, melting and glass transi-
tion

Polymers are known by their high sensitivity of mechanical and/or thermal
properties. This section explains their thermal behavior. During processing
of polymers, they are cooled with/without presence of presence from liquid
state to form final product. During cooling, an ordered solid phase may be
formed having a highly random molecular structure. This process is called
crystallization. The melting occurs when a polymer is heated. If the poly-
mer during cooling retains amorphous or non-crystalline state i.e. disordered
molecular structure, rigid solid may be considered as frozen liquid result-
ing from glass transition. Thus, enhancement of either mechanical and/or
thermal properties needs to consider crystallization, melting, and the glass
transition.

Crystallization and the mechanism involved play an important role as it
influences the properties of plastics. As in solidification of metals, polymer
crystallization involves nucleation and growth. Near to solidification temper-
ature at favorable places, nuclei forms, and then nuclei grow by the continued
ordering and alignment of additional molecular segments. Extent of crystal-
lization is measured by volume change as there will be a considerable change
in volume during solidification of a polymer. Crystallization rate is depen-
dent on crystallization temperature and also on the molecular weight of the
polymer. Crystallization rate decreases with increasing molecular weight.

Melting of polymer involves transformation of solid polymer to viscous

liquid upon heating at melting temperature, 7;,. Polymer melting is dis-
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tinctive from that of metals in many respects - melting takes place over
a temperature range; melting behavior depends on history of the polymer;
melting behavior is a function of rate of heating, where increasing rate results
in an elevation of melting temperature. During melting there occurs rear-
rangement of the molecules from ordered state to disordered state. This is
influenced by molecular chemistry and structure (degree of branching) along
with chain stiffness and molecular weight.

Glass transition occurs in amorphous and semi-crystalline polymers. Upon
cooling, this transformation corresponds to gradual change of liquid to rub-
bery material, and then rigid solid. The temperature range at which the
transition from rubbery to rigid state occurs is termed as glass transition
temperature, Tg. This temperature has its significance as abrupt changes in
other physical properties occur at this temperature. Glass transition tem-
perature is also influenced by molecular weight, with increase of which glass
transition temperature increases. Degree of cross-linking also influences the
glass transition such that polymers with very high degree of cross-linking
do not experience a glass transition. The glass transition temperature is
typically 0.5 to 0.75 times the absolute melting temperature. Above the
glass transition, non-crystalline polymers show viscous behavior, and below
the glass transition they show glass-brittle behavior (as chain motion is very
restricted), hence the name glass transition [62].

Melting involves breaking of the inter-chain bonds, so the glass and melt-
ing temperatures depend on: Chain stiffness (e.g., single vs. double bonds)
Size, shape of side groups Size of molecule Side branches, defects cross-

linking
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4.9 Mechanical behavior of polymers

Polymer mechanical properties can be specified with many of the same pa-
rameters that are used for metals such as modulus of elasticity, tensile/impact /fatigue
strengths, etc. However, polymers are, in many respects, mechanically dis-
similar to metals. To a much greater extent than either metals or ceramics,
both thermal and mechanical properties of polymers show a marked depen-
dence on parameters namely temperature, strain rate, and morphology. In
addition, molecular weight and temperature relative to the glass transition
play an important role that are absent for other type of materials.

A simple stress- strain curve can describe different mechanical behavior
of various polymers. As shown in figure 4.10, the stress-strain behavior can
be brittle, plastic and highly elastic (elastomeric or rubber-like). Mechanical
properties of polymers change dramatically with temperature, going from
glass-like brittle behavior at low temperatures to a rubber-like behavior at
high temperatures. Highly crystalline polymers behave in a brittle man-
ner, whereas amorphous polymers can exhibit plastic deformation. These
phenomena are highly temperature dependent, even more so with polymers
than they are with metals and ceramics. Due to unique structures of cross-
linked polymers, recoverable deformations up to very high strains / point
of rupture are also observed with polymers (elastomers). Tensile modulus
(modulus) and tensile strengths are orders of magnitude smaller than those
of metals, but elongation can be up to 1000% in some cases. The tensile
strength is defined at the fracture point and can be lower than the yield
strength.

Figure-4.10: Typical stress-strain curves for polymers. As the tempera-
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Figure 4.10: Process for polyethylene.

ture increases, both the rigidity and the yield strength decrease, while the
elongation increases. Thus, if high rigidity and toughness are the require-
ments, the temperature consideration is important. In general, decreasing
the strain rate has the same influence on the strain-strength characteristics
as increasing the temperature: the material becomes softer and more ductile.
Despite the similarities in yield behavior with temperature and strain rate
between polymers, metals, and ceramics, the mechanisms are quite differ-
ent. Specifically, the necking of polymers is affected by two physical factors
that are not significant in metals: dissipation of mechanical energy as heat,
causing softening magnitude of which increases with strain rate; deformation
resistance of the neck, resulting in strain-rate dependence of yield strength.
The relative importance of these two factors depends on materials, specimen
dimensions and strain rate. The effect of temperature relative to the glass
transition is depicted in terms of decline in modulus values. Shallow decline
of modulus is attributed to thermal expansion, whereas abrupt changes are
attributable to viscoelastic relaxation processes. Together molecular weight

and crystallinity influence a great number of mechanical properties of poly-
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mers including hardness, fatigue resistance, elongation at neck, and even
impact strength. The chance of brittle failure is reduced by raising molecu-
lar weight, which increases brittle strength, and by reducing crystallinity. As
the degree of crystallinity decreases with temperature close to melting point,
stiffness, hardness and yield strength decrease. These factors often set limits
on the temperature at which a polymer is useful for mechanical purposes.

Elastomers, however, exhibit some unique mechanical behavior when
compared to conventional plastics. The most notable characteristics are the
low modulus and high deformations as Elastomers exhibit large, reversible
elongations under small applied stresses. Elastomers exhibit this behavior
due to their unique, cross-linked structure [61,62].

Elastic modulus of elastomers (resistances to the uncoiling of randomly
orientated chains) increases as with increase in temperature. Unlike non-
cross-linked polymers, elastomers exhibit an increase inelastic modulus with

cross-link density.

4.10 Mechanisms of deformation and strength-
ening of polymers

An understanding of deformation mechanisms of polymers is important in
order to be able to manage the optimal use of these materials, a class of
materials that continues to grow in terms of use in structural applications.
Despite the similarities in ductile and brittle behavior with to metals and
ceramics respectively, elastic and plastic deformation mechanisms in poly-

mers are quite different. This is mainly due to (a) difference in structure
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they made of and (b) size of the entities responsible for deformation. Plastic
deformation in metals and ceramics can be described in terms of dislocations
and slip planes, whereas polymer chains must undergo deformation in poly-
mers leading to different mechanism of permanent deformation. Unique to
most of the polymers is the viscoelasticity means when an external force is
applied, both elastic and plastic (viscous) deformation occur. For viscoelastic
materials, the rate of strain determines whether the deformation in elastic
or viscous. The viscoelastic behavior of polymeric materials is dependent on
both time and temperature. Plastic polymers deform elastically by elonga-
tion of the chain molecules from their stable conformations in the direction
of the applied stress by the bending and stretching of the strong covalent
bonds. In addition, there is a possibility for slight displacement of adjacent
molecules, which is resisted by weak secondary / van-der Waals bonds. Plas-
tic deformation in polymers is not a consequence of dislocation movement as
in metals. Instead, chains rotate, stretch, slide and disentangle under load
to cause permanent deformation. This permanent deformation in polymers
might occur in several stages of interaction between lamellar and interven-
ing amorphous regions. Initial stages involve elongation of amorphous tie
chains, and eventual alignment in the loading direction. Continues defor-
mation in second stage occurs by the tilting of the lamellar blocks. Next,
crystalline block segments separate before blocks and tie chains become ori-
entated in the direction of tensile axis in final stage. This leads to highly
orientated structure in deformed polymers. Elastomers, on the other hand,
deform elastically by simple uncoiling, and straightening of molecular chains

that are highly twisted, kinked, and coiled in unstressed state. The driving
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force for elastic deformation is change in entropy, which is a measure of de-
gree of disorder in a system. When an elastomer is stretched, the systems
order increases. If elastomer is released from the applied load, its entropy
increases. This entropy effect results in a rise in temperature of an elastomer
when stretched. It also causes the modulus of elasticity to increase with in-
creasing temperature, which is opposite to the behavior of other materials.
Fracture of polymers is again dependent on morphology of a polymer. As
a thumb rule, thermosets fracture in brittle mode. It involves formation of
cracks at regions where there is a localized stress concentration. Covalent
bonds are severed during the fracture [62]. However, both ductile and brittle
modes are possible mode of fracture for thermoplasts. Many of thermoplasts
can exhibit ductile-to-brittle transition assisted by reduction in temperature,
increase in strain rate, presence of notch, increased specimen thickness and
a modification of the polymer structure. Unique to polymer fracture is craz-
ing presence of regions of very localized yielding, which lead to formation
of small and interconnected micro voids. Crazes form at highly stressed re-
gions associated with scratches, flaws and molecular inhomogeneties; and
they propagate perpendicular to the applied tensile stress and typically are
5um or less thick. A craze is different from a crack as it can support a load
across its face.

The deformation of plastic materials can be primarily elastic, plastic, or
a combination of both types. The deformation mode and resistance of de-
formation depends on many parameters for different plastics. The following
factors influence the strength of a thermoplast: average molecular mass, de-

gree of crystallization, presence of side groups, presence of polar and other
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specific atoms, presence of phenyl rings in main chains and addition of rein-
forcements. Effect of every one of these factor can be used to strengthen a
thermoplast. Thermosets are, however, strengthened by reinforcement meth-
ods.

Strength of a thermoplast is directly dependent on its average molecular
mass since polymerization up to a certain molecular-mass range is necessary
to produce a stable solid. This method is not used so often as after a critical
mass range, increasing the average molecular mass does not greatly increase
its strength. In general, as the degree of crystallinity increases, the strength,
modulus and density all increase for a thermoplast. Another method to in-
crease the strength is to create more resistance to chain slippage. This can
be achieved by addition of bulky side groups on main chains, which results
in increase of strength but reduces the ductility. Increased resistance to
chain slippage can be achieved by increasing the molecular bonding forces
between the polymer chains. E.g.: introducing a chlorine atom on every
other carbon atom of main chain to make polyvinylchloride (PVC). Intro-
ducing an ether linkage (i.e. introduction of oxygen atom) or amide linkage
(i.e. introduction of oxygen and nitrogen atoms) into the main chain can
increase the rigidity of thermoplasts. One of the most important strength-
ening methods for thermoplasts is the introduction of phenylene rings in the
main chain. It is commonly used for high-strength engineering plastics. The
phenylene rings cause steric hindrance to rotation within the polymer chain
and electronic attraction of resonating electrons between adjacent molecules.
Another method of strengthening is introduction of reinforcements like glass

fibers. Glass content ranges from 20 to 40%, depending on trade-off between
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desired strength, ease of processing and economics. Thermosets are strength-
ened by reinforcements again. Different reinforcements are in use according
to the necessity. Glass fibers are most commonly used to form structural
and molding plastic compounds. Two most important types of glass fibers
are E (electrical) - and S (high strength)- glasses. E-glass (lime-aluminum-
borosilicate glass with zero or low sodium and potassium levels) is often used
for continuous fibers. S-glass (65% S0, 25% Al205 and 10% MgO) has
higher strength-to-weight ratio and is more expansive thus primary applica-
tions include military and aerospace applications. Carbon fiber reinforced
plastics are also often used in aerospace applications. However they are very
expansive. The other classes of reinforcements include aramid (aromatic
polyamide) fibers. They are popularly known as Kevlar. Presently two com-
mercial variants of Kevlar are available Kevlar29 and Kevlar49. Kevlar29
is a low-density, high strength aramid fiber designed for applications such
as ballistic protection, ropes and cables. Kevlar49 is characterized by a low
density and high strength/modulus; is used in aerospace, marine, automo-
tive and other industrial applications. Thermosets without reinforcements
are strengthened by creation of network of covalent bonds throughout the
structure of the material. Covalent bonds can be developed during casting

or pressing under heat and pressure [61,62].

4.11 Characteristics and typical applications
of few plastic materials

a) Thermo plastics
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1. Acrylonitrile-butadiene-styrene (ABS):

Characteristics: Outstanding strength and toughness, resistance to heat
distortion; good electrical properties; lammable and soluble in some organic
solvents.

Application: Refrigerator lining, lawn and garden equipment, toys, high-
way safety devices.

2. Acrylics (poly-methyl-methacrylate)

Characteristics: Outstanding light transmission and resistance to weath-
ering; only fair mechanical properties.

Application: Lenses, transparent aircraft enclosures, drafting equipment,
outdoor signs

3. Fluorocarbons (PTFE or TFE)

Characteristics: Chemically inert in almost all environments, excellent
electrical properties; low coefficient of friction; may be used to 260 °C' ; rela-
tively weak and poor cold-flow properties.

Application: Anticorrosive seals, chemical pipes and valves, bearings, anti
adhesive coatings, high temperature electronic parts.

4. Polyamides (nylons)

Characteristics: Good mechanical strength, abrasion resistance, and tough-
ness; low coefficient of friction; absorbs water and some other liquids.

Application: Bearings, gears, cams, bushings, handles, and jacketing for
wires and cables

5. Polycarbonates

Characteristics: Dimensionally stable: low water absorption; transparent;

very good impact resistance and ductility.
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Application: Safety helmets, lenses light globes, base for photographic
film

6. Polyethylene

Characteristics: Chemically resistant and electrically insulating; tough
and relatively low coefficient of friction; low strength and poor resistance to
weathering.

Application: Flexible bottles, toys, tumblers, battery parts, ice trays, film
wrapping materials.

7. Polypropylene

Characteristics: Resistant to heat distortion; excellent electrical prop-
erties and fatigue strength; chemically inert; relatively inexpensive; poor
resistance to UV light.

Application: Sterilizable bottles, packaging film, TV cabinets, luggage

8. Polystyrene

Characteristics: Excellent electrical properties and optical clarity; good
thermal and dimensional stability; relatively inexpensive

Application: Wall tile, battery cases, toys, indoor lighting panels, appli-
ance housings.

9. Polyester (PET or PETE)

Characteristics: One of the toughest of plastic films; excellent fatigue and
tear strength, and resistance to humidity acids, greases, oils and solvents

Application: Magnetic recording tapes, clothing, automotive tire cords,
beverage containers.

b) Thermo setting polymers

1. Epoxies Characteristics: Excellent combination of mechanical proper-
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ties and corrosion resistance; dimensionally stable; good adhesion; relatively
inexpensive; good electrical properties.

Application: Electrical moldings, sinks, adhesives, protective coatings,
used with fiberglass laminates.

2. Phenolics

Characteristics: Excellent thermal stability to over 150 °C'; may be com-
pounded with a large number of resins, fillers, etc.; inexpensive.

Application: Motor housing, telephones, auto distributors, electrical fix-

tures.
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Chapter 5

Effect of Dielectric and
Polymer Material on Various

Antennas

Polymers intended for microwave antennas should have a dielectric constant
between 1.5 to 3.0 and tan loss factor less than 0.001 for high gain, small
beam-width operation. Desirable antenna properties are obtained by poly-
merizing the monomers using UV & gamma-radiations compared to polymer-
ization with the use of initiators. The polymer should be able to withstand
shock, vibration and high ambient temperature. Teflon has proved to be the
polymer of choice followed by polystyrene, Perspex, nylon, polypropylene
and polyacetal.

A dielectric polymer rod can act as a guide of electromagnetic waves espe-
cially in the microwave frequency region. Properly designed end fire antennas

can realize gains in excess of 18db in the 8.5 - 12.8 GHz frequency range [63-

82



66]. The gain-frequency characteristics are directly dependent on the dielec-
tric constant e,and tan loss factor of the polymer. The polymer studied for
antenna applications are Teflon, polystyrene, Perspex, nylon, polypropylene

and polyacetal.

5.1 Effect of Dielectric constant ¢, on Gain:

The polyrod antenna gain and radiation characteristics are dependent on the
diameter d, and are a function of dielectric constant ¢, . For a given polymer
the rod diameter determines the wave velocity v, and the gain is optimized
when v, and the antenna length 1 satisfies the Hansen-Woodyard condition
[67]. It has been established that polyrod realizes maximum directive gain

when
d= X/ Ar(e, — 1) (5.1)

Where A is the constant to be determined for a polymer at the free-space
wave length. Typical values of A for Perspex (€,=2.56) and Teflon (e, =2.1)
at 10.0 GHZ are 1.51 and 1.15 respectively. Since d o< 1/,/€, , it follows that a
large dielectric constant €, results in the small diameter of the antenna. This
is not desirable particularly in operating conditions subjected to shock, vi-
bration and high ambient temperature. Studies show that dielectric constant
€, values in the range 1.5-3.0 are suitable for microwave antenna. Polymers
with these €, values are Teflon, polystyrene, Perspex, nylon, polypropylene
and polyacetal. For wide frequency operation the dielectric constant should

not vary by in the frequency spectrum at which the application is desired.
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5.2 Effect of tand loss factor on gain

The gain of the antenna is also affected by the length and the tanloss of the
polyrod. It has been observed that antenna length between 6-8 wavelengths
realizes optimum gain and small beam-width. The antenna attenuation of
microwave power inside the polymer is related to 1, dielectric constant €, and

tandloss factor by the expression,

273

Vertand dB/em (5.2)

To minimize attenuation it thus becomes necessary to select a polymer
with small dielectric constant €, and tanloss, and also the antenna length.
A 6.5 wavelength long antenna using a polymer with dielectric constant e,
= 2.0 and tand loss = 0.001 attenuates the signal 0.014 dB/cm at 10.0GHZ.
Clearly, antennas with | = 6 8 wavelengths utilizing polymers with dielectric
constant ¢, < 3.0 and tanless than 0.001 should be used to minimize the
attenuation losses and thereby increase the directive gain of the antenna.

It is also desirable that the polymer with suitable dielectric constant e,
and tan values be adaptable for fabrication into antennas of various profiles.
The polymer should be able to stand ambient temperature up to 1000 c
without changing form and electrical parameters. For moulded antennas it is
preferable that the monomers be polymerized with the addition of initiators
as this has the adverse effect on the dielectric properties. UV and Co%
gamma radiated monomers have resulted in stable polymers [63].

Circular and rectangular polymer antennas were designed for X-band fre-
quencies using various polymers. Maximum directive gain of 18.5 dB was ob-
tained for Teflon rectangular antennas in the 9.5-10.5GHZ frequency range.

The gain obtained for circular antenna in the same frequency range was 16.5
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dB. Table below gives the gain obtained for circular antennas using various

polymers. The input impedance of the Teflon antenna does not vary appre-

Table 5.1: Gain obtained for circular antenna using various polymers.

Polymer Polystyrene | Nylon | Perspex | Polypropleyne | Polyacetal

Gain,dB 16.65 16.2 15.0 14.4 14.3
-3dB 200 169 19.6° 21.20 189
beam-width

ciably with frequency and this is reflected in the wide-band operation with
fairly stabilized gain.

A dielectric rod can act as a guide for electromagnetic waves, and this
property has been utilized in the design of various types of antennas since
1950 [68-72]. The guiding action is usually imperfect since considerable elec-
tromagnetic power escapes through the walls of di-electric rod and is radiated
from its surface. This tendency of dielectric to radiate micro-wave frequen-
cies is turned to advantage in the design of dielectric rod antennas of various
profiles namely circular [66,77], rectangular[70,71] and tapered version of the
same so as to collimate the electromagnetic radiation in a particular direc-
tion. Almost all of these antennas act as end-fire antennas. Design theories
have been developed in order to optimize the gain and radiation character-
istic of these antennas by various authors [75,76,81]. It has been reported in
the literature that microwave circular and rectangular polymer dielectric end-
fire antennas realize gains in excess of 17dB with the half power beam width

of 18 degrees or below in the X-band frequencies 8.5-12.8GHZ [71,75]. The
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polymer materials found suitable at these frequencies are Teflon, polystyrene,
Perspex, nylon, polypropylene and polyacetal.

The use of horn antennas for high gain and well defined radiation charac-
teristic for transmission and reception of microwave frequencies is well recog-
nized for last 50 years. A horn antenna is primarily characterized by a wave
guide that is flared so that the wave inside the guide expands in an orderly
manner. The field distribution across the mouth of the horn antenna serves
as a source of radiation and thus acts as an alternative means of producing
field distribution as compared to that of the parabolic reflector. It is ob-
served that for horn antennas, very small flare angles give the sharpest beam
(low-3dB beam width) and highest power gains for a given mouth size. How-
ever, horn antennas find extensive use at microwave frequencies where power
gain requirement are moderated. High gains can only be achieved for much
larger dimensions of the mouth, thereby putting it in an disadvantage [76,79].
The characteristics of horn antennas can be improved to suit particular ap-
plications by loading its aperture with dielectric slab or by simply coating
the walls of horn antennas and wave guide with dielectric polymer materi-
als described earlier. This technique when optimized can result in desirable
gain-radiation characteristic, namely high directivity, small beam-width and
considerably more gain than of the horn antenna by itself.

Antennas with high gain performance are the required for some of the
applications in communication systems. The conventional high-gain anten-
nas most often used are parabolic reflectors. Although they are efficient
radiators, parabolic reflectors are too large and heavy, due to their curved

reflecting surfaces. As a result, a planar reflector called a microstrip reflec-
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tarray was being proposed as a future candidate high-gain antenna [84]. It
consists of an array of microstrip patches on the grounded dielectric substrate
and is illuminated by a primary feed horn which is placed at a particular dis-
tance from the array whose individual elements are designed to scatter the
incident field with proper phase distribution required to form a planar phase
surface in front of the aperture [85]. The reflectarray antenna can achieve
a very high efficiency for a very large aperture and it can also be designed
to tilt a large angle [86]. Despite of the advantage of the size, cost and easy
deployability, the major deficiency of the reflectarray that limits its usage is
the low bandwidth performance [87]. The main factors that limit the band-
width of reflectarray antenna are the narrow bandwidth of patch elements
which is caused by the extended path length between the feed horn and the
reflectarray, and the phase errors related to the change in patch size [88].
The feed antenna bandwidth and array element spacing also limits the band-
width of reflectarrays but these two are not serious concerns if the bandwidth
requirement is less than 15% [84]. Another important factor, that affects the
bandwidth of the reflectarray antenna and has not been discussed in the past

thoroughly, is the selection of suitable dielectric material.

5.3 Distinction of Different Types of Losses
in Reflectarray Antennas

Generally the reflection loss of the reflectarray antennas is primarily limited
to dielectric absorption in the dielectric layer and conductor loss [89]. The

reflection loss of reflectarray antenna depends on the material properties
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of the dielectric material which includes the substrate thickness, and the
conducting material used for the patch element and the ground plane as
given in equation below:

Rl = Qg+ Q. (53)

Where, R; is the reflection loss and «ay and «. represent the attenuation
factor due to dielectric and conductor loss. The dielectric loss occurs due to
the strong electric fields in the substrate region and copper loss occurs due
to high current generated on the top surface of the patch element [90].

The electric field distribution and the surface currents are highest at res-
onance which is the reason of the highest loss at the resonant frequency. For
further investigation of the loss mechanism in a reflectarray antenna, an infi-
nite reflectarray with 0.035mm patch element thickness and 1mm substrate
thickness using commercially available CST computer model is designed.
Different dielectric materials are used and the dielectric loss is observed by
reducing the conductor loss to minimum (or ideally zero by using PEC for
patch element and ground plane). Copper with a conductivity of 59.6Ms/m
is used for the design of patch element and the ground plane in order to intro-
duce the conductor loss in the reflectarray antenna design. Copper loss or the
conductor loss is observed separately by defining the loss tangent value of the
dielectric substrate to be zero and hence making the factor due to dielectric
loss to be zero. It has been observed that the materials with high loss tan-
gent values, such as CEM and Gallium Arsenide have very high reflection loss
and the main contributor for this high reflection loss is dielectric loss. This
is because these materials exhibit high dielectric absorption in the dielectric

layer of the reflectarray antennas. On the other hand materials with low loss
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tangent values such as Teflon and Alumina have relatively very low reflec-
tion loss. This is due to low dielectric loss properties and the dominant loss
for this type of reflectarray antenna design is caused by conductor/copper
loss. It has been observed that Teflon which has a low loss tangent value
(tand = 0.0004) has very low dielectric loss and Gallium Arsenide which has
a high loss tangent value (tand = 0.006) offers a very high dielectric loss as

compared to the copper loss.

5.4 Bandwidth Performance of Reflectarrays

Using Different Materials

It has been seen that as the dielectric permittivity of the material used
for the reflectarray design is increased, the bandwidth decreases. Gallium
Arsenide, which has the highest dielectric permittivity (e,=13) has the min-
imum 10% and 20% bandwidths of 84 MHz and 126MHz respectively while
Teflon which has the lowest dielectric permittivity(e, =2.08) has the highest
10% and 20% bandwidths of 360 MHz and 540 MHz respectively.

Infinite rectangular microstrip reflectarray antennas with different dielec-
tric materials are analyzed in terms of bandwidth and reflection loss perfor-
mance and it has been shown that the bandwidth of the reflectarray antenna
can be increased by using a suitable dielectric material. It has been shown
that Teflon (¢, =2.08 and tand = 0.0004) has maximum bandwidth perfor-
mance compared to Gallium Arsenide (¢, =2.08 and tand = 0.0004) which

has minimum value of the bandwidth measured at different levels of the
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reflection loss curve.

The developments of microwave dielectric materials for applicationsin
communication systems, such as cellular phones, wireless local area networks,
direct broadcasting satellite (DBS), and global positioning systems, have
evolved in an unprecedented path for the last decade [91,92]. Moreover, ex-
tension of the carrier frequency from industrial, scientific, and medical(ISM)
bands to the millimeter wave range is expected in the near future as the
research on ultrahigh-speed communication systems is currently underway.
The unique electrical properties of ceramic dielectric materials have revolu-
tionized the microwave based wireless communications industry by reducing
the size and the cost of components in circuit systems. In order to properly
select materials for microwave application, three dielectric properties need
to be considered: the dielectric constant (e,), the quality factor (Qf), and
the stability of the temperature coefficient of the resonant frequency (77). A
high dielectric constant material can effectively reduce the size of resonators
as the wavelength () in dielectrics is inversely proportional to /e, accord-
ing to the relation A = A\o/y/€, where X is the wavelength in vacuum . The
inverse of the dielectric loss (Q = 1/tand) is required to be high in order
to achieve prominent frequency selectivity and stability for microwave trans-
mitter components, of which a small temperature coefficient of the resonant
frequency [93] ensures the stability of the microwave components at different
working temperatures. However, as the frequency of interest is shifted from
900 MHz to 2.4, 5.2, 5.8 GHz, or even to the millimeter wave range, materi-
als with a high dielectric constant tend to be of less interest. On the other

hand, high quality factor would play a more prominent role instead, as @ X f
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is almost constant in the microwave and millimeter wave regions. In gen-
eral, high dielectric constant materials exhibit high dielectric loss (low @ x f
value), while low-loss ceramics are usually accompanied by a low €, value.
Low-loss dielectrics, however, would normally require high sintering tempera-
tures. In fact, using the low-melting glass additive, chemical processing, and
small-sized particle as starting materials can effectively reduce the sintering
temperature of the dielectric materials [94-96].Alumina is a well-known mate-
rial for substrates, dielectric resonators, and patch antennas. Commercially
available alumina normally has a ) x f value around 100 000-200 000 GHz.
When 0.5 wt% Ti02 is added, alumina ceramics prepared at 1500°C for 5 h
possesses a quality factor (Q x f) of 450 000 GHz. Using nano-sized powder
as the starting material, a — AlsO3 ceramics can be sintered at C1500°C),
with its Q) x f value subsequently elevated to 515 000 GHz without a fur-
ther addition [98]. For practical applications, it is required to have a 7
value as close to zero as possible. Shifting of the f value can be achieved
by post-annealing treatment due to the decomposition of the Al,TiOs5 phase
[99,100]. Tt also possesses a @ x f value of 148 000GHz at 1350 °C'. Using two
or more compounds with negative and positive temperature coefficient val-
ues to form a solid solution or mixed phases, however, is the most promising
method to obtain a zero temperature coefficient of resonant frequency. As
most of the dielectric ceramics with high dielectric constant shave positive f
values, it is thereby desirable to search for material shaving a high dielectric
constant, high Q, and negative 74 in order to achieve this goal. Therefore,
TiO2 (e, =100, @ x f = 50 000 GHz, 7 = 5450ppm/°C)[101] has often

been utilized in controlling microwave dielectric properties and the sintering
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behavior[102,103].

The selection of the dielectric material is of key importance in the design
of microstrip antennas, affecting mechanical, thermal and electrical perfor-
mance. The dielectric substrate in a microstrip antenna mainly serves as
mechanical support for the patch providing uniform spacing and mechani-
cal stability. Lower values of relative dielectric constant (normally between
1 and 2) can be obtained by using polystyrene foam or honeycomb struc-
tures. Dielectrics based on fiberglass reinforced Teflon, also known as PTFE
(polytetra-fluoroethylene), typically provide a relative dielectric constant be-
tween 2 and 4. Higher values can be obtained through materials based on
ceramic, quartz or alumina. However, these materials should be carefully
employed as they provide a reduction in the patch size at the expense of
radiation efficiency and mechanical stability. Another important selection
driver for microstrip antenna substrates are dielectric losses. Acceptable di-
electric losses are usually related to the application requirements and to the
antenna architecture. In general, low tangent loss results in higher dielectric
cost.

In the last few years, the complexity of microstrip antennas has con-
stantly increased. In particular, multilayer configurations with a high inte-
gration level and many vertical transitions are becoming ever-more popular.
In general, the development of multilayer assemblies can be particularly dif-
ficult as layers with different materials are usually employed for the circuit
elements and for the antennas. Indeed, dielectrics of low dielectric constant
are preferred for radiating structures whereas materials with high permit-

tivity are usually employed for microwave circuits. This difference usually
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results in different coefficients of thermal expansion which can generate me-
chanical deformations of the multilayer structure. For this reason, new types
of materials and fabrication processes are attracting the attention of many
researchers. In particular, interesting results [104] have been obtained with
liquid crystal polymers (LCPs). LCPs are low dielectric-constant, low loss-
tangent [105] materials with very good package hermeticity and a low cost
[106]. LCP has gained attention especially as a potential high-performance
microwave substrate and packaging material for multilayer array sand for
highly integrated circuits [107].

Another interesting solution for multilayer antennas is the usage of low-
temperature cofired ceramic (LTCC). This technology allows the implemen-
tation of flexible multilayer configurations with a high integration density
and many vertical transitions. LTCC multilayer circuits are produced by
firing in a single laminate multiple tape layers where conductive, dielectric
and/or resistive pastes are selectively deposited to form transmission lines,
resistors, inductors, and so on [112].Although LTCC is mainly used for mi-
crowave integrated circuits, several interesting results have been obtained

also for antenna elements[109-113].

5.5 Bandwidth Enhancement Techniques

Bandwidth enhancement of microstrip antennas is usually required for
many practical applications. Bandwidth can be increased by lowering the
Q factor of the microstrip antenna. This can be achieved by using thick
substrates or by using materials with low relative dielectric constant. In

both cases, insurgence of higher order modes should be carefully considered.
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Another common bandwidth enhancement technique is to use radiators
with multiple contiguous resonances. This method can be implemented by
using parasitic stacked patches [115] or through reactive loading by means of
shaped slots, notches, cuts, pins or posts. Wide-band can be achieved also
at feed level by designing broadband matching networks [116] or by means

of reactive feeds such as L-shaped probes [117-119].
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Chapter 6

Conclusions

It is well known fact that the use of dielectric and polymer materials in the
fabrication of antennas has been done before. Dielectric materials like Alu-
mina (AlyO3) have been used for design of microwave antennas. However
due to material properties and difficulty in fabrication, it is not suitable for
L,C,X and Ku-Band frequencies application between1-15GHz.Polymer mate-
rials like nylon, Teflon, polyacetal, Polypropylenes etc, however have shown
good gain and radiation characteristics at these frequencies and are easily
fabricated with different design structure. The polymer materials considered
suitable for microwave antennas should have fairly large dielectric constant
and relatively small tan loss factor at these frequencies The use of dielectric
materials for improving the radiation patterns of an antenna is well recog-
nized. It has been observed that gain radiation for standard horn rectangular
antenna which is in the frequency of 5-20 GHz can be improved by loading
dielectric material. A dielectric rod can act as a guide for electromagnetic
waves & this property has been utilized in the various designs of antennas.

The guiding action is usually imperfect since considerable electromagnetic
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power escapes through the walls of dielectric rod and is radiated from its
surface. This tendency of dielectric to radiate micro wave frequencies is
turned to advantage in the design of dielectric rod antenna of various types,
namely circular rectangular &tapered version of the same, so as to collimate
the electromagnetic radiation in a particular direction. For a given polymer
the rod diameter determines the wave velocity v, and the gain is optimized
when v, and the antenna length 1 satisfies the Hansen-Woodyard condition.

It has been established that polyrod realizes maximum directive gain when

Ao

AT (e, — 1)

Where A is the constant to be determined for a polymer at the free-space

d= (6.1)

wave length. Typical values of A for Perspex (e, = 2.56) and Teflon (e, = 2.1)
at 10.0 GHZ are 1.51 and 1.15 respectively. Since d o %T , it follows that a
large dielectric constant r results in the small diameter of the antenna. This
is not desirable particularly in operating conditions subjected to shock, vi-
bration and high ambient temperature. Studies show that dielectric constant
€, values in the range 1.5 — 3.0 are suitable for microwave antenna. Polymers
with these ¢, values are Teflon, polystyrene, Perspex, nylon, polypropylene
and polyacetal. For wide frequency operation the dielectric constant should
not vary by in the frequency spectrum at which the application is desired.
The gain of the antenna is also affected by the length and the tanloss of the
polyrod. It has been observed that antenna length between 6-8 wavelengths
realizes optimum gain and small beam-width. The antenna attenuation of
microwave power inside the polymer is related to 1, dielectric constant ¢, and
tanloss factor by the expression,
20
Ao

a=( Vertand  dB/cem. (6.2)

96



To minimize attenuation it thus becomes necessary to select a polymer with
small dielectric constant €, and tanloss, and also the antenna length. A 6.5
wavelength long antenna using a polymer with dielectric constant €, = 2.0
and tanloss =0.001 attenuates the signal 0.014 dB/cm at 10.0 GHZ. Clearly,
antennas with [ = 6 — 8 wavelengths utilizing polymers with dielectric con-
stant ¢€,3.0 and tanloss than 0.001 should be used to minimize the attenuation
losses and thereby increase the directive gain of the antenna. It has been ob-
served that Teflon which has a low loss tangent value (tan=0.0004) has very
low dielectric loss and Gallium Arsenide which has a high loss tangent value
(tand = 0.006) offers a very high dielectric loss as compared to the copper
loss. It has been seen that as the dielectric permittivity of the material used
for the reflectarray design is increased, the bandwidth decreases. Gallium
Arsenide, which has the highest dielectric permittivity (e, = 13) has the min-
imum 10% and 20% bandwidths of 84MHz and 126MHz respectively while
Teflon which has the lowest dielectric permittivity(e, = 2.08) has the highest
10% and 20%bandwidths of 360 MHz and 540 MHz respectively. . It has been
shown that Teflon (¢, = 2.08 and tand = 0.0004) has maximum bandwidth
performance compared to Gallium Arsenide (¢, = 2.08 and tand = 0.0004)
which has minimum value of the bandwidth measured at different levels of
the reflection loss curve. Thus from all this we conclude that the polymer
materials considered suitable for microwave antennas should have dielectric
constant between 1.5 to 3.0 and relatively small tan loss factor (0.001) at

these frequencies.
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6.1 Future Plan

In future we will be studying different types of dielectric and polymer ma-
terials in depth and applying them on parabolic antenna in order to study

various parameters of the parabolic antenna as has been done before on Horn

antenna.
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