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Abstract

Antenna research and engineering is gaining more and more attention in
the modern day world as every human being is carrying a gadget which uses
wireless communication. Integration of multiple applications such as WLAN,
bluetooth, GPS etc. into a single gadget requires antennas which can oper-
ate in all these frequency bands. Short range high data rate communication
requires wide bandwidth signals for transmission. UWB communication is
gaining more and more interest due to its wide bandwidth and high data rate.

In the Present thesis we are studying various types of uniplanar antennas.
These antennas are fed either by Open/Closed ended coplanar strips or co
planar waveguide. Four noval antennas based on these transmission lines are

discussed in the thesis which includes

1. CPS fed dipole antenna for PCS1900/WLAN applications
2. Slotline fed uniplanar antenna for 2.4 GHz/ 5.8 GHz WLAN applications

3. Slot line coupled wideband slot radiator for 5.2GHZ/5.8GHz WLAN
applications

4. CPW fed compact bent monopole antenna for UWB applications

These antenna designs and their evolution are studies using the commer-
cially available simulation tools and verified experimentally. Emperical design
equations are formulated and verified for all the four antennas. All the fre-
quency domain parameters such as gain, efficiency , return loss and their
radiation pattern are determined experimentally which substantiate the use
of these antennas for various wireless bands. The thesis deals with UWB
antenna in its fourth chapter.

Even if the antenna has good frequency domain response, for using it in
UWRB pulse applications, the time domain parameters such as fidelity , group
delay and pulse distortion etc have to be estimated. These parameters are
analyzed for the proposed antenna and the values are found to be acceptable

for UWB applications.
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Chapter 1

Introduction and Review of

Literature

This chapter briefs the development in antenna engineering. The con-
tributions by eminent researchers in Electromagnetics are discussed with
special emphasis on the literature which explains the growth in the area
of planar antenna technology. Chapter concludes with a description of
the motivation towards the current topic. The organization of the chap-
ters in the thesis are also discussed.

Contents
1.1 Introduction .. .................... 1
1.2 Important Milestones in Communication . . . .. 2

1.3 Planar Antennas - Technologies and Developments 3

1.4 Motivation Towards the Present Work ... ... 13
1.5 Organisation of the Thesis . . ... ... ...... 14
REFERENCES . . . . . i i i i i e e e e e e e e e e e e 15

1.1 Introduction

Antennas are inevitable component of modern wire free world which is used
for transmitting and receiving electromagnetic waves. Antenna converts ra-
diations into current and vice versa [1,2]. Antenna is a transition between
transmission lines to free space. It matches the free space impedance to that




Chapter. 1

of the transmission line. For an efficient communication system, the antennas
have to be designed with care so as to acquire maximum radiation with mini-
mal cost of production and environmental compatibility. An efficient antenna
minimizes the system needs thus improving the performance as a whole. The
use of the antenna are not only limited to communication but also to vari-
ous applications like remote sensing, diagnostics and therapeutic applications,
radars, GPS etc. Ever since the human evolution, the communication is the

rapidly developing area for information interchange.

1.2 Important Milestones in Communication

As we know that the world is changing as Wire free world, it is crucial for us to
understand how the transitions and improvement of technology took place. In
1873 the mutual relationship between an electric field and magnetic field was
mathematically demonstrated by James Clerk Maxwell. According to him,
light is an EM wave. Every electromagnetic wave propagates through vacuum
with a speed same as that of light [3]. Maxwells theory was experimentally
supported by Heinrich Rudolph Hertz [4,5]. He built the first wireless system
using electromagnetic waves in 1886. It used a dipole as a transmitter and a
loop as a receiver. A transmission of around 20m was possible.

Guglielmo Marconi did the first commercial wireless transmission over a
long distance in 1897 [6]. He started first transatlantic wireless transmission
using electromagnetic waves in 1909.

Jagadish Chandra Bose studied the properties of millimeter waves in the
same period. The major components used by him for the experiments were
polarizers, waveguides, horn antennas, and semiconductors. Horn antenna is
one of his major contributions [7,8].

Karl Jansky of Bell Labs used the large antennas designed by him to dis-
cover extraterrestrial radio waves [9]. He is known as the father of astronomy.
The invention of the Yagi-Uda antenna was in the same period [10].

Second World War witnessed the most important inventions in antennas

and radar. Most of the research and development during this period were
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associated with military applications. The major inventions during this pe-
riod were the large reflector array antennas, realization of phased arrays and
satellite antennas. The basic ideas of the adaptive array also experimentally
demonstrated [11,12]. The period after world War II two leads towards the
developments of the microwave generators such as Magnetron and klystrons.
This again accelerated the growth in the field of antennas. The introduction
of the Microstrip antenna by Deschamps in 1953 revolutionized the antenna
design [13]. The realization and large scale production of microstrip antenna
took almost 20 years. Active and Smart antenna arrays were developed during
this period [14-17].

1.3 Planar Antennas - Technologies and De-
velopments

This thesis presents the design and development of various uniplanar antennas.
The existing planar antenna technologies is reviewed and summarized in the
following section.

The commonly used wireless communication bands and their allocated
frequency is shown in Fig 1.1. These are the communication bands as per

FCC and ITU [18-21].

1.3.1 Microstrip Antennas

The transformation of the large 3D antennas to the compact planar structures
started after the invention of microstrip antennas. Microstrip antenna was first
realized experimentally in 1970. The significance of Microstrip antennas were
low profile and excellent radiation characteristics. One side of a substrate
consists of the metal patch, which can be of different shapes. The back side
of the substrate is a metal ground plane. Fig 1.2 shows a basic rectangular
patch antenna. The length of the patch decides the frequency of operation.
The length is equivalent to half the wavelength of the resonance frequency
[22-24]. The use of a high-permittivity substrate results in the size reduction
of the antenna but results in reduced efficiency and bandwidth. The use of
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Figure 1.1: Commonly used frequency bands
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low permittivity substrates results in enhanced bandwidth but antenna size
increases. Low profile, ease of fabrication, less weight, compatibility with
conformal and planar antennas is the major advantages of the Microstrip
antennas [25,26]. The significant limitation of the microstrip antenna is its
low bandwidth of operation, which is due to the high Q-factor of the antenna.
A slight increase in bandwidth can be achieved by increasing the substrate
thickness. The surface waves [27,28] are increased because of this, which in

turn deteriorates the efficiency of the antenna.

<— Substrate

Patch

Ground Plane

Feed

Figure 1.2: Basic microstrip fed rectangular patch antenna

The presence of the ground plane resulted in an unipolar(directional) radi-
ation from the microstrip antenna [29]. Thus the uses of these antennas in ap-
plications which require Omni-directional radiation pattern are limited. Many
studies have been performed to reduce the disadvantages of microstrip anten-
nas. Mailloux [30] proposed cavity backing for reducing the surface waves.
The bandwidth of the microstrip antennas can be increased by staking [31]
of the multiple patches. Aperture coupling and slot coupling are also utilized
for the bandwidth enhancement [32,33]. Other methods for increasing the
bandwidth includes slot coupling [34], incorporation of parasitic strips [35],
using different feed shapes and etching slots with various shapes [36,37]. There
are many bandwidth enhancement techniques like Stacking [31], Aperture cou-
pling [32], Proximity coupling [33], Slot coupling [34], the addition of parasitic
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elements [35], use of different feed geometries and slots [36-40] etc which can
be implemented in microstrip antennas. Integrating multiple frequency bands
in a single antenna is a modern day communication demand. The various
dual band and multiband microstrip antennas are discussed. An additional
resonance is excited by inserting multiple shorting pins in the patch [41]. The
metallization from the patch or the ground is peeled off to form the slot, which
also excites multiple resonances [42]. Circularly polarized patch antennas are
also studied [43]. All these enhancements lead to only a minor increase in
bandwidth. The radiation pattern of the microstrip antenna is directional be-
cause of the presence of a ground plane. Microstrip monopole configurations
are used to overcome these limitations [44]. The next section details truncated

ground microstrip antennas.

1.3.2 Microstrip Monopole Antennas

Microstrip-fed monopole antennas are the planar version of the wire monopole
antennas. The part of the ground plane which is far from the feed is cut to
form the monopole configuration. The monopole configuration is shown in Fig
1.3. The signal strip is extended beyond the truncated ground. The length
of the signal strip above the truncated ground plane determines the resonant
frequency. Since this antenna is a quarter wave radiator, it will be more
compact when compared to the conventional patch antennas. The selectivity
(Q-factor) of these antennas will be low.

The attractive features of these antennas are Omni-directional radiation
pattern, broad bandwidth and simplicity in production. Monopoles are top
loaded with various shapes to enhance the bandwidth. All the usual wireless
bands are covered within this bandwidth [45,46]. Truncation of the ground
plane leads to the excitation of a new resonance near to the quarter wave
resonance of the monopole. These two resonances are merged to give wide-
band response [47]. The truncated Microstrip antenna due to inherent wide
bandwidth is suitable for designing ultra wideband antennas. Several UWB
antennas of this type are there in the literature [48-51]. Plenty of dual band
and multiband antennas with microstrip monopole designs are in the litera-
ture. [52-56].
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4———— Subsirale

Fatch

Ground Plang:

Microstrip Feed

Figure 1.3: Microstrip-fed monopole antenna

Microstrip-fed antennas contain the signal strip at the top layer and the
ground plane at the bottom layer. The fabrication process needs extreme
care. Integration of active devices is done using drilling holes and connecting
vias. This back side processing is complicated and the need for uni-planar
antennas is having increased demand in the modern day antenna engineer-
ing. The radiating elements of uniplanar antennas are fabricated on the same
surface. Integration of the active and passive elements easy. The fabrication
process is also simple in this case. Basic uniplanar transmission lines include
slotline/Coplanar Strips and coplanar waveguide(CPW). This thesis discusses

the developments in antennas fed by uniplanar transmission lines.

1.3.3 CPW Fed Antennas

CPW fed antennas are getting wider interest these days due to its uniplanar
unbalanced design. A narrow PEC strip which carries the signal is placed
at the center. The ground strips are placed on the either sides of the signal
strip. A small gap separates the signal strip and the ground. Fig 1.4 depicts
a Pentagon monopole antenna with CPW feed.

The various single band and multiband CPW fed antennas are there in
the literature [57-59]. Asymmetric coplanar waveguide fed antennas are also

analyzed for making the antennas more compact [60]. CPW feeding is also

Cochin University of Science and Technology 7



Chapter. 1

+—— Substrate

Patch

Feed

—Ground Plane

Figure 1.4: CPW fed pentagon monopole antenna

used for designing dielectric resonator antennas which are discussed in the
next section. The above mentioned antennas are either half-wave or quarter-
wave radiators. Improved compactness is required so as to integrate these
antennas in modern gadgets. A variety of methods are adopted for making
these antennas more compact. This includes the PBG (photonic band gap)
structures, fractal geometry based antennas and metamaterial inspired designs
[61-84].

1.3.4 PBG Structures in Antennas

To enhance the bandwidth and gain of the antennas, the most widely used
structures are the PBG (Photonic Band Gap). They attenuate the propa-
gation of electromagnetic signals in certain spatial direction and for certain
frequencies [61,62]. In the case of Microstrip antennas bandwidth enhance-
ment without affecting the efficiency of the antenna can be achieved by the
use of PBG structures in the ground plane. The surface wave propagation

is reduced and the use of PBG enhances the gain of the antenna. Various
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PBG designs for enhancing the gain, bandwidth, and harmonic suppression
are analyzed [63-66).

1.3.5 Metamaterial-based Antennas

Metamaterials induced a revolutionary change in designing compact antennas
and in the field of Electromagnetics. Although the first metamaterial was
developed in 1940s, it took 50 long years for the extensive research and de-
velopment in the area. V.G Veselago proposed Left-Handed media (LHM) for
the materials which possess negative permittivity and permeability [67]. All
the vectors E, H, k have a negative value that is they are forming a left-hand
triplet. The permeability and permittivity functions can be simultaneously
converted into negative value by the use of an array of split ring resonators and
strips. These types of materials are proposed in the recent literature [68,69].
Such materials can be used for reducing overall dimensions of the MMIC cir-
cuits [70-73].

1.3.6 DRA (Dielectric Resonator Antennas)

Dielectric material cut in a specific shape will act as a microwave frequency
resonator with the guided wavelength less than that of the free space wave-
length. Since the radiating part is non-metallic, the ohmic loss [74] will be
less. Thus the overall efficiency of the antenna will be more. The application
of dielectric resonators are not only limited to antennas, but it is also used in
filters, oscillators etc. Various modes exist in a DRA. The radiation charac-
teristics of the DRA depend upon the excited mode. The dielectric resonator
antennas are fed by CPW or Microstrip transmission lines. Fig 1.5 shows
DRA fed by CPW.

The advantages of DRA include the high efficiency, easy coupling from
the transmission lines and small size. By varying the dielectric constant and
the dimensions of the dielectric material the characteristics such as resonance
and bandwidth can be controlled. Various DRAs designed with improved

bandwidth, circular polarization and for use in antenna arrays are discussed
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<— Substrate

4——— Dielectric Resonator

Ground Plane

Feed

Figure 1.5: Dielectric resonator loaded monopole antenna

in the literature [75-81]. These characteristics make the DRA one of the

favorites among the antenna designers.

1.3.7 PIFA (Planar Inverted-F Antennas)

The current mobile communication is not only limited to the voice commu-
nications. The number of new mobile users are increasing at an alarming
rate, which necessitates a large bandwidth of operation. Modified microstrip
and coplanar waveguide configurations are reported in the literature for band-
width enhancement and multiband operations [82,83]. The incompatibility of
the size of these antennas with the mobile handset led to the development of
planar PILA (planar inverted-L) and PIFA. They replaced the conventional
monopole antennas in the mobile handsets. Fig 1.6 depicts a basic PIFA
antenna.

The PIFA geometry includes a ground plane, a metal patch, the feeding
pin and the shorting pin. PIFA resembles the patch antenna but the resonant
length is a quarter waves long. A shorting plate that connects the one end
of the patch and the ground plane are also available [84,85]. The size of the
PIFA is very low but still it has the limitation of being narrow band. Ground

plane modifications and change in feed type are proposed for enhancing the
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top patch

i ground plane
N
shorting pin  feeding pin

Figure 1.6: PIFA geometry

bandwidth [86,87]. Various Multiband PIFA antennas are also available in

the literature which makes use of the insertion of slits, stalking, etc. [88,89].

1.3.8 UWB Antennas

UWB technology is promising in the modern day world due to its applica-
tions in communication, radar, and medical field. UWB technology transmits
pulses with short duration. The qualities of the UWB antenna makes them
superior [90-92]. According to FCC, any system which occupies a bandwidth
of 500MHz or more can be treated as UWB. The frequency spectrum defined
by FCC for commercial UWB systems are from 3.1 GHz to 10.6 GHz [93].
Many researchers contributed towards the development of UWB technology
for various applications [94-98|.

The comparison of the spectrum utilization by a UWB system to the nar-
rowband system is revealed in Fig 1.7. The PSD in the case of narrow band
systems is high. However, in the case of UWB system, it is very low. Because
of this low power spectral density, there wont be any interference between
the conventional narrow band systems. Ultra wideband antenna design in-
cludes a bit of challenge. The design of UWB antenna requires the analysis
in time domain and frequency domain since we transmit signal with broad
bandwidth, that is short pulses are used for the transmission. Along with
the frequency domain parameters, the quality of a UWB antenna is defined
by the time domain parameters such as group delay, impulse response, and
phase response. Two types of requirements present in the UWB antenna
design are the physical requirements and the electrical requirements. There
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Figure 1.7: UWB signal spectrum utilization over narrow band signal

should be a compromise between these two requirements. The antenna size,
profile, the cost of design and fabrication and the integration with MMIC
element are some of the physical constraints. The electrical constraints in-
clude gain stability in the whole band, the radiation pattern according to the
requirements, and constant polarization over the entire band etc. UWB an-
tennas are mainly three types according to these design constraints. They are
multi-resonant antennas, frequency independent antennas and traveling wave
antennas. The ultra wideband characteristics in a multi-resonant antenna are
formed by using more than one narrowband radiating lengths. Examples of
these types of the antenna include Yagi antenna and log periodic antenna.
These antennas have UWB characteristics but they are not useful for impulse
radio UWB systems due to the dispersion of the pulses which arise since the
phase centers of the antenna are not fixed in frequency. Travelling wave an-
tennas are good contenders for UWB applications. Tapered slot antenna and
the horn antennas are examples of this type. Horn antennas are high gain di-

rectional UWB antennas which are commonly used as standards in radiation
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measurements and feed for reflectors. These antennas possess same polar-
ization over the entire band, constant group delay, and very low dispersion.
Vivaldi antennas also come under this classification [99,100]. Bowtie antenna
(biconical), spiral and conical antennas are structures which are frequency
independent [101,102]. Fractal antennas and log spiral antennas, which are
considered as complementary antennas characterized by self-complementary
characterization [103-105]. Log periodic antennas are also this type [106-108].
Electrically small antennas are exceptional candidates for UWB applications
as the antenna size is small compared to the wavelength. Monopole anten-
nas can be modified for this purpose [109-116]. UWB antennas with notched
WLAN bands from 5 to 6 GHz are reported [117-120]. Plenty of literature on
directional UWB antennas is available. Applications of the directional UWB
antennas are in ground penetrating radars, medical applications such as mi-
crowave imaging. Vivaldi antennas and exponentially tapered slot antennas
come under these types of antennas which is of large size. The radiation

characteristics will not be same over the entire bandwidth. [121-127].

1.4 Motivation Towards the Present Work

Antennas are indispensable part of any communication system. Antennas
play a vital role in day to day living of every human being. Every human
being carries an antenna knowingly or unknowingly in the form of electronic
gadgets. The design procedure of an antenna has to meet several goals which
have to be achieved considering certain constraints. The basic theory of an-
tenna design is to create a discontinuity in the transmission line by structural
changes. The uniplanar antennas are significant in the antenna design due
to the less complexity in design and fabrication, low cost and the lack of
backside processing. The uniplanar transmission lines considered here is the
Slotline/Coplanar strip and the coplanar waveguide.

A coplanar strip or the slot line is an inefficient transmission line when
they are fabricated on a low permittivity substrate. For transmitting power
through CPS transmission lines we have to use dielectric substrates with high

permittivity for confining the electric field across the slot. However, this
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property of the slot line can be effectively utilized in designing antennas with
high efficiency, enhanced gain, and good radiation properties. Open ended
CPS can be effectively transformed into an efficient radiator. The CPS can
also be converted into a half wavelength radiator when one end is shorted.
The closed-ended CPS configuration can be modified to make it an excellent
radiator, by using it as a feeding element through electromagnetic coupling
to the adjacent slots made in the metal plane. The number of research works
on CPS antennas or the slot line antennas is very few [128-132]. Another
uniplanar transmission line is the coplanar waveguide. The ground and the
signal strip can be modified to make it as an efficient radiator. UWB antennas
and their applications are widespread in the modern day world. All the UWB
antenna designs are mainly the monopole antenna. The efforts to make a
simple UWB antenna from the basic quarter wave monopole are analyzed and
done in the present thesis. How can antenna design be made simple? This
question is tried to be answered in the present thesis. The transformation
of the transmission line to the antenna with simple geometrical modifications
for various microwave communication bands are studied. developments of
antennas with less geometrical parameters and simple structure transformed

from the basic uniplanar transmission lines is the main theme of the thesis.

1.5 Organisation of the Thesis

The Thesis is organized into six chapters.

Chapter 1 focuses on the historical developments in the wireless technolo-
gies and evolution of the planar antennas. Antennas in literature for various
applications are reviewed and motivation towards the present work is also
discussed.

Chapter 2 Basic Antenna parameters and their measurement techniques
are discussed briefly in this chapter. Instruments used and the tools for sim-
ulations are also discussed. Time domain antenna parameters and their mea-

surements are discussed in detail.
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Chapter 3 explains the Open ended slotline antennas. Various transmission
lines are reviewed and the detailed study of Open ended slot line with reduced
length is performed. How to create radiation from an open ended slot line is
investigated and the analysis of the single band antenna is done. The evolution
of the dual band antenna for PCS/WLAN applications from a basic OES is
discussed and its characteristics are studied. The design equations of the
antenna are formed and validated on different substrates.

Chapter 4 gives a detailed analysis of the closed ended slot line antennas.
Advantages of the closed ended slot line over the open ended slot line are
discussed. The characteristics of a basic closed-ended slotline are studied. The
evolution of the Slot line fed uniplanar antenna for 2.4/5.8 GHz WLAN bands
from the basic closed ended slot line are explained. Radiation characteristics of
this antenna are analyzed and the design equations are formed and validated.

Chapter 5 deals with designing UWB antenna using CPW feed. Various
methods available for designing UWDB antennas are discussed. The evolution
of the CPW fed compact bent monopole antenna for UWB applications from
a quarter wave monopole antenna is discussed. Radiation characteristics of
the antenna are analyzed in the frequency domain. Pulse handling capacity
of the antenna is studied. The design equations of the antenna are formed
and validated on different substrates.

Chapter 6 concludes the highlights of the works in the thesis. Scope for
future work on the Slot line fed antenna and the CPW fed UWB antennas are

discussed.
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Chapter 2

ANTENNA DESIGN, METHOD-
OLOGY AND MEASUREMENT
TECHNIQUES

This chapter describes the methods employed in antenna design, fabri-
cation, and measurements. The CAD modeling and optimization of the
antenna are done using the simulation software CST Microwave Stu-
dio. The fabrication technique used here is the photolithography. Mea-
surements of the frequency domain antenna parameters are done using
network analyzers(HP8510C, Agilent PNA 8362B, and R&S ZVB20).
Time domain analysis of the UWB antenna is also discussed.
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Chapter. 2

2.1 Simulation Tools and Antenna Optimiza-
tion.

CST Microwave Studio is an efficient electromagnetic solver used for modeling
and analyzing antennas, RCS, EMI and EMC of the multi-layered structures
and devices etc. Biomedical Simulations are also possible with CST. The
antenna is modeled in the CST and for solving the structure transient solver
of the antenna is run which is fast as well as well suited for multiband and
wideband applications [1].

The antenna is modeled using the GUI available in CST. Once the struc-
ture is modeled, the port has to be assigned to the antenna for excitation.
There is a discrete port as well as waveguide port available for this purpose.
The desired frequency range is selected before running the transient solver.
Once the transient solver completes the simulation, results can be displayed
or exported into .csv or .txt file for future use. The optimization and the
parametric sweep and analysis tool enable us to optimize the parameter for a
specific value either the dimension or the position. The values of the properties
of the materials used can also be varied and optimized. The antenna geometry
can be optimized for a certain specific set of goals. The transient response
of the antenna can also be calculated using farfield probes placed around the
antenna, by taking the time domain signals. Normalized cross correlation of

two pulses can be calculated which shows the similarity in pulses.

2.2 Fabrication Technique for Antennas

Photolithography is the technique used for making the prototype of the anten-
nas presented in this thesis. The fabrication process of the various antennas
involves the realization of the CAD design into a prototype. For this a suitable
substrate is to be identified. The antenna fabrication using photolithographic

technique is explained in the following section.
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Figure 2.1: Antenna modeled in CST Microwave Studio

2.2.1 Substrate Materials: Characteristics

Advances in MMIC industry demands superior quality materials with mi-
crowave properties for the use of substrates and IC packaging applications.
The signal propagation speed in these materials should be high. The materi-
als with low dielectric loss will have minimum propagation delay. Dimensional
strength, homogeneity, high thermal conductivity and the isotropicity are the
other important features to be taken care of while choosing a substrate [2-5].
Choosing the dielectric substrates depends on the frequency of operation and
the radiation properties of the antenna. Bandwidth is limited, and the ex-
citation of the surface waves occurs if we are using a substrate with higher
permittivity. The frequency of operation increases as the substrate permittiv-
ity increases which result in an increase in loss tangent of the substrate hence
the antenna efficiency is decreased. The increase in the substrate thickness
enhances the bandwidth of the antenna on the expense of efficiency. This
is due to the surface waves. Various dielectric measurement techniques are
available in the literature [6-8]. Cavity perturbation technique is the most
commonly used one for measuring the dielectric permittivity for low loss ma-

terial samples. A rectangular waveguide cavity is used for the measurements.
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The Q factor and the resonance frequency were measured for the cavity only
for various cavity modes. A thin sample of the substrate is positioned at the
E-field cavity where the E-field is maximum. The resulting resonance fre-
quency and the Quality factor are measured after placing the sample, and the

complex dielectric constant of the materials are measured using the following

expressions.
/ ‘/c(fO - fs)
=14 —— 2.1
“T T T, 2
” ‘/C(QO - Qs)
=S¥’ ws 2.2
r 4%@005 ( )
where,

fo = cavitiesresonant frequency,

fs = samplesresonant frequency,

V. = cavityvolume,

Vs = Samplevolume,

Qo = Quality factor foremptycavity,

Qs = Quality factor forcavityloadedwithsample.

2.2.2 Fabrication Method

The fabrication method used here is photolithography. A suitable substrate
is selected for the fabrication process. The layout is made using CAD tools
and print out of the negative mask of the design is made on a transparent or
a semitransparent sheet. To remove impurities from the metallization of the
substrate, it is cleaned with acetone.

A mixture of photoresist and thinner in the ratio 1:1 is made and coated
over the substrate. After drying, the mask is placed above the substrate and
is exposed to the UV light. The exposed substrate is then dipped in the
developer solution for hardening the photoresist in the exposed portion. The
masked portion has to be removed. The substrate is dipped in the dye so as to
get a better visibility of the exposed photoresist and washed using water. The
unwanted copper portions are removed using the etching process using Ferric
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chloride. FeCl3 dissolves the unexposed copper coating. Photolithography
process is detailed in Fig 2.2

Substrate with
photoresist Mask

UV Exposing
and Developing

Dyeing Etching

Figure 2.2: Antenna Fabrication Steps

2.3 Facilities for Antenna Measurements

The details of the measurement of various antenna parameters and the exper-
imental facilities are outlined in the following sections. Network analyzers are
used to measure the antenna radiation characteristics along with automated
antenna positioner and the double ridged UWB horn antenna.

2.3.1 HP8510C VNA

HP8510C is a versatile equipment for measuring all the S parameters such as
S11, S12, S21, S92 and group delay. Time domain and frequency domain mea-
surements can be done. Both the magnitude and phase of these parameters
can be measured [9]. A Matlab-based application developed in the lab named
CREMASOFT is used to set up the measurement and saving the results in
.CSV format. A basic measurement setup schematic for the reflection charac-

teristics is given in Fig. 2.3
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2.3.2 Agilent E8362B Network Analyzer(PNA)

Frequency domain measurements with high rate and accuracy can be done
using this analyzer up to 20 GHz [10]. This can make measurements at more
number of points than VNA. It is equipped with Windows operating sys-
tem and has 32 measurement channels with 16001 points per channel with

< 26pusecpoint measurement speed.

Vector Network
Analyzer

Y
Reference
Antenna

Antenna
Under Test

Turn Table
Assembly

Figure 2.3: Antenna Measurement arrangement using VNA

2.3.3 Rohde and Schwarz ZVB20 PNA

The Rohde and Schwarz ZVB20 is a programmable network analyzer with
improved measurement speed. The configuration capabilities and the system

characteristics are also enhanced in this PNA. Parallel measurement facility
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with high speed is available in RS ZVB20 because the signal from the generator
can be given to the ports simultaneously. Capturing of the data from these
ports and their display can also be done at the same time. We can measure
two port device under test simultaneously in the four port version of PNA.
The features of this PNA include a good user interface, wide dynamic range,
parallel measurements, high output power, etc. its maximum frequency of

operation is 20 GHz.

2.3.4 Anechoic Chamber

For better measurement results the effect of the unwanted reflections of elec-
tromagnetic waves has to be eliminated. Anechoic chambers are used to re-
move the reflections caused by objects which are near to the measurement
set up. All measurements are carried inside the chamber. One entire room is
set with absorbers on the wall floor and ceiling so as to avoid the multipath
signals. The photograph of the anechoic chamber in the research lab appears
in Fig 2.4.

The pyramidal shape of the absorbers increases the absorption of the in-
cident microwave power on it. All the walls and roofs are covered with Alu-
minum sheets so as to avoid the entry of electromagnetic interference from

the adjacent rooms.

2.3.5 Turn Table Assembly

Turntable assembly is used for mounting the antenna under test. It consists
of a microcontroller based stepper motor driven platform which rotated as per
the commands received from the Matlab based front end software(CREMA
Soft) installed in the computer.A UWB horn antenna with a large aperture is

used for measuring purpose.

2.4 Antenna Measurement Techniques

The subsequent sections explain the measurement techniques and procedures

of the antenna radiation characteristics. AUT is connected to any one of
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Figure 2.4: Anechoic Chamber for conducting Measurements

the ports of the analyzer so as to input the signal. The cables and connectors
used for this purpose are likely to be lossy at higher frequencies. For obtaining
accurate S-parameter results, calibration of the analyzer is required which is
done by the conventional open, short and matched load technique. Single port
calibration methods can be adopted for measuring the S7;, VSW R, and the
Zin-

Since the emphasis of the antenna engineering and research is on building
more compact and efficient antennas which are of the order of a quarter of
the wavelength, different aspects has to be considered for the accuracy of
measurements. One major concern is the spurious cable current caused by the
coaxial feed cable. Return loss characteristics and its impedance matching
are varied because of this. One method for suppressing the spurious cable
current is developed in [11]. The low electric field regions are predicted by
the simulation software for attaching the measurement cables safely. The
simulated and measured results are compared and the spurious cable radiation
can be accounted. The quarter wave sleeve balm serves to suppress the feed
cable current. The ferrite beads can also be use for this, but the complete

elimination of the feed cable current is not practically possible [12].
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2.4.1 Resonant Frequency, Bandwidth and Return Loss

The port which we are connecting the antenna is calibrated initially for the
desired frequency range. For measuring the antenna reflection characteristics,
it is connected to any one of the calibrated ports of the network analyzer in
S11/S22 mode. The measured result with respect to the frequency is stored in
.csv file format using the computer interface software CremaSoft .

The frequency with lowest Sj; is taken as the resonance frequency. The
bandwidth of the AUT is taken as the range of frequencies with S1; value less
than —10d B, which indicates a VSWR value of 2. Bandwidth of the antenna

is expressed in percentage as,

Jn—fi

C

% Bandwidth =

%100 (2.3)

Where fj, is the higher frequency with —10 dB point and f; is the lower —10
dB point and f. is the center frequency with minimum S7;. The percentage
bandwidth is also called 2:1 VSWR bandwidth.

2.4.2 Radiation Pattern

The measurement is set up in the reflection free anechoic chamber . The AUT
is placed on the antenna holder and connected to a port of the network ana-
lyzer, kept in the S5; mode. The number of points in the frequency is set as
per our need. The angular parameters for controlling rotations are entered in
the software. Antenna positioner is placed in the direction of maximum radi-
ation. The calibration used for pattern measurement is the THRU calibration
for the desired frequency range. They are saved in the analyzer calibration
set. Time gating is provided for removing any unwanted spurious radiations.
CremaSoft automatically measures the radiation pattern, and the results are
stored in a CSV file.
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2.4.3 Measurement of Antenna Gain

Gain transfer method [13-15] is used for antenna gain measurement. An
antenna with a standard gain is used as the reference antenna. The reference
antenna is attached on the antenna positioner. The port is THRU calibrated
for the chosen frequency. The Antenna under test is connected to the antenna
positioner after removing the standard antenna. The fabricated antenna has
to be aligned with the measuring horn antenna in the direction of maximum
radiation. The change in S5 is recorded, which is the gain of the antenna
related to the reference antenna. This relative gain is added with the gain of
the reference antenna to get the reference antenna to get the gain of the test
antenna. The gain of the horn antenna is added with the relative gain of the
AUT to obtain the absolute gain.

2.4.4 Measurement of Radiation Efficiency

One of the primary antenna parameters is the radiation efficiency. It explains
how efficiently an antenna can convert the time varying currents fed to it
into radiation. The most common method for measuring the efficiency of
a resonant antenna is Wheeler cap method [16,17]. AUT is placed in a
cylindrical cavity with a conducting cap. The resistance of the antenna with
and without a cap is measured using PNA, and these values are substituted

in the following expression to calculate the efficiency.

Rnocap - Rcap

Rnocap

Ef ficiency,n = (2.4)

Where, R, and R, are the input resistance with and without a cap.
The method explained above is suitable well for narrow band antennas. For
wideband antennas , efficiency is measured using the modified Wheeler Cap
method [18]. Three power fractions are used to represent the losses occurs in
an antenna (Power budget). They are radiation losses(n = Prqa/F;), reflec-
tion losses (m = P,es/Pi,) and dissipation losses(! = Pyss/Pin) . The sum
of the above fractions gives a maximum value of one according to the energy

conservation.
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[+m+n=1 (2.5)

A spherical shell surrounds AUT. The structural scattering will be mini-
mum, and the miss match fraction (m = |S;; — Fs|?) will be the antenna mode
scattering term. By reciprocity, the transmit efficiency and the receiving effi-

ciency are same (7). Then the scattering coefficient in the shell becomes:

1S1 = Fu|? = m+n° +n*m® + °m? + n*m® + ...
= |S11 — Fs|2 + 772Un:0‘S11 — Fs‘zn
1
1 — S — Fsl?

(2.6)
= |S11 - Fs|2 + 772

n=+ (1[5 - FP) (S~ W) —[Su — FJ) (2.7)

A metallic chamber which is oblate with a diameter of 70cm is used for the
efficiency measurements. Return loss (Sj; — Fs )of the antenna in the open
space is measured. The return loss is measured for the antenna placed in a
metallic chamber (S1; — W.). These measured values are substituted into the

above equation to obtain the efficiency.

2.5 UWB Antenna Characteristics Analysis

in Time Domain

As the thesis investigates on the UWB antennas, the analysis of various time
domain parameters is compulsory. The UWB systems use short transient
pulses for the transmission of the information. The shape of the transmitted
and received pulse has to be same for distortionless transmission of the infor-
mation. In the practical cases, the received pulse will be distorted in shape
and sometimes there will be a long tail for the pulse which is called “ringing
effect” . Thus the design of the antenna should be done carefully so as to

remove these distortions.
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2.5.1 UWB Antenna System Model

A typical UWB transmitter-receiver antenna system [19,20] is shown in Fig
2.5.

Antenna System

S(w@) 521(“)/5“{“}

Figure 2.5: UWB antenna system

The transmitted and received power in a system of two antennas are given

by the Friss transmission equation, as given in Eqn 2.8

P, S A \2 s
B = L= [WP)A = IBPIGGIRRE (5) IPRE - @8)

Where P, is the input power given to transmitting antenna and P, is the
output power measured from the receiving antenna. Both theses values are
taken after time averaging. GG; and G, represent the transmitter and receiver
antenna gains. d represents the distance between the two antennas. All the
parameters in the equation 2.8 are frequency reliant for a wideband system.

The formula for a wideband system is shown below.

P (w)
Py(w)

= (1= (@)1~ (@) P)C )G @A) P @) (1) (29)

In the case of two similar antennae with polarization and reflection matching
aligned for maximum directional reception and radiation, the above equation

reduces to
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P.(w) _ ( A

ro = (¢ d>2GT(w)Gt(w) (2.10)

The transfer function defines the input /output relationship of a system.
From Fig 2.5,

V2 (w
2.11
2
VW) _ p(w)Ze
2
Then Sy, can be written as
_ Vi(w)
)= v
_ P.(w)Zp i) (2.12)
P (w)4Z;,
= |Sa1 (w)[e7)
wd
pw) = puw) + or(w) + — (2.13)

d gives the separation between the two antennas. The terms, ¢;(w) and
¢ (w) is the phase deviation associated with the Tx and Rx antennas. The
transfer function of an antenna system depends on various antenna charac-
teristics. This includes the gain, matching, and polarization. The distance of
separation, d between the two antennas also has to be considered. S5 is an
important parameter in the antenna engineering since we can calculate even

path loss and phase delay.

2.5.2 Group Delay

Negative frequency derivative of signal phase is what we call as group delay.
Both phase and amplitude distortions are encountered when a signal propa-

gates through a medium. The properties of the medium/device determine the
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amount of distortion. A pulse hitting a device or material will have many fre-
quency components, and each frequency component undergoes different phase
shifts. Group delay measures the dispersive nature of the device.

The group delay is mathematically related to the system response as:

H(f) = A(w)e!’@ (2.14)
And
)
Ty =— (2.15)

The nonlinearity of the phase response gives rise to the variation of group
delay. That is the input signal will have different delays with respect to the
frequency, and because of that the output signal will be highly distorted. The
phase response of a filter has to satisfy the following relationships to have a

constant group delay [21].

O(w)=—-aw OR O(w)=p—aw (2.16)

UWB antenna is considered similar to that of a band pass filter. It has
certain phase and magnitude response. The group delay is used to determine
the phase linearities. The group delay is related to antenna gain response.
The nonlinearities present in the phase can be efficiently analyzed using group
delay plot. The input given to the UWB antenna is short pulses with large
bandwidth. So if there exists a variation of the group delay in the passband
of the transmitted pulse, it will distort the pulse. Two similar antennas are

placed face to face and side by side orientations for measuring the group delay.

2.5.3 Selection of Source Pulse

The selection of the input pulse for the UWB antenna systems is the prime
factor which has to be considered in the transient analysis. The chosen pulse
width should be minimum and should contain all the frequency components
of the required band. Various waveforms proposed for the UWB systems in

the literature are the Laplacian pulse , cubic pulse, and Rayleighs pulse and
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Gaussian pulses which are non-damped waveforms. If the width of these pulses
is in order of nanoseconds, it satisfies the spectral requirements.

The spectrum of the chosen pulse should be uniform over the entire fre-
quency range. The presence of DC components should not be there in the
spectrum [22]. According to FCC any pulses with a bandwidth of 500M H z
or greater can be used as UWB signals. FCC has limited the power of the
signal to be transmitted. Thus the Pulse shape becomes significant in con-
sidering SNR, the effective bandwidth, and power utilization [23]. A suitable
candidate is a Gaussian pulse, but the presence of the DC offset in the power
spectral density leads to improper radiation [24]. A novel prolate spheroid
wave functions are proposed as pulse shapes for use in impulse radio(ultra
wideband) communications which yield orthogonal pulses and have a con-
stant pulse width regardless of the pulse order which eliminates inter symbol
interference [25]. Numerical generation of the pulses that fits in the FCC
UWB mask is also studied [26,27]. Although the pulses generated using this
method are mutually orthogonal, it requires high sampling rates that lead to
large memory requirements and thus implementation difficulties.

Signal bandwidth can be changed by pulse width variation and modulate
with a sinusoid. There are UWB applications like impulse radio which uses
carrier less transmission which cannot use the above method. The properties
of the Hermite orthogonal polynomials [28] are changed so as to shape the
pulse according to our needs. The most commonly used method is the use
of the higher order Gaussian derivatives pulses [29] . Various differentiated
Gaussian pulses have exceptional temporal and spectral properties. These are
similar to that of a sinusoid modulated by Gaussian envelope.

V,(t) = % [6—27@2] (2.17)

Where n is the order of differentiation and represents the time in radians
when Vy(o) = ¢!, as shown in Fig 2.6(a). Certain higher order Gaussian
derivatives pulses match the UWB band directly. Fourth order Rayleigh pulse
is an example for the same. To peak the pulse spectrum at 5.5 GHz, o value
is chosen properly. This is the input pulse template used in this thesis for the
analysis of the UWB antennas. Fig 2.6(a) shows the Gaussian pulse and their
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derivatives. For a better distinction the figures are shifted in X-axis in Fig

2.6(a) and their power spectral densities in Fig 2.6 (b).
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Figure 2.6: Gaussian Pulse and their Derivatives (a) Time domain (b) Power spec-

tral densities

2.5.4 UWRB antenna Transfer function Determination

Two similar antennas are used for determining the system transfer function.
The S,1 is measured for these antennas in various orientations. These mea-
sured values are substituted into the equation given below to calculate the

transfer function (H(w)).

JwR

(27 RS2 (w)e™< )
Jw

H(w) = (2.18)
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The two antennas are placed at a distance of R and ¢ represents the free

space velocity.

2.5.5 Impulse Response

The impulse response is deduced by taking the IFF'T of the transfer function.
The measurement is taken over a frequency range of 3 to 12 GHz. Zero
padding is done at the frequencies starting from 0 — 3 GHz and 12 to f,4z.
This is done to so as to eliminate the response of the antenna to the noise
signals in the out of band frequencies [30]. The conjugate of the zero padded
signal is taken and reflected to the negative frequencies. This results in a
symmetric pattern around DC. The IFFT of this signal gives the time domain

impulse response.

2.5.6 UWB Antenna Received Signal Response

In the case of a UWB system, the received pulse waveforms should be same
as for that of the transmitted waveforms with minimal distortions. The pulse
received can be calculated from the source pulse and the system transfer
function measured using a similar set of antennas.

The transfer function is the system response in frequency domain. It is
measured using a VNA. The transfer function has to be transformed into
the time domain. This is done by Hermitian Processing [31]. Zero padding
is done to the transfer function from the lowest frequency down to DC. The
zero padded signal is then conjugated and reflected to the negative frequencies.
This results in the impulse response of the system in the frequency domain. It
is then converted to the time domain using IFFT. The time domain impulse

response is convolved with the input signal to obtain the output signal.

2.5.7 Fidelity Factor and Pulse Distortion Analysis

In the ideal condition, a UWB antenna should replicate the input pulse at the

receiver end. However, in real-world changes in the radiation characteristics

Cochin University of Science and Technology 47



Chapter. 2

and the position of the phase centers changes the transmitted pulse prop-
erties. This leads to non-linear phase response of the antenna resulting in
pulse dispersion. Distortions of the signals in the frequency domain result in
pulse dispersion hence the shape of the pulse is changed. Complex detection
schemes have to be used at the receiver to recover a distorted pulse. Constant
gain over the entire bandwidth is an important criterion for UWB antennas.
This eliminates the frequency dependent distortions of the pulse transmitted.
The received pulse shows spatial dependencies as the antenna gain varies with
angles [32]. The spatiotemporal impulse responses account for the Pulse de-
formations introduced by the antenna along the various point of references.
Fidelity factor is a term used to represent the similarity in the input pulse and
the received pulse. It is the measure of how faithfully an antenna reproduces
the shape of an input pulse. The commonly employed UWB receivers are
mainly based on the correlation with the template waveform or based on the
pulse energy detection. So the fidelity factor has to be calculated for finding
the pulse distortions [33]. The fidelity factor, F is expressed as

fX(t)-fY(t — T1)dT
I IX @Rt [ 1Y ()t

Here 7 is the delay that is varied so as to maximize the numerator. The

FidelityFactor(F) = MAX (2.19)

fidelity factor compares only the shape of the waveforms. The amplitudes
of the waveforms are not compared. For different antenna orientations the
fidelity factor is computed taking y(¢) as the input waveform and z(t) as the
received one [34].

In order to identify how a UWB system performs, two similar planar an-
tennas are taken assuming one as the transmitting antenna and other as the
receiving antenna. Both the antennas are placed in the free space 120cms
apart, to be in the far field of each other.

2.5.8 EIRP

UWB communication is intended for short range high speed wireless indoor
communication. Study of the antenna characteristics is most important be-
cause of this. The FCC spectral mask limits the EIRP of the antenna. So
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advance study on the effect of the UWB antenna on the input pulse is re-

quired. The gain of the isotropic antenna is similar in all directions which

imply

Gr(f,0,9) = Gr(f) (2.20)

Where Gr is the transmitter antenna gain, # and ¢ represents the azimuth
and elevation angles in the spherical coordinates respectively. The radiated

power density of the antenna over a sphere of radius d is given as,

Pr(f)Gr(f
p(f) = —T(47)Td2T( ) (2.21)
Isotropic Radiated power is given as
T p midid
IRP(f) = d?ef/ / T(f>GZ(£3$m ¢ (2.22)
0 0 a ref

Where d,. is the distance of separation between the antennas. In the case
of any practical UWB antennas, FCC requirement is that on any point of the
sphere at a distance of d,.f, the power radiated must not go beyond that of

the isotropic antenna, so the name effective isotropic radiated power(EIRP).

IRP(f) =maxysoPr(f)Gr(f,¢,0)

(2.23)
= Pr(f)Gr(f, b0, )

Where (¢, 0p) represents the maximal gain direction in the spherical coordi-

nates. Let Gr(f) be maximum gain at a frequency f then,
EIRP(f) = Py(f)Gr(f) (2.24)

Friis transmission formula in its simple form is used to calculate the EIRP
in watts per unit bandwidth. In this case, both the antennas are assumed to

be polarization and impedance matched [35].

EIRP(f) = Pr(f)Gr(f) ( = df> (2.25)
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In the equation 2.25 Pr(f) is the transmitted power density, Gg(f) is
the gain of the antenna at the receiving side, d is the far field separation
of the transmit and receive antenna, c is the velocity of light and f is the
desired frequency of operation. This equation is only valid if we place the
antennas in their far fields. The separation between the antennas should
be greater than that of the maximum dimensions of the antenna used for
transmission(d > 2D?% /\). When D,,,, >> A, the field strength at the
farfield will be very low. Near field, measurements are taken in those cases
for estimating the EIRP [36].

As far as UWB antenna is concerned, the maximum antenna dimension
is always less than the distance between the transmit and receive antenna,
and the 10 GHz is the highest frequency of interest. There will be sufficient
farfied distance in our case, and the equation 2.25 will be valid. Similar receive
and transmit antennas are used for measuring the EIRP using the network

analyzer.

_ Palf)
Pr(f)

Where Hepg is the channel response and which is determined by the trans-

Hon(f)

(2.26)

mitting and receive antenna responses in the free space. The orientation of
the antennas is to be adjusted with care for maximum reception of transmit-
ted power. The gain of the transmitter antenna and receiver antenna is the
same. Then we can write it as a common term G(f) = Gr(f) = Gg(f)and
from Eqn 2.23 and Eqn 2.25 we have

Pr(f)
Pr(f)

BIRP(f) = v/Hen(7) (0 (2.28)

This expression was derived under the assumption that, there is no mul-

Heon(f) =

(2.27)

tipath reflection in the Friss transmission formula. Practically this condition
may be created by RF absorbers around the antenna while measuring Hepy
which will absorb all the major unwanted reflections. The remaining reflec-

tions caused due to the multipath signal can be eliminated by the truncation
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of channel impulse response. The truncated impulse response is then trans-

formed into frequency domain using fourier transform so as to use in eqn

2.28.
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Chapter 3

OPEN ENDED SLOTLINE FED
ANTENNAS

The chapter gives a bright idea on the open-ended slot line/CPS and
their characteristics. CPS fed dipole antenna for PCS1900/5.2 GHz
WLAN bands is presented and analyzed. The suitability of the open
ended slot line is analyzed for building an efficient radiator. The char-
acteristics of the antenna are studied, and empirical design equations
are developed and validated on different substrates.
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3.1 Introduction

The antenna may be treated as an electromagnetic field to current and cur-

rent to field converter. Antenna generates radiation from the electromagnetic
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current fed to it using the different feeding mechanisms and vice versa. Maxi-
mum power is transferred from source to load only if the feed point impedance
matches the source impedance. Hence the role of feed in the design of compact
efficient antennas is significant.

Antennas have undergone rapid evolution from the huge three-dimensional
structures to the small planar ones. Different feeding mechanisms used in the
planar antenna technologies are discussed in the chapter. The suitability
of open-ended slot line for designing an antenna is also discussed. A dual
band antenna evolved from the basic open ended slot line is presented and
exhaustively studied using simulation tools and experimentally verified.

3.2 Printed Transmission Lines

Studies of planar transmission lines are crucial as far as the planar antenna
design is concerned. Different planar feeding techniques are presented in the
present section. One of the most commonly used planar transmission lines is
Microstrip line which is a dual-layered structure. Coplanar waveguide and the
slotline/coplanar strips are the uniplanar transmission lines discussed here.

3.2.1 Microstrip Line

The structure of microstrip line is depicted in Fig 3.1. Micro Strip Line has a
narrow metal signal strip fabricated on a low loss dielectric substrate backed
by a metallic ground plane. The parameters determining the characteristic
impedance of the microstrip are the signal strip width (w), the substrate
height (h) and the dielectric constant of the substrate (e,) [1].

= Signal Strip

— * Substrate

* Ground Plana

Figure 3.1: Microstrip line
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Since the structure is a two-sided one, the integration of microwave com-
ponents, both active and passive is difficult. Uniplanar antennas are mostly
preferred for solving this problem. The commonly used transmission lines in

this category include coplanar waveguide and slotlines/coplanar Strips .

3.2.2 CPW Transmission Line

The structure of a coplanar waveguide is shown in Fig 3.2. It consists of
a central conductor and parallel ground planes separated by a small gap at
both the sides. The width of the central conductor and the gap determines the
characteristic impedance for a chosen substrate with height (k) and dielectric
constant (€,) [2]. Integration of the circuit elements is easy since the structure

is uniplanar

Figure 3.2: CPW Transmission Line

3.2.3 Co-Planar Strip(CPS)/Slotline

A slot line is a uniplanar transmission line proposed by Cohn in 1968 for use
in microwave integrated circuits [3]. A slot line consists of a narrow gap
etched out from metallization fabricated on a dielectric substrate as shown
in Fig 3.3. The other side of the substrate is not having metallization. The
uniplanar nature of the slot line makes it suitable for the use in the MMIC

circuits.
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Slotline may be treated as the complementary structure of the CPW in
with the center strip replaced with a slot, and the gaps are substituted with
metallization. The basic structure consists of two metal plates separated with
a gap g. Slotline may be treated as a planar version of parallel wire transmis-
sion line. Active and passive elements can be connected easily in the series
mode or the shunt mode which make the slot line an attractive choice for
MMIC circuits. Since both the signal strips used in slot line are having the
same surface area, the surface current distributions will also be same on both
strips. The feed is connected between the two metal strips out of which one
acts as a signal strip and other serves as the ground.

CPS is a good transmission line when it is fabricated on a substrate with
high permittivity. But for substrates, with lower permittivity, the use of CPS
is lossy due to the non-confinement of the field in the gap. Slot line on a low

permittivity substrate has interesting applications in the antenna engineering.

* Ground Strip

Signal Strip

*  Substrate

Figure 3.3: CPS/Slotline Transmission Line

The characteristic impedance of the slotline is determined by the gap g and
the permittivity of the substrate. The characteristic impedance is obtained by
curve-fitting the numerical results obtained from Galerkins method in Fourier
transform domain [4].

For 0.0015 < g/A¢ < 0.075 and 3.8 < €, < 9.8 the characteristic impedance
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of the slotline is given by the following equation.

Zy = T3T6 — 2,156, + (638.9 - 31.37,) ()"

0

9
23+/€2 4+ 41 — 22 h
3628V T 08166 — 2

+0.51(, +2.12) (%)ln(l?\()h
0

) 07536 (h/20) /g Mo (3.1)

3.3 Open Ended Slot line(OES)

As already mentioned Slot line is a good transmission line when fabricated on
high dielectric permittivity substrates (e, > 10). In the case of high permit-
tivity substrates, the slot mode wavelength will be very much smaller than the
free space wavelength. In the case of low permittivity substrates, radiation
losses occur from the slot line since the slot mode wavelength will be greater
than the free space wavelength. So the fields are not confined to the slot.
So we usually dont use slot line as a transmission line with low permittiv-
ity substrates but for an antenna designer to generate radiation from slotline
transmission line is relatively easy. This is the motivation for designing slot
line fed antennas in the present work. Since the chapter deals with CPS fed
dipole antenna the detailed study of open-ended slot line is required. Slot
line with open ends is analyzed here. An open ended slot line with reduced
dimensions is shown in the Fig 3.4.

9

Figure 3.4: Slotline with open end (L, = 13 mm, W, = 14.75 mm, g = 0.5 mm,
h=16 mm, ¢ =4.4)
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In order to understand the radiation properties of the open ended slotline,
the structure is simulated on an FR4 substrate (¢, = 4.4, h = 1.6 mm and
tand = 0.016) with the dimensions L, = 13 mm, W, = 14.75 mm and g = 0.5
mm. The simulation was done using CST Microwave Studio , and the result
is plotted in Fig 3.5. A resonance at 4 GHz is observed with poor impedance
matching from the figure.

S,,(dB)

Frequency Vs S11

Frequency(GHz)

Figure 3.5: Reflection Characteristics of Open ended Slotline (Ly = 13 mm, Wy =
14.75 mm, g = 0.5 mm, h = 1.6 mm, ¢, = 4.4)

The simulated efficiency of this design is 71% with a gain of 1.8dBi

3.3.1 Parametric Analysis

To obtain a vivid view of the characteristics of the antenna, the parametric
analysis of the antenna is performed. The following section describes the

effects of various parameters on the resonant frequency.

Effect of Parameter L, on Reflection Characteristics.

Reflection characteristics of the short open-ended CPS with respect to the
variation of the parameter L, is shown in Fig 3.6. The shift in resonance is
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negligible with the parameter variation as shown in the figure. As L, increases
the resonant frequency slightly shifts to a higher value, which is caused by the
confinement of the fringing field close to the gap and the surface current
density at the far end of the strips from gap are very low. That is, in the
case of an open-ended CPS with higher values of Ly, the resonance current is
maximum near the gap, and the average resonance length is reduced which
causes the resonance to shift to a higher value.If we increase L, above 0.61/,
the resonance shifts to a lower value, which is shown in fig 3.6(b). This is
due to the formation of a new resonant path along the slot length. This
resonant path is utilized in the dual band antenna design. As L, increases the
input impedance becomes more and more inductive causing the reduction in

matching.

Lg=Smm
Lg=6mm
Lg=7mm
Lg=8mm
Lg=9mm

Frequency(GHz) Frequency(GHz)
(a) (b)

Figure 3.6: Variation of Reflection Characteristics with Ly (a)Ly <10 mm (b)Lg

>10 mm
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-8 \ \\ // ——————  W=1475mm

\\ v/! — — —  W,=1575mm

-10 - \\ £ — ———  Wj=16.75mm

LoNSA oo W,=17.75mm

o :; ................ Wg=18.75mm
-14 T T T T T

2 3 4 5 6 7 8
Frequency(GHz)

Figure 3.7: Variation of Reflection Characteristics with W

Effect of W, on Reflection Characteristics

Fig 3.7 shows the variation of the S7; with the change in the width of the strips
W,. It is seen that as W, increases the resonance shifts to a lower frequency.
This shows W, is an important parameter in determining the resonance. Av-
erage resonance length increases with the increase in W,. Impedance match-
ing is affected by the variation of this parameter due to the change in input

impedance at resonance.

Variation in Reflection Coefficient with Substrate Thickness (h)

Variation of Si; with the change in substrate thickness is studied, and the
results are plotted in Fig 3.8. As the substrate thickness increases, the only
noticeable difference is in the impedance matching. Resonant frequencies are

not affected by this parametric change.
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Frequency(GHz)

Figure 3.8: Variation of Reflection Characteristics with h

Effect of ¢, on the Reflection Characteristics.

Four different substrates are chosen so as to study the dependency of Sy,
on the €.. The results of the analysis are shown in Fig 3.9. The resonant
frequency shift to a lower value with the increase in permittivity. Impedance

matching is reduced as we increase ¢,.

3.3.2 Analysis of OES Using Surface Current Distribu-

tions

The surface current distribution of an open ended slot line at 4.2 GHz is
shown in the Fig 3.10. It is seen from the figure that the surface current is
aligned as in a dipole antenna along the strips. Half wave variations are seen
along the width of the antenna. The polarization of the antenna is along the
x-direction. From the parametric analysis, it is seen that as the length of the

slotline increases the resonance shifts to a higher value. To investigate into
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this problem, the absolute surface current distributions of open-ended slotline

0
2
4 4
S, (dB)
6 -
-8 4
€722
—_—— — e =4.4
-10 4 r
—_——— — £,=6.15
—————— £=10.2
-12 T T T T
2 3 4 5 6 7 8

Frequency(GHz)

Figure 3.9: Reflection characteristics of OES on different substrates
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Figure 3.10: Surface current distribution of OES at 4.03 GHz

with different lengths are analyzed. The results are shown in Fig 3.11. From
the figure, it is clear that the surface current density of CPS with reduced
length is seen at the conducting part of the CPS. As length increases the
surface current density tends to confine near the slot. The current densities
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at the far end are very low, resulting in the reduction of effective resonant
length. This substantiates the reason for the abnormal behavior of resonance

with the increase in parameter L,.

(a)

(b)

(c)
“ Y
(d) z

Figure 3.11: Absolute Surface current distribution of OES at 4.03 GHz for (a)Ly = 6
mm (b) Ly =8 mm (c) Ly =10 mm (d)Ly = 12 mm

X

Cochin University of Science and Technology 65



Chapter. 3

Figure 3.12: Simulated 3D Radiation Pattern of OES at 4.03 GHz

3.4 Open Ended CPS Fed Single Band Radi-
ator

From the parametric studies done in section 3.3, it is clear that the CPS can
be transformed as an efficient radiator. The following sections describe the
evolution of CPS fed dipole antenna for dual band applications. The evolution
of the antenna begins with a basic open-ended slotline, from which a single

band radiator is formed, which is then converted into a dual band antenna.

3.4.1 Single Band OES Radiator

A basic open-ended CPS/Slotline with reduced length has a surface current
distribution similar to that of a dipole antenna as shown in Fig 3.10. Ex-
tending a strip from the top edge of OES results the increase of inductive

reactance which improves the impedance matching. Effective resonant length
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is increased due to this extension. . The geometry of the proposed single band

design is shown in Fig 3.13a and the simulated

-10 4
S,,(dB)
-15 1

20 4

25 4

T
1 2 3 4 5 6 74

Frequency(GHz)
(a) (b)

Figure 3.13: Single band OES antenna design (S1 = 25 mm, Wy = 9.75 mm, Ly =
13 mm, a = 4.65 mm, g = 0.5 mm) (a) Geometry (b) Reflection Characteristics

reflection characteristics is shown in the Fig 3.13b.Resonance is observed at
2.43 GHz with proper impedance matching. The deciding length for this
resonance is (S + a + W,) which is approximately half the guided wavelength
long. Parametric analysis is performed so as to study the cause of resonance

and radiation.

3.4.2 Effect of Strip S; on the Reflection Characteristics

of the Antenna

The variational study of the parameter S; on the reflection characteristics is
shown in Fig 3.14. It is seen that the resonant frequency shifts to a lower

value with the increase in S;. As S increases, the effective resonance length
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is increased causing resonance to come to a lower value. It is observed that

the impedance matching is decreased slightly with the increase in S;.

S,,(dB)

S1=23mm
S1=24mm
S1=25mm
S1=26mm
S1=27mm

-30 T T T T

Frequency(GHz)

Figure 8.14: Effect of Strip S1 on the reflection characteristics of the antenna.

3.4.3 Effect of Strip Width W, on the Reflection Char-

acteristics of the Antenna

The effect of the width of the strip on the reflection characteristics is analyzed
using CST Microwave studio, and the results are plotted in Fig 3.15. It is seen
that resonant frequency shifts to a higher value as we increase in strip width,
this is due to the reduction of the effective resonant length that is, as W,
increases the length a is reduced which is the part of the effective resonant
path which contributes to radiation. The impedance matching of the antenna
is decreased as the width of the strip increases; this is due to the change in
input impedance. The real part of the impedance increases with the increase

in strip width.

68 Department of Electronics



Open Ended Slotline Fed Antennas

..........

S,,(dB) -
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Figure 3.15: Effect of strip width Wy on the reflection characteristics
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Figure 3.16: Effect of Wy on the reflection characteristics
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3.4.4 Effect of W, on the Reflection Characteristics of

the Antenna

As W, increases the resonance come to a lower value which indicates that
W, is a determinant factor for the resonance and radiation which is shown in
Fig 3.16. Impedance matching also improves with the increase in W,. This is
because of the increase in distributed capacitance which leads to the reduction
in reactive part of the input impedance which approaches towards zero. Thus
the impedance matching is improved. As the strip width increases the real

part of the input impedance increases and it approaches towards 502.

3.4.5 Surface Current Distribution and 3D Radiation
Pattern of the Antenna

The surface current distribution of the antenna is plotted in figure 3.17. A half
wave variation is seen across the points ABC with A and C being the minima
points and B is the point where the maximum surface current density is per-
ceived. It substantiates the parametric analysis and the reason for resonance.
The resonance length is contributed by the parameters S;, W, and a. As the
strips are extended, the surface current density is distributed along the strip
length. The simulated 3D radiation pattern of the OES antenna is shown in
Fig 3.18. It is seen that the maximum radiation is along the X direction and
the nulls are located on the Y axis. The antenna is linearly polarized along

the Y axis.

70 Department of Electronics



Open Ended Slotline Fed Antennas

Y

Figure 8.17: Simulated surface current distributions at 2.43 GHz

X

Figure 3.18: Simulated 3D radiation pattern at 2.43 GHz
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3.5 OES Dual Band Radiator

Section 3.3 is the first stage of evolution of the OES dual band antenna. For
obtaining a single band resonance, we extended the left strip of CPS which
resulted in an efficient radiator. In order to get an additional resonance,

another strip is extended from the right side of CPS.

9 9
(b) (¢)

Figure 3.19: Evolution of the dual band antenna (a) Basic OES (b) CPS fed single

band antenna (c) Basic dual band design
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3.5.1 Evolution of OES Dual Band Radiator

Evolution of OES dual band radiator is depicted in Fig 3.19. The design is
emerged from a basic open-ended slot line radiator. In order to excite an
additional resonance, the right strip of the CPS is extended slightly which
resulted in resonance near 6 GHz the design is shown in Fig 3.19(c), and the

corresponding simulated Sy, is given in Fig 3.20.

0

-10 4
S,,(dB)
-15 A

20

25

Frequency(GHz)

Figure 3.20: Reflection characteristics of the dual band antenna

3.5.2 CPS Fed Dipole Antenna for PCS/WLAN Appli-
cations

CPS fed dipole antenna with asymmetric arm lengths is proposed in the
present section. The design is obtained by bending the strip S; shown in Fig
3.19(c) into an inverted L form so as to bring down the resonant frequency
to cover the PCS band. The higher resonance at 6 GHz shown in Fig 3.20 is
also bought down to 5.2 GHz which covers the WLAN band. The detailed
analysis of the final dual band antenna is done in the following sections. The
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antenna radiates both in the PCS1900 band and 5.2 GHz WLAN bands. The
geometry of the evolved design is shown in Fig 3.21. The design is fabricated
on an FR4 substrate with ¢, = 4.4, h = 1.6 mm and tand = 0.016. The gap g
of the slotline is designed for obtaining 50 2 impedance. Variational studies
of the antenna parameters are performed in the next section so as to get a

clear idea of the radiation mechanism .

“.'

E

Figure 3.21: Geometry of the PCS/WLAN antenna (S; = 21.5 mm, Sy = 13.9
mm,S3 = 6 mm, a = 4.65 mm, b = 1.75 mm, Ly = 13 mm, ¢, = 4.4, W, = 9.75

mm, g = 0.5 mm)

Effect of the Parameter S; on the Reflection Characteristics

The dependence of the parameter S, on the resonances is shown in Fig 3.22.
It is seen that as the parameter S5 increases both the resonances are shifted
to a lower value, which gives us the indication that S, is an important pa-
rameter which contributes towards the effective resonant lengths at both the

frequencies. The separate parametric studies of S are not required since S;
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Figure 3.22: Effect of the parameter So on reflection characteristics
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Figure 3.23: Effect of the parameter S3 on reflection characteristics

and Sy are the part of a continuous resonant path. Thus the effect of S; and S5
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can be taken together for analysis. Impedance matching and the bandwidth
at the lower resonance remains unchanged. Whereas at higher resonance it is
observed that the impedance matching decreases with increase in the length
Ss.

Effect of the Parameter S; on the Reflection Characteristics

The dependence of the parameter S3 that is the length of the second extension
strip from the top end of the other strip on the reflection characteristics is
analyzed and the result is shown in the Fig 3.23.

From the Figure, it is seen that both the resonances are affected by the
variation of the parameter S;. Both the resonances shift to a lower value
as the length S3 increases. However, the effect is more predominant for the
higher resonance where the wavelength becomes comparable with the length
Ss3. Impedance matching at the first resonance increases with increase in
length Sj.

'30 T T T T T
1 2 3 4 5 6 7

Frequency(GHz)

Figure 3.24: Effect of the parameter L, on reflection characteristics
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Effect of the Parameter L, on the Reflection Characteristics

The effect of Ly on the reflection characteristics is studied, and the results
are plotted in Fig 3.24. From the Figure, it is seen that as the value of L,
increases, the second resonance is shifted to a lower value. The first resonance
is unaffected by the variation of L,. So the second resonance can be tuned
independently by changing the length L,.

3.5.3 Analysis of Surface Current Distribution

To identify the resonant path and radiation mechanism, surface current dis-
tributions are analyzed. Surface current distribution for the resonance 1.88
GHz is shown in the Fig 3.25. From the Figure, a half wave variation is seen
across the path ABC which includes the inner edge of the length (S; + 55), a,
b and S3. A and C are the points where minimum surface current densities

are seen, and maximum surface current density is seen at B.
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Figure 3.25: Simulated surface current distribution at 1.88 GHz

The surface current distributions at 5.2 GHz are shown in the Fig 3.26.
Four half wave variations can be seen along the path ABCDEFG. One along
ABC with B is the maxima point, one along CDE, D being the maxima point,
one along the EFG, F being the maxima point and the final one from G to
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Figure 3.26: Simulated surface current distribution ot 5.2 GHz

H with the maxima point in between them. It is seen that an anti-parallel
current path exists at the both ends of the gap which cancels at the far field,
but it contributes towards the second resonance.

Thus it is seen from the surface current distributions both the resonance
can be varied by a similar set of parameters. The length L, contributes
towards the second resonance but non-radiating. Since L, is the path which
includes the SMA connector also, the spurious feed radiation can be avoided
in the proposed design. The advantage of the proposed design is both same
parameters can control the resonances. Polarization is linear along the Y axis

in both the bands.

3.5.4 Antenna Design

From the parametric analysis, the deciding factors for both the resonance are
investigated. The effects of these parameters are verified using the surface
current distributions. Approximate design equations are derived from the
above studies, as given below.

Ls1 + Lgo = 0.51)\91 (3.2)
LSI + LS2 —+ 2Lg == 2.2)\92 (33)
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Lot =5+ 8 +a (3.4)
Lsy=Ss+b (3.5)
Agt = Agor//Ererf (3.6)
cress = S (3.7)

Optimal parameters computed based on these design equations for the

antenna are given in Table 3.1

Table 3.1: Computed antenna parameters

(A1l lengths in mm) ANT1 ANT2 ANT 3
Substrate Rogers 5880 FR4 EPOXY Rogers RO 3006
h(mm) 1.57 1.6 1.28
€r 2.2 4.4 6.15
g 0.30 0.5 0.75
S1 27.02 21.5 18.69
S 18.05 13.9 12.08
Ss 7.79 6 5.21
a 6.04 4.65 4.04
b 2.27 1.75 1.72
L, 16.86 13 11.30
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Figure 3.27: Reflection characteristics verification on different substrates
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Figure 3.28: Reflection Characteristics Measured and Simulated
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3.5.5 Experimental Results

The proposed antenna is fabricated on the FR4 substrate, and its character-
istics are measured using vector network analyzer. The measured reflection
characteristics are compared with the simulation results in Fig 3.28, where
there is an agreement within tolerable limits. Two resonances, one at 1.88
GHz and the other at 5.4 GHz which covers the PCS1900 and WLAN bands.
The gain of the antenna measured is found to be 2.38dBi and 3.4dB7 for
lower and higher band respectively. Measured efficiency is determined to be
88.6% and 92% respectively. The measured radiation pattern of the antenna
is shown in Fig 3.29 and Fig 3.30 for 1.88 GHz and 5.2 GHz respectively.Both

the bands shows almost similar radiation patterns which are omnidirectional.

- ECO
eee ECROSS

- HCO
eee HCROSS

(a) E plane (b) H plane

Figure 3.29: Measured Radiation pattern at 1.88 GHz
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— HCO
*+ HCROSS

++++ ECROSS
— ECO

(a) E plane (b) H plane

Figure 8.30: Measured Radiation pattern at 5.2 GHz

3.6 Chapter Conclusions

The chapter gave a detailed analysis for various available planar feeding tech-
niques. The analysis of the open ended slot lines with reduced length is ana-
lyzed. The evolution of the dual band radiator from a basic open ended slot
line is discussed in detail. The dual band antenna designed for PCS/WLAN
applications possess good radiation characteristics. The fabricated prototype

of the antenna is shown in Fig 3.31.
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Table 3.2: Comparison of proposed antenna with Literature antennas

Proposed
Parameter = ANT1 [5] ANT2 [6] ANT3 [7]
Design
1.9 GHz, 2.5 GHz,
Resonance 2.1 GHz, 1.88 GHz,
3.5 GHz, 3.5 GHz,
Frequencies 5.9 GHz 5.4 GHz
5.5 GHz 5.2 GHz
40 mm 28 mm 58 mm 25 mm
Size X X X X
36mm 32 mm 62 mm 20 mm
2.77 dBi,
0.3dBi, 2.2 2 dBi, 2.7 238 dBi,
Gain 2.98 dBi,
dBi dBi 3.4 dBi
2.78 dBi
90%, 88.6%,
Efficiency 85% >
80% 92%

Figure 3.31: Fabricated Prototype of the antenna
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Chapter 4

CLOSED ENDED SLOTLINE
ANTENNAS

The chapter highlights the creation of efficient radiation from the closed-
ended slotline and the impedance and radiation characteristics of these
antennas. Slot line fed uniplanar antenna for 2.4/5.8GHz WLAN ap-
plications is derived from a basic closed ended slot line with a transi-
tion from slot line to the rectangular slot with proper tapering. The
subsequent sections discuss the slotline coupled wideband slot radiator
which investigates slotline to slot coupling technique for efficient radia-
tion. The antenna is designed to radiate a bandwidth of 4.8 to 6.2GH z
covering both the 5.2/5.8 GHz WLAN bands. The design equations for
both the antennas are derived and validated on three different substrates,
which resulted in a similar response.

Contents

4.1 Basic Closed Ended Slotline . . . ... ... .... 86

4.2 Slotline Fed Uniplanar Antenna for 2.4 GHz/ 5.8
GHz WLAN Applications . ............. 92

4.3 Slotline Coupled Wideband Slot Radiator for 5.2/5.8
GHz WLAN Communications . . . .. ... .... 106
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4.1 Basic Closed Ended Slotline

The characteristics of the open ended slot lines are discussed in section 3.2.
Closed-ended slot lines are formed by shorting the one end of the slotline.

A better understanding of the closed ended slot line is necessary so as to

8

Figure 4.1: Basic closed-ended slotline geometry

analyze the antennas with the closed end. A basic closed end slotline antenna
has the properties of a slot antenna, where the resonance is determined only
by the slot length thus extending the circuit ground to the metallization does
not affect the resonance frequency. A basic closed ended slot line is shown
in the Fig 4.1 with parameters, ¢ = 0.5 mm, L, = 25 mm, W, = 18 mm,
and Ly = 13.5 mm. FR4 (¢, = 4.4, h = 1.6 mm, tand = 0.016) substrate is
chosen for designing the closed-ended slotline. The gap g is optimized so as to
obtain nearly 502 input impedance. The simulated reflection characteristics
obtained in CST microwave studio is shown in the Fig 4.2. A resonance with

poor matching is observed near 6 GHz. Since our aim is to use it as an
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Figure 4.2: Reflection characteristics of basic closed ended slotline

antenna, better matching is to be obtained. For this parametric studies are

done, which is discussed in the next section.

4.1.1 Parametric Analysis

The resonance frequencies and matching are always associated with different
dimensions of the structure. The use of parametric analysis is to find out
the resonance determining parameters and their effect on the reflection and

radiation characteristics of the closed ended slot line.

Effect of the parameter L, on the Reflection Characteristics

Variation of the reflection characteristics with respect to the ground plane
length L, is analyzed, and the results are plotted in Fig 4.3. From the figure, it
is seen that resonance frequency and the impedance matching remains nearly
the same with the increase in the length Lg. As L, increases, a slight reduction

in the impedance matching is seen from the figure which is due to the change
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in input impedance of the antenna.

-10 T T T T

Frequency(GHz)

Figure 4.3: Effect of Lg on reflection characteristics

Frequency(GHz)

Figure 4.4: Effect of Wy on reflection characteristics
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Effect of the parameter W, on the Reflection Characteristics

The effect of the parameter W, on the resonance and the radiation character-
istics of the closed ended slot line are analyzed, and the results are shown in
figd.4. Tt is noted that the resonance frequency remains unaffected due to the
variation of the parameter Wg. The impedance matching improves with the

increase in W,.

Effect of the Parameter L; on the Reflection Characteristics

The effects of Ly on the reflection characteristics are analyzed, and the results
are plotted in Fig 4.5. As expected the slot line length increases the resonance
comes to a lower value. Thus the parameter L; is a determinant factor for
the resonance. The matching at the resonance frequency decreases as the L
increases. This is due to the variation in input impedance which results in a

change in impedance matching.

S,,(dB)

'16 T T T T
Frequency(GHz)

Figure 4.5: Effect of Ly on reflection characteristics
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Effect of the Substrate Thickness on the Reflection Characteristics

Substrate thickness hasnt got any significant effect in the closed ended slot line
reflection characteristics. The variational study of A is shown in figd.6. As h is
increased the resonance slightly shifts to a lower value. The effective dielectric
constant changes with respect to the substrate thickness which changes the
guided wavelength causing the resonance to shift. The impedance matching

remains the same for all the values of h.

'10 T T T T
Frequency(GHz)

Figure 4.6: Effect of substrate thickness on reflection characteristics

Effect of the ¢, on the Reflection Characteristics

The variation of reflection coefficients on different dielectric substrates are ana-
lyzed using CST microwave studio, and the results are plotted in Fig ??figd.7).
From the figure, it is seen that the resonance shifts to a lower value as the
permittivity of the substrates increases, which is due to the change in guided

wavelength with respect to the permittivity of the substrates. The matching is
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reduced with the increase of permittivity. Slotline input impedance is a func-
tion of dielectric permittivity also, that is as €, changes, the input impedance

of the slot line changes. This leads to the change in impedance matching.

5,,(dB) .5 4

=1 =

=12 T T T

4 [ b3 1

Frequency(GHz)

Figure 4.7: Variation of reflection coefficient with e,

Surface Current Analysis and 3D Radiation Pattern

The simulated surface current distribution of the closed ended slot line at 6.23
GHz is shown in Fig 4.8. From the surface current distribution maximum
surface current density is seen across the top end of the slot line and the
bottom end. Minima points are near the center of the slot line. A half wave
variation is seen along the length L;. Antenna is linearly polarized along the
X direction. The simulated 3D radiation pattern of the antenna is shown
in Fig 4.9. Directivity is maximum along the Z direction, and the nulls are
located in X-axis. The gain of the closed ended antenna is found to be 2.02d B3
and efficiency 78%.
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Figure 4.8: Surface current distribution Figure 4.9: Simulated 3D radiation pat-

at 6.23 GHz tern at 6.23 GHz

4.2 Slotline Fed Uniplanar Antenna for 2.4
GHz/ 5.8 GHz WLAN Applications

Slot line fed uniplanar antenna for WLAN applications is presented in this
section. It is found from the previous sections that the efficiency of the closed
ended slot line is low when compared to that of an open ended slot line. One
way to make CES an efficient radiator is to provide a transition from slot
line to the rectangular slot which is effectively done in the subsequent sec-
tions. Impedance matching has to be improved so as to improve the antenna
efficiency. In the subsections, we will be dealing with the evolution of the

proposed antenna and its characteristics.

4.2.1 Evolution of the Proposed Design

The proposed antenna is derived from a basic closed ended slot line which we
analyzed in the previous section. Developments in the proposed antenna are
shown in the Fig 4.10. In the first stage, a closed ended slotline is designed
on an FR4 substrate with a slot length of 31.5mm. The simulated reflection

characteristics of the first stage are shown in Fig 4.11; it can be seen that a
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BASIC CLOSED SLOT LINE TO SLOT
ENDED SLOT LINE RECTANGULAR TRANSITION

Y

a
(Top view)

(Side view)

OPTIMIZED DESIGN

X

Figure 4.10: Evolution of slot line fed uniplanar antenna

tendency of radiation with poor matching near 2.4 GHz and 6 GHz.

At the second stage of evolution, a transition from slot line to a wider slot
is considered which considerably improves the impedance matching, and two
resonances are observed at 2.2 GHz and 5.7 GHz. In order to further improve

the impedance matching an arrow shaped tapering is used as a transition
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from slotline to slot. This improved the impedance matching by an amount
of —15dB.

Shorted ended slotline
—— — Rectangular Transition

-30 "
Arrow Transition
-35 T T T
0 2 4 6
Frequency(GHz)

Figure 4.11: Reflection characteristics of the Various designs shown in the Evolution

4.2.2 Parametric Analysis of the Antenna

In order to find out the resonant lengths and radiation characteristics, the

parametric analysis of various parameters is performed.

Effect of the length L,

In order to understand the effect of the parameter L, on the reflection char-
acteristics, the parametric analysis is performed, and the results are shown in
Fig 4.12. Tt is seen that the resonance frequencies are not at all affected by

this variation.

Effect of the Length 1/, on the Reflection Characteristics

Effect of the width of the ground on the reflection characteristics is studied,
and the results are depicted in Fig 4.13. As the W, increases, there is no
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Figure 4.12: Variation of reflection characteristics with L,
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Figure 4.13: Variation of reflection characteristics with W,
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noticeable change in resonance frequency. Thus the width of the ground has
no role in determining the resonance frequency. A slight increase in impedance

matching is observed with the increase in W,. Both the ground dimensions
are not at all affecting the reflection characteristics. That means the ground
dimensions can be effectively extended to MMIC circuits without affecting the

radiation characteristics of the antenna.

Effect of the Length L, on the Reflection Characteristics

The variation of reflection coefficient with respect to the parameter L is shown
in Fig 4.14. Tt is seen from the figure that both the resonance comes down to
a lower value as we increase the length of the slot L,. This indicates that the
Length of the slot is a determining factor for both the resonances. Impedance
matching for both the resonance frequencies is reduced slightly as we increase

the length of the slot. This is due to the change in antennas input impedance

-10 1

S14(in dB)

-20 4

-30 4

2 3 4 5 6 7

Frequency(GHz)

Figure 4.14: Variation of reflection characteristics with Lg
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Effect of the Length a on the Reflection Characteristics

The effect of the parameter a on the reflection characteristics is analyzed. The
result of the parametric analysis is shown in Fig 4.15. It is seen that both the
resonance frequency shifts to a lower value as we increase the parameter a.
This indicates that the parameter a is the part of the effective resonant length
which controls both the resonances. It is seen that the impedance matching
is effected in both the resonances with the increase in the parameter a. In
the lower resonant frequency, the impedance matching improves slightly with
an increase in a and at the higher frequency impedance matching decreases
with increase in a. This is due to the change in reactive part of the input

impedance.

— — — a=1mm

-35 T T T T T

1 2 3 4 5 6 7
Frequency( GHz)

Figure 4.15: Variation of reflection characteristics with a.

For a =1 mm, ¢ = 2 mm and ¢ = 3 mm the impedance is inductive and
for a greater than 3 mm it becomes capacitive hence the matching is reduced
if we increase a beyond 2 mm for the second resonance.

The variation of the input impedance with respect to the parameter a is
shown in Table 4.1.
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Table 4.1: Variation of the antenna input impedance with respect to the parameter

a

a(mm) Fo(GHz) Z(real)w Z(im)w

1 6 36.35 5.38
2 5.94 40.76 2.84
3 5.86 47.7 1.05
4 5.77 56.54 -2.34
5} 5.67 67.01 -11.46

Frequency( GHz)

Figure 4.16: Variation of the reflection characteristics with Wi

Effect of the Length W, on the Reflection Characteristics

Effect of slot width, W, on the resonance and the reflection characteristics
is depicted in Fig 4.16.As the slot width increases both the resonances shifts

slightly to a higher value.This is because of the reduction in effective reso-
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§1,1 Impedance View

Closed Ended Slotline Antennas

nant length. The variation in the impedance matching with respect to W,
can be seen from Fig 4.17a and Fig 4.17b for the first and second resonance

respectively.
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Figure 4.18: Simulated surface current distributions at (a) 2.4 GHz (b) 5.8 GHz
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4.2.3 Surface Current Analysis and 3D Radiation Pat-
tern

In order to make a clear idea on the parameters which contributes to the
effective resonant length that radiates, the surface current distribution of the
antenna is obtained from the simulations and is plotted in Fig 4.18. The
surface current distribution at 2.4 GHz is shown in Fig 4.18(a). From the
figure, it is seen a half wave variation along the path BAB. The minima point
located at B and the maximum surface current density at A. Similarly a half
wave variation along the path BCB, where B is the minima point, and C is
the maxima point. From the figure, it is seen that the surface current present
along BA and AC are equal and opposite which cancels outs in the far field.
The radiation is contributed by the horizontal current density at above A
and below C which adds up in the far field. Thus at 2.4 GHz the antenna is
polarized linearly along the X-direction.

For 5.8 GHz the surface current distribution is plotted in Fig 4.18(b).
Three half wave variations are seen across the slot length (along with the
path ABCD). Along the point BAB a half wave variation is observed, B being
the minima point and A the maxima point of surface current density. Half
wave variation is seen from B to C with minima points at B and C and the
maxima points in between them. It is seen from the figure that the currents
in the both sides of the slot are equal and opposite which cancels out. At
the bottom end of the slot a half wave variation is seen along the path CDC
with the maximum current density seen at D and minima points at C. At the
top end and bottom end of the slot there is a horizontal current distribution
which adds in the far field and contributes to the radiation. Thus it is seen
that at both the resonant frequencies the antenna is polarized linearly along
the X-direction. Although the second resonance is a higher order mode of first
resonance, due to the cancellation of the surface current at the middle part
of slot results in almost similar radiation characteristics. Both the resonances
can be controlled by varying similar parameters. The polarizations in both
the bands are same.

The simulated 3D radiation patterns at both the frequency bands are
shown in Fig 4.19. For the 2.4 GHz band, the bore sight radiation is towards
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the Z-direction with the nulls located at the X-axis. In the case of a 5.8
GHz band, the direction of maximum radiation is towards the Y-axis with
null located in X-axis. Radiation towards the Z-axis is very low due to the
cancellation of the fields as shown in fig4.18(b).

-~

(a) (b)

Figure 4.19: Simulated 3D radiation pattern (a) at 2.4 GHz (b) at 5.8 GHz

4.2.4 Antenna Design

Based on the parametric analysis and surface current distributions the em-
pirical design equation of the antenna is derived, and the optimum geometry
and the parameters of the antenna are shown in the Fig 4.20.The antenna is
designed on FR4 substrate with ¢, = 4.4, h = 1.6 mm and tand = 0.016. The
gap ¢ is optimized for 50€2. From the parametric analysis, it is seen that the
parameters which affect the resonance are mainly a and Ly and the overall slot
dimensions which were verified in the surface current analysis. The empirical

relation which decides the resonance frequency is shown in equation 4.1.
Li+a+s=051)\; (4.1)

Where, A, is the guided wavelength and €,.5¢ is the effective permittivity and

are given by equation 4.2 and equation 4.3 respectively.
A
Ay = —— (4.2)
Veress
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g
(Top view)

(Side view)

Figure 4.20: Antenna geometry (Ls = 31.5 mm, a =3 mm,W, = 35 mm, L, = 38

mm, s = 4.7 mm, Wy =3 mm, g = 0.5 mm)

€ +1
Ereff — 9 (43)

In order to verify these equations, the antenna parameters are computed on
3 different substrates and are simulated using CST microwave studio. The
computed parameters are shown in Table 4.2(all the lengths are in mm) and
the reflection characteristics of the corresponding antennas are analyzed using
CST Microwave Studio . From Fig 4.21 it is seen that the antennas fabricated
on different substrates show similar reflection characteristics. Thus design

equations are validated on four different substrates.

4.2.5 Experimental Results

The prototype of the antenna is fabricated on the FR4 substrate, and the
measurements are taken using R&S zvb20 network analyzer . The reflections
coefficients obtained from the simulation and experiment are plotted in 4.22.

From the figure both the simulation and the experimental results shows

good agreement. SMA connectors were not modeled in simulations instead
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Table 4.2: Computed Antenna parameters

Antenna A Antenna B  Antenna C Antenna D

Substrate ROGERS FRA ROGERS ROGERS
5880 RO3006 6010LM

h 1.57 1.6 1.28 0.635

€ 2.2 4.4 6.25 10.2

a 3 3 3 3

g 0.1 0.5 0.65 0.775

S 4.7 4.7 4.7 4.7

Ls 41.71 31.5 25.355 18.711

1 2 3 4 5 6 7

Frequency (Ghz)
Figure 4.21: Reflection characteristics on different Substrate
default ports were used. The effect of connectors are predominant in the higher

frequencies since their wavelength and size are comparable.Slight variation in

the resonance frequency is due to these reasons. Two resonances are seen
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covering 2.4 GHz and 5.8 GHz WLAN bands.
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Figure 4.22: Reflection characteristics Experiment and Simulated

& -

Gain(dB)

Frequeney v

% ik

Frequencywvs Efficency

The measured gain at 2.4 GHz is 2.79 dBi and that at 5.8 GHz is 4.74 dBi
. The efficiency of the antenna is found to be 91% for lower resonance and
88% for upper band. The gain and efficiency of the antenna are plotted in

Fig 4.23.
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Figure 4.23: Gain and Efficiency
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‘\:ZVCO YZCO
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(a) XZ Plane (b) YZ Plane

Figure 4.24: Measured Radiation pattern at 2.4 GHz

— — — XZCROSS
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YZ-CO
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(a) XZ Plane (b) YZ Plane

Figure 4.25: Measured radiation pattern at 5.8 GHz

The distinctive feature of the antenna is that the efficiency and the gain

of the antenna can be improved further by increasing the metallization width.
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This doesnt affect the Frequency of operation.

The measured radiation pattern of the antenna is plotted and is shown in
Fig 4.24 for 2.4 GHz and Fig 4.25 for 5.8 GHz. The maximum radiation is
along the Z direction in both the frequencies. The maximum radiated power
is along the Z-axis in the case of 2.4 GHz. The maximum radiated power
is along the Y-axis for 5.8 GHz.Maximum cross polar isolation of —20 dB is

obtained at the boresight of the antenna.

4.3 Slotline Coupled Wideband Slot Radiator
for 5.2/5.8 GHz WLAN Communications

In the previous sections, we analyzed the closed ended slotline. Slot line fed
slot antenna is also analyzed. In this section, a new method of excitation is
proposed for effectively radiating a closed ended slot line. Slot line coupled
slot radiator for 5.2/5.8 GHz WLAN bands are presented in this section. The

evolution of the antenna is discussed.

4.3.1 Evolution of the Proposed Design

The evolution of the proposed antenna is shown in Fig 4.26. The First stage
is a basic closed ended slot line with length (Ly) 13.5 mm. A basic closed
ended slotline has a tendency to radiate when fabricated on a low permittivity
substrate. From section 4.1.1 a half wave variation is seen across the length
of the closed ended slotline. The impedance of a closed ended slotline is
capacitive, which has to be minimized for better impedance matching and
efficiency. So as to improve the gain and efficiency, an additional slot is placed
near to the closed ended slotline, which increases the inductive reactance [1]
of the antenna. This resulted in resonance with proper impedance matching
at 5.7 GHz with a simulated efficiency of 87.5%. Adding an additional slot on
the right side of the closed ended slotline with equal length results in improved
efficiency, bandwidth, and gain. The comparative studies of the Si; , gain,
and efficiency, are plotted in Fig 4.27 , Fig 4.28 and fig4.29.
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g
(a) (b) (c)

Figure 4.26: Ewolution of the proposed design(a) A basic closed ended slotline
(b)Slotline coupled slot radiator single slot (c¢) Final design
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Figure 4.27: Reflection characteristics comparison
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Figure 4.29: Efficiency comparison
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4.3.2 Parametric Analysis

In order to obtain a clear insight into the radiation mechanism and the pa-
rameters contributing towards the resonance path, the variation studies of the

parameters are performed

Effect of W, on the Reflection Characteristics

The effect of the width of the metallization on the reflection characteristics of
the antenna is performed, and the results are shown in Fig 4.30.As we vary
the width, the resonance and the matching remains the same.

S, (dB) 15

W=18mm
—_——— W= 1%hmm

=20

—_—— — — W= 2k

.............. W= X lnumm
— — — We=22mm

=15

=30

4.5 20 15 .0 [%

FregquencyiGiHz)

Figure 4.50: Variation of reflection characteristics with W

Effect of L, on the Reflection Characteristics

The reflection characteristics of the antenna for various metallization lengths
(L,) are studied using simulation, and the results are plotted in Fig 4.31. As
L, increases, the resonances are shifted to a higher value slightly. As the
L, increases the capacitive reactance is reduced, and the imaginary part of
the impedance is shifted to inductive. But this change is very minimal. The
selection of the Lg for the design is made on a compromise between the size

and matching. The impedance matching is improved with the increase in
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metallization length which is contributed by the inductive reactance. Further
increase in L, results in the reduction of matching. The resonance frequency
is shifted to a lower value. This happens due to the increase in inductive

reactance.
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Figure 4.31: Effect of Ly on the reflection characteristics

Effect of L; on the Reflection Characteristics

Variation in the reflection characteristics with the parameter L is analyzed,
and the results are plotted in Fig 4.32. As L increases, the resonant frequency
is slightly shifted to a higher value. It is seen that the impedance matching
also improves. The input impedance of the antenna changes with the length
L. At optimum input impedance, maximum fields are coupled to the adjacent
slots. Beyond this optimum value, the impedance matching reduced since the
inductive reactance increases from this point. As L increases the effective
resonance length is reduced, and the resonance is shifted to a higher value.
This frequency shift is on a small scale and can be omitted from the discussion

of resonance mechanism of the antenna.
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Figure 4.32: Effect of Lf on the reflection characteristics
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Figure 4.33: Effect of Ls on the reflection characteristics

Effect of L, on the Reflection Characteristics

The effect of Ly on the reflection characteristics is shown in Fig 4.33. As
the length, L, increases the resonance are shifted to a lower value. This indi-
cates that the length L, contributes towards the effective resonance path. The

impedance matching is reduced with the increase in L,. As Ls increases the
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real part of the input impedance is increased, thus changing the impedance
matching. The fields are coupled from the closed ended slot line to the adja-
cent slots. As the length of the adjacent slots are increased the point where
the maximum coupling of electromagnetic field occurs changes. Thus it also
affects the impedance matching. The same can be verified by section 4.2.1.3.
The length of the slot contributes a half wave resonant mode which is causing

the shift of resonance.

Effect of the Separation Between Slotline and Slot (the parameter

dis) on the reflection characteristics

The effect of the separation between the slotline and slots are analyzed, and
the results are shown in Fig 4.34. From the figure, it is seen that as the sepa-
ration increases the impedance matching reduces in a large scale. This is due
to the reduction of electromagnetic coupling which reduces with increase in
separation.The optimum separation for effective coupling of the electromag-
netic fields from the slotline to the slot is found to be 0.75 mm, which is taken

as the value dis = 0 mm.

- 1% 4
S, aBy !

=20 — i i
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Figure 4.34: Effect of separation between the slotline and the slots on reflection

characteristics(dis = 0 corresponds to the optimum separation, i.e., 0.75 mm)
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4.3.3 Analysis of Surface Current and 3D Radiation
Pattern

For obtaining the reason for resonance and the radiation mechanism the sur-
face current distribution of the antenna is analyzed. The surface current
distribution of a basic closed ended slot line is shown in Fig 4.8. A half wave

variation along the slot is observed at the resonant frequency. The simu-
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Figure 4.35: Surface current distribution at 5.65 GHz

lated surface current distribution at 5.65 GHz is provided in Fig 4.35. A half
wave variation is seen across the path ABC. A and C are the minima points,
and the maximum surface current density is observed between these points.
Similarly, another half wave variation is seen across ADC. A and C are the
minima point, and the maximum surface current density is observed near D.
As a whole the total length L, and L contribute towards the resonance. The

outer edge of the slots contributes towards the resonant current path. The
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inner edge cancels out since they are anti-parallel. The simulated 3D radia-
tion pattern of the antenna is shown in Fig 4.36. The maximum directivity is
along the Z-axis, and the nulls of the antenna are located on the X-axis. From
the surface current distribution, it is seen that the effective surface current
density that adds up in the far field is along the X-axis. Thus the antenna is
linearly polarized along the X-axis. Since the same elements are contribution
the resonance and radiation in the entire band, the polarization in the entire

band remains the same.

Figure 4.36: Simulated 3D radiation pattern at 5.65 GHz

4.3.4 Antenna Design

Based on the above parametric analysis and the surface current distributions
the empirical design equations of the antenna are developed. Two parameters

which affect the resonance are Ly and L;.
Ly =0.485* A, (4.4)

Ly =0.416 % ), (4.5)
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Table 4.3: Computed Antenna parameters

h(mm) 1.6 1.28 0.635
€r 4.4 6.15 10.2
€rett 2.7 3.575 5.6

Ly 15.75 13.75 10.95
L 13.5 11.7 9.37
L, 25 25 25
W, 18 18 18

g 0.5 0.65 0.775

Figure 4.38: Antenna geometry with optimized parameters(Ls = 15.75 mm, Ly =
13.5 mm, g = 0.5 mm, Wy =18 mm, Ly = 25 mm)
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Figure 4.37: Sitmulated Reflection characteristics on different Substrates

where A, = ﬁ/\off and €.cff =

% Parameters for the antennas are com-

puted based on the above design equation on three different substrates which
are shown in table 4.3. These designs are simulated in CST microwave studio
and the results are plotted in Fig 4.37.

Figure shows similar responses for all the three substrates. Hence the
design equations are validated. The optimized parameters for the antenna
and the antenna geometry are shown in Fig 4.38. The antenna is designed on
an FR4 substrate with input impedance optimized for 50 2.

4.3.5 Experimental Results

The proposed antenna is fabricated on the FR4 substrate, and its characteris-
tics are analyzed using HP8510C network analyzer. The reflection character-
istics of the antenna are measured and are found to be in good agreement with
the simulated one. The comparison of the reflection characteristics is shown
in Fig 4.39. The measure reflection characteristics show good matching and

a bandwidth of around 1 GHz. The measured gain and efficiency of the an-
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tenna are plotted in Fig 4.40. It is seen that both the gain and efficiency have
uniform valued along the entire band. The average gain in the whole

=30 4 —— — SIMULATED
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-35 T T T T T
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Figure 4.39: Reflection characteristics (measured and simulated)
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Figure 4.40: Measured gain and efficiency
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band is found to be 3.46 dBi, and the average efficiency is 86.82 %. The
measured radiation pattern of the antenna for the frequency 5.6 GHz is shown
in Fig 4.41.
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Figure 4.41: Measured Radiation pattern at 5.6 GHz

In the E-plane the maximum power is seen wheref = 45deg. The max-
imum cross polar isolation at bore sight is —23 dBt in the E-plane and in
H-plane it is found to be —19 dBi. Both the E-plane and H-plane radia-
tion patterns are symmetrical. The antenna is linearly polarized along the

X-direction

4.3.6 Chapter Conclusion

Finally, it can be concluded that the closed ended slotline can be made to
radiate effectively with slight modifications. The first design was a transition
from slotline to slot with an arrow shaped transition which resulted in an
efficient radiator for the fundamental and the higher order mode of the slot
with moderate gain (2.79 dBi, 4.74 dBi) and good efficiency(91%, 88%). The
fabricated prototype of the antenna is shown in Fig 4.42 (a).
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Table 4.4: Comparison of proposed antennas with Literature antennas

ANT1 ANT2 ANT3 ANT4
Parameter Designl Design2
[2] [3] [4] [5]
Resonance 2.45GHz, 2.5GHz, 2.45GHz,
2.4GHz, 2.4GHz, 5.2GHz |,
Frequen- 5.35GHz, 3.5GHz, 5.25GHz,
5.4GHz 5.8GHz 5.8GHz
cies 5.8GHz 5.5GHz 5.75GHz
Size 50mm 35mm 40mm 60mm 38mm 18mm
Size X X X X X X
50mm 40mm 40mm 60mm 33mm 25mm
3.74dBi,  2.15dBi, 4.6dBi,
2.79dBi,
Gain 4.12dBi, 2.47dBi, - 5dBi, 3.46dBi
4.74dBi
5.25dBi 4.13dBi 4.9dBi
62%, 91%,
Efficiency  90% - — 86.82%
8% 88%

k

3
-
=

(b)

Figure 4.42: Fabricated prototype of the antenna (a) slotline fed uniplanar antenna
for 2.4/5.8 GHz WLAN applications.(b)Slotline coupled wideband slot radiator for

5.2/5.8 GHz WLAN applications
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In the case of the second antenna, two slots which have the same width
of that of the closed ended slot line is placed near at the two vertical edges
of the slotline. The fields from the slot lines are coupled to the adjacent slots
to make it radiate effectively. The length of the slotline is properly selected
so as to achieve maximum coupling between slot line and slots. This antenna
resulted in a bandwidth of 1 GHz covering the 5.2/5.8 GHz WLAN bands.
The antenna has an average gain of 3.46 dBi and efficiency of 86.82%. The
fabricated prototype of the antenna is shown in Fig 4.42(b).
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Chapter 5

CPW FED COMPACT BENT
MONOPOLE ANTENNAS FOR
UWB APPLICATIONS

This chapter aims at the design of CPW fed compact bend monopole
Antenna for UWB applications. The antenna evolution from a basic
quarter wave monopole antenna is discussed. The reflection character-
istics of the antenna and the radiation properties are discussed. Since
UWB antennas aim at short range transient pulse communications, the
time domain properties of the antenna such as pulse response, transfer
function, fidelity and the group delay are analyzed. The empirical design
equation for the antenna is derived and validated on different substrates.
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5.1 Review on Planar UWDB Antennas

UWRB technology is having a greater interest in the modern day world. UWB
aims at high-speed communication using short transient pulses. Plenty of an-
tennas are designed for this purpose [1-7]. This chapter focuses on the devel-
opment of uniplanar UWB antenna using CPW feed. The proposed antenna
is derived from an basic CPW fed monopole antenna. Monopole antennas are
the prime choice of an antenna designer of modern communication era because
of its simplicity and ease of design. Monopole antennas offer Omni-directional
radiation pattern, and the bandwidth can be enhanced quite easily. In the
earlier days, the monopole antennas are placed perpendicular to the ground
plane. Thus it was too complex to use in planar compact electronics gadgets.
The total size and the complexity of the system are increased because of this.

This created a space for the printed monopole antenna [8,9]. They can be
fabricated along with the microwave integrated circuits on the same dielectric
substrate. Since the thesis is investigating on the small uniplanar antennas,
the aim is to build a uniplanar UWB antenna with the ground plane and the
signal strips fabricated in the same plane. Thus the integration of circuits
components will become easy as the antenna ground will be connected to the
circuit ground. This antenna is compact with low fabrication cost. Thus
printed monopole antennas are the excellent choice for UWB applications.

The bandwidth of a monopole antenna can be enhanced either by mod-
ifying the ground edge, radiator edge or the feed transitions. In the case of
microstrip antennas truncating the ground plane results in a wide bandwidth.
Various designing techniques for enhancing the bandwidth of a basic square
monopole [10] are shown in Fig 5.1. In all the design methods we can see the
level of complexity involved.

The proposed antenna is different from the above mentioned design tech-
niques. The evolution of the proposed design is explained in the next section.
A basic quarter wave monopole antenna is transformed into the compact UWB

antenna.
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Figure 5.1: Modifications on planar monopole antennas for obtaining UWB re-
sponse (Picture courtesy: Deepti Das Krishna, “Investigations on broadband planar

monopole and slot radiators and their suitability for UWB Applications)

5.2 Evolution of the Proposed Design

The first stage of the design is a CPW fed monopole antenna with a length
of 15 mm (L,, = 15 mm). The length L,, is quarter wave approximate of the
guided wavelength. The monopole antenna is bent in the form of an inverted L
shape by adding a strip with length L. This resulted in two resonances one at
3.4 GHz and other at 10 GHz. This resulted in two resonances with moderate
matching. The gap between the horizontal strip and ground is reduced which
resulted in better impedance matching for a wide band of frequencies. The
gap go and the left ground dimensions are optimized to obtain the final design
and the UWB response. All the geometrical evolution is shown in Fig 5.2,
and the corresponding reflection characteristics are shown in Fig 5.3.
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Figure 5.2: Ewvolution of the proposed antenna.(a) monopole (b)bent monopole
(c)bent monopole with reduced gap.(d) final design
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Figure 5.3: Reflection characteristics of the various stages of Fvolution
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5.3 Parametric Analysis

Parametric analysis of the antenna of the antenna is performed to obtain a
clear view of the cause of resonance and the effect of various parameters on
the radiation characteristics. The reason for impedance matching can also be
identified.

5.3.1 Effect of the parameter [,

LIl
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Figure 5.4: Effect of l; on the reflection characteristics

The reflection characteristics of the antenna for various [, are analyzed.
The results of this study are plotted in Fig 5.4. From the fig, it is seen that
the first resonance shifts to a lower value as the length [, is increased without
much change in the impedance matching. The second resonance at 8.6 GHz

is not at all affected by the variation of the parameter /.
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5.3.2 Effect of the Parameter WW,.

The dependence of W, on the reflection characteristics are simulated and the

results are shown in Fig 5.5. From the figure, it is clear that the first reso-

nance frequency remains the same without any shift. Thus the first resonance

is independent of the length W,, but the impedance matching of the first res-

onance is affected. As W, increases the capacitive reactance is reduced, and

the imaginary part of the impedance approaches to zero. Thus the antenna

impedance is nearly the 50€2. Hence proper impedance matching is obtained.

The second resonance at 8.5 GHz is shifted to a lower value as we increase

the W,. The impedance matching at this resonance also is enhanced as we

increase W,. This is due to the change in antenna input impedance towards

a real value.

.a|:| -

W g 10 s
We=11,6mm
R BT ET
W= L3 e
We=l4.6mm

]

Frequency(GHz)

10

Figure 5.5: Effect of Parameter W, on the reflection characteristics

5.3.3 Effect of the Parameter [,.

The variation in reflection characteristics with respect to the change in the

length [, is analyzed, and the results are shown in Fig 5.6.From the fig, it is
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Figure 5.6: Effect of Parameter lg on the reflection characteristics

seen that the first resonance centered at 3.6 GHz comes to a lower value as
we increase the strip length. The impedance matching at the first resonance
is not much affected by this variation. The second resonance at 8.6 GHz is

also slightly changed with an impedance variation.

5.3.4 Effect of the Parameter 1/, on the Reflection Char-

acteristics

The effect of W, on the reflection characteristics is shown in Fig 5.7. First
resonance remains the same as we vary this parameter. The second resonance
at 8.6 GHz is also not affected by this variation study. There is a slight
reduction in the impedance matching as we increase the Wy. This is due to

the change in the reactive impedance of the antenna.
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Figure 5.7: Effect of Parameter Wy on the reflection characteristics

5.4 Surface Current Analysis and 3D Radia-

tion Pattern of the Antenna

It is seen from the parametric studies that the merging of two resonances gives
rise to the UWB performance of the antenna. The reason for the resonance
is analyzed using the simulated surface current distributions. The antenna
lengths which are the part of the effective resonance path are figured out
using this analysis. The simulated surface current distributions are examined
in the following sections. The surface current distribution at 3.6 GHz is shown
in Fig 5.8 . From the figure, it is seen that a dipole like current distribution
is seen along the path ABC, with minima points at A and C and the maxima
points between them(B). The lengths ls and lg are the lengths along the path
ABC.
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Figure 5.9: Simulated Surface current distribution ot 8.6 GHz

Hence the parametric results are validated. Surface current distribution
at 8.6 GHz is shown in Fig 5.9. From the figure, a half wave variation is seen
across the path ABC. The minimal surface current density is observed at A
and C. The maximum surface current density is viewed along the length Wj.
Thus the parametric analysis of W, is validated. These two resonances are
merged to form the UWB characteristics. The simulated 3D radiation pattern
of the antenna at 3.6 GHz is shown in the Fig 5.10. From the figure, it is seen
that the maximum radiation is towards the Y-axis which is perpendicular to
the direction of the maximum surface current density. The pattern is tilted
by an angle 45°. This is due to the asymmetry in the ground. The left ground
width is 5 mm larger than the right ground width. Null is placed in the X-axis
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with the slight twilt.

Figure 5.10: Simulated 3D radiation pattern at 3.6 GHz

The simulated 3D radiation pattern at 8.6 GHz is shown in Fig 5.11. The
maximum radiation is seen along the Y-axis with a tilt. The null of the pattern
is along the X-axis. The pattern seems to be more directional along the Y

direction.

5.5 Antenna Design

The characteristics of the antenna are analyzed from the surface current dis-
tributions and the parametric studies. The reasons for the two resonance were
identified and the from the various parametric studies, the optimum antenna
parameters are identified, and the design is shown in Fig 5.12 along with the
optimized parameters. Commercially availuable Fr4 is used for the design of
the antenna.

The various parameters of the antennas are related with respect to the
wavelength of the first resonance is discussed in the following section. The

antenna parameters on different dielectric substrates are computed using the
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Figure 5.11: Simulated 3D radiation pattern at 8.6 GHz
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Figure 5.12: Antenna design with the optimized parameters. (s =18 mm, Wy =4

mm,ly = 13.15 mm, r4 = 8.15 mm, Wy, =12.6 mm, s =3 mm, g = 0.35 mm)
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equations 5.1 to equation 5.5 and shown in table 5.1. These designs are sim-
ulated in CST and the results are plotted in Fig 5.13. All the three simulated

results show UWB response with good impedance matching.

[, = 0.350),
I, = 0.259)\,
W, = 0.079A,,
W, = 0.248)

ry = 0.160Ay

Table 5.1: Computed antenna parameters from the design equations

Antenna 1 Antenna 2  Antenna 3

Substrate FR4 ROGERS  ROGERS
EPOXY RO 3006 6010 LM

h 1.6 1.28 0.635

€r 4.4 6.15 10.2

€re 2.7 3.575 5.6

s 3 2.58 2.05

g 0.35 0.45 1.28

L, 18 15.64 12.5

Uy 13.15 11.43 9.13

Tg 8.15 7.09 5.67

W, 12.6 10.95 8.75

Wy 4 3.48 2.78

(5.1)
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Figure 5.13: Reflection characteristics of the Antennas for computed parameters on

different substrates

The CPW strip width and the gap are designed for 50¢2 impedance. The
effective permittivity (e,.) of the substrate is calculated using, €,.. = (e, +1)/2.
As all the simulations showed similar responses, the antenna design equations
are considered to be validated. The proposed antenna is easy to fabricate

since it is uniplanar and there are a few geometrical parameters.

5.6 Experimental Results in the Frequency Do-
main

The proposed antenna is fabricated on an FR4 substrate using photolithogra-
phy process . The measurements are taken using H P8510c Network analyzer.
The measured reflection characteristics of the antenna are plotted along with

the simulated one, which is shown in Fig 5.14. It can be seen that both are
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in good agreement.
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Figure 5.14: Reflection characteristics of the antenna

The gain and efficiency of the antenna is measured in the entire frequency
band and plotted in Fig 5.15. The proposed antenna has an average gain
of 3.09 dBi. The efficiency of the antenna is calculated using Wheeler cap
method. The antenna has an average efficiency of 87.5% over the entire band.
The measured radiation pattern of the antenna in XZ-plane and YZ-plane are
shown in Fig 5.16. It is seen that the radiation patterns are almost identical in
all the chosen frequencies. The parameter [; and [, forms an arbitrary dipole
at the lower resonant frequency. This results in an approximate figure of eight
radiation pattern at the YZ-plane. The Omni-directional pattern is obtained

in the XZ-plane for all the chosen frequencies.

5.7 Time Domain Analysis of the Antenna.

UWB antennas are used for transmitting short transient pulses. The frequency
domain studies of the antenna are done in the previous sections. It is equally
important to examine the time domain characterizations of the antenna which

is done in the following sections.
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Figure 5.15: Gain and efficiency of the proposed antenna over the entire band
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Figure 5.16: Measured Radiation pattern of the proposed antenna
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5.7.1 Group Delay

Group delay is an important parameter to be considered while transmitting
short pulses. It is the negative angular frequency derivative of phase. Group
delay is used to measure the dispersive nature of the antenna. Since UWB
antenna can be considered as a filter, when an input pulse enters it, pulse
undergoes different phase shifts for different frequency components. This leads
to the spreading of the pulse and distortions take place. The group delay has
to be minimum in the case of a UWB antenna. The group delay for the CPW
fed compact bent monopole antenna is shown in Fig 5.17 for both the face to

face and side by side orientations.
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Figure 5.17: Measured group delay of the antenna

The measured group delay of the antenna comes between 1nsec. This
shows the linear phase characteristics of the antenna and the pulse handling
the capacity of the antenna is excellent which is essential in communication

systems.
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Figure 5.18: Measured transfer function of the antenna
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Figure 5.19: Impulse response of the proposed antenna
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5.7.2 Transfer Function

The transfer function of the UWB antenna is the Fourier transform of the
impulse response. The transfer function of the antenna is measured as per
the procedure explained in the methodology section. The measured transfer
function of the antenna is shown in Fig 5.18. A decrease in transfer function
is seen at the high frequency. The transfer function of the antenna measured

here is in the direction of maximum radiation.

5.7.3 Impulse Response

The impulse response of a UWB antenna system may be defined as the output
of the system when its input is an impulse signal. It can be obtained by
converting the frequency domain transfer function measured in the direction
of maximum radiation to the time domain. The impulse response is obtained
by performing the inverse Fourier transform of the transfer function, and the
result is shown in Fig 5.17. From the fig, it is seen that the ringing is minimum
for the proposed UWB antenna. Thus it is a good candidate for UWB impulse

transmission.

5.7.4 Received Pulse Waveforms

UWB communication systems use pulse signals as input. In this case, we
use fourth order Gaussian derivative as our input. The input pulse given
to the transmitting antenna should match with the pulse received by the
receiving antenna. Useful information is carried by the signal envelope so the
distortions should be minimum. The response of any system can be obtained
by convoluting the input signal and the response of the system when it is given
an impulse input. Here we convolute the fourth order Gaussian derivative
input signal to the impulse response which is obtained by taking the inverse
Fourier transform of the transfer function for both the face to face and side
by side orientations. The transfer function is calculated from the measured
So1 using Eqn 2.18. The pulse response for the antenna face to face and the

side by side orientations are plotted in Fig 5.20.
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Figure 5.20: Input and received pulse waveforms

From the Fig 5.20, it is seen that the shape of the input pulse and the
received pulse at face to face orientation and side by side orientation are
same. This ensures the lossless reception of the transmitted data. There is a
small amount of ringing present in the received waveforms which arise due to

the channel noise.

5.7.5 Fidelity Factor

Fidelity is a parameter which is used to express the similarity between the
transmitted pulse and the received pulse in a UWB communications system.
It can be defined as the normalized cross-correlation of the reference signal
and the measured signal. High fidelity is what is required in the UWB com-
munication systems. The fidelity took from the simulation by placing probes
for various azimuth and elevation angles as shown in Fig 5.21.

The fidelity along the azimuth plane is shown in Fig 5.22a. A peak fidelity
factor of 0.96 is obtained. Average fidelity factor over the entire angles varied
from 0° to 360° is obtained as 0.88. The simulated fidelity factor along the
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Figure 5.21: Fidelity measurement using probes (Simulation)

elevation plane is shown in Fig 5.22b. Peak fidelity of 0.914 is obtained, and

the average fidelity over the elevation plane with 45° separation is 0.87.
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Figure 5.22: Fidelity along

The similarity in the fidelity factors in both the azimuth and elevation
plane shows that the antenna has good pulse handling capability. The input

pulse and the transmitted pulse are having similar shapes at various angles.
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Figure 5.23: EIRP of the UWB antenna

5.7.6 EIRP (Effective Isotropic Radiated Power)

The UWB frequency range communication has power limited transmission as
imposed by FCC. The EIRP of a UWB antenna should be less than the indoor
and outdoor mask proposed by FCC. Fig 5.23 shows the EIRP for the fourth

order Gaussian derivative input which is well within the FCC-imposed limits.

5.8 Chapter Conclusion

CPW fed compact bent monopole antenna for UWB applications is presented
in this chapter. The antenna is a modification of the basic monopole
antenna. The proposed antenna has a wide operating bandwidth from 3.1
GHz to 10.8 GHz. The fabricated prototype of the antenna is shown in Fig
5.24 Design simplicity is the most attractive feature of the antenna along with

the good pulse handling capacity and excellent frequency domain responses
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Figure 5.24: Fabricated prototype of the Antenna
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Chapter 6

CONCLUSION

This chapter brings up the total outcome of the research carried out by
the author and highlights the achievements of the research work. This
is followed by few suggestions for future work.

Contents
6.1 Thesis Summary and Conclusions ... ... ... 145
6.2 Suggestions for Future Work . ......... .. 147

6.1 Thesis Summary and Conclusions

The thesis focused on the design and development of compact uniplanar an-
tennas for wireless communications. The various uniplanar antenna configu-
rations are reviewed. Methods are proposed for creating efficient radiation.
The uniplanar feeding methods such as Coplanar strips/slotline and coplanar
waveguides are used. The whole thesis concentrated on designing simple an-
tennas. The detailed study of CPS/slotline fed antennas both in the open
ended configuration and closed ended configurations are studied using simu-
lation and experiment.

The thesis focuses on compact uniplanar antenna structures designed us-
ing different methods. They are the open ended slotline fed antenna, closed
ended slotline fed antennas and finally CPW fed antenna used for UWB ap-
plications. Exciting multiple resonances in the slot line resulted in dual band
antenna configuration.CPS fed dual band antenna for PCS/WLAN applica-
tions are designed and the basic evolution is detailed. The proposed antenna
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has almost symmetrical radiation pattern at both the frequency bands. The
characteristics such as gain, efficiency, return loss, and radiation pattern are
measured. The gain of the antenna measured is found to be 2.38 dBi and
3.4 dBi for lower and higher band respectively. Measured efficiency is found
to be 88.6% and 92% respectively. The design equations of the antenna are
formed and verified. The fourth chapter detailed the closed ended slot line fed
antennas.Two different methods are proposed in this thesis so as to generate
efficient radiation from a closed ended slotline. The first method adopts a
transition from a slotline to a slot using an arrow shaped tapering at the bot-
tom end. The slot mode resonance and the higher order resonance are excited
hence resulted in a dual band antenna that radiated at 2.4 GHz and 5.8 GHz.
The second method introduced for generating radiation is a novel one, which
includes the coupling of the electromagnetic field from the slot line to the ad-
jacent slots which resulted in an efficient radiator. Both the antennas possess
excellent radiation properties. Various parametric studies are performed to
identify the dependency of the antenna parameters on the resonances. In the
first method, slotline fed uniplanar antenna for 2.4 GHz/5.8 GHz is designed
and tested. Slot line coupled wideband slot radiator for 5.2 GHz/5.8 GHz is
the antenna designed using the second method. The study on the evolution
of the two antennas is done in detail. The design equations of both the an-
tennas are developed and verified on different substrates. The fifth chapter
describes the CPW fed compact bent monopole antenna for UWB applica-
tions. A basic CPW fed Quarter wave monopole antenna is transformed into
a compact UWB antenna. Bending and properly optimizing the ground di-
mensions and the gap between the bent monopole and the ground resulted in
UWB response. Two resonances at 3.6 GHz and 8.6 GHz are merged to give
the UWB response. The frequency domain parameters of the antenna such as
the radiation pattern, gain and the efficiency are measured. The antenna also
posses excellent time domain characteristics which are essential for the pulse
communication. In all the design methods the reason for the radiation is iden-
tified using the surface current distributions obtained from CST Microwave
Studio. The importance of the uniplanar antenna is directly associated with

the microwave circuit component integration.
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6.2 Suggestions for Future Work

The following are some of the prospects for future work: All the antennas
designed in this thesis are tested in an ideal noise-free environment. The ef-
fect of the interference of the electromagnetic waves which are present in the
practical cases can be studied. Antennas can be tested along with the associ-
ated circuits as a complete working model. The antennas can be fabricated on
an LTCC substrate so as to integrate directly with the MMIC circuits. The
fabrication of the antennas on the flexible substrates allows it in the use of
wearable antennas.More compact UWB antennas can be developed which can
be used for the medical diagnosis and therapy purposes such as imaging and
hyperthermia. UWB antenna arrays can be used for this purpose. The effect
of the feeding cable and the surface waves has to be considered in designing
an antenna for industrial use. UWB antenna arrays can be designed for beam

forming.
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