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EXECUTIVE SUMMARY

A metamaterial antenna with slots is investigated in this doctoral work for
a new type of antenna for mobile application, which provides wide bandwidth,
miniature size and high gain. This antenna exhibits handedness, left-handedness
and right-handedness in the resonant frequency with good radiation characteristics
with Composite Right/Left Handed Transmission line (CRLH TL) Split Ring
Resonator (SRR) and PATCH as its central elements. The conventional microstrip
antennas have a conducting patch printed on a grounded dielectric substrate and
operate as resonant cavity elements. This operation, however, leads inherently to
narrow impedance bandwidth, which is a barrier for microstrip antennas to be
used for wireless communications. Hence, they are generally used for multi-
standard wireless communication systems as they do not offer multi-band
performance. Antennas for next generation wireless communication systems are
required to exhibit resonance in multiple bands that are not harmonically related
in order to accommodate multiple wireless standards within the same device.
Additionally, they are required to have a compact form-factor and relatively high
radiation efficiency.

Literature related to the compact antennas intended for use in handsets and
other small wireless devices were studied in detail in the chapter -2. The nutshells
proposed within the antenna, CRLH TL, SRR and Patch metamaterial concept

were also surveyed in some of the relevant recent studies. Advantages of presence



of slot and feeding techniques employed for the metamaterial antenna for mobile
applications are also investigated. On the basis of literature survey, an novel
prototype antenna, which provides wider bandwidth, miniaturized size and high
gain along with the above cited concepts is proposed in this work as the final
design. The research described in this thesis is concerned with the analysis and
design of mobile handset antenna types, based on the left-handed transmission
line, S-SRR and patch with slot approach. The left handed transmission line
concept can be extended to construct reduced-size planar antenna in the
commercial frequency band which is thought to be a feature unique to these
antennas. Efficiency is a key parameter of left handed antennas when split ring
resonators are considered. A study of the efficiency of miniaturized mobile
antennas loaded with a left-handed transmission line is described specially, and is
compared with those of the conventional PCB antennas. Available literature
shows the slot in the antenna helps in bandwidth enhancement. The bandwidth
enhancement of the proposed antenna is achieved by unequal sizes of slots created
on the radiating patch of various sizes.

The major aim of the third chapter of this thesis is to demonstrate the
scheme of design development of a wideband handset antenna, for mobile range
covering GSM, PCS, DCS and WIBRO bands. The design development is
presented in terms of a flow chart. The prototypes have PCB type structures
printed on both sides, covering frequency of mobile applications with
unsymmetrical cells presented. The first part of this chapter deals with the

dimensions of three antenna structures, and their simulation to obtain best
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optimized results. Of the three antennas, while the first antenna has substrate of
FR4, the second and the third have substrate of RT Duroid. The three antennas
differ in structure and dimensions. The first of the prototypes has probe feed
printed on both sides. The geometry of this two sided printed circuit CRLH -TL
metamaterial antenna is discussed in some detail, mentioning the dimensions and
copper conducting plane and substrate. The first design sample with FR4 substrate
and coaxial feed is presented with FR4 (g,=4.4), with dimensions of 40x80x1
mm?®. Antenna of miniaturized size, with dimensions of 40x60x0.762 mm?, with
a printed type on a substrate of RT Duroid 5880LZ (er=2.2) and edge feeding is
subsequently proposed. The subsequent prototype designed has the same
dimensions, and differs by the presence of slots of different sizes in the
unsymmetrical patches of front side.

The third chapter later discusses the fabrication of these three antennas; 1°
through chemical etching of the antenna which has FR4 substrate, 2" through
chemical etching of the antenna which has RT Duroid substrate and without slot,
and the 3" through mechanical etching, which has RT Duroid and slot in the
patches. Of the two etching methods used, the mechanical one is found to be
better and adapted, with reasons discussed. Simulations for the mentioned three
prototypes are studied and compared by the output parameters, listed by, Return
loss, Radiation Pattern, Gain, VSWR and axial ratio. Optimized simulation results
are determined followed by characterization, for measurement of return loss
through vector network analyzer, radiation pattern through anechoic chamber to

measure HPBW hence gain and directivity. Design consists of unsymmetrical
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cells with combination of different sized patches to resonate in the frequency
range mobile applications. This dimensional variation in turn makes antennas to
resonate with different central frequencies. The improvement in characteristics is
observed right from the first prototype, progressing to the third antenna, along
with increased number of center frequencies.

Analytically ‘equivalent’ antenna is determined for all the prototypes.
Considering with the ‘equivalence’ of individual elements, for all the main
elements including CRLH, S-SRR, and PATCH with slot of the prototype having
slots on one side, the equivalent circuit of an antenna is drawn. The input
impedance for analysis is derived from the overall circuit according to current
from feed point to ground. The reactance component of input impedance is then
plotted to obtain the resonating frequency. This parameter is discussed in section
4.4,

An extensive list of output parameters is discussed in chapter 4 for the
antennas, which were fabricated according to the relevant existing literature. Of
them, parameters like Return loss, Radiation pattern, Gain measurement and Input
impedance plot are discussed in detail in chapter 4. The resonant frequency of the
antenna is inferred from the plot of return loss. The simulation results show that
the antenna resonates from 1.58 GHz to 1.95 GHz. The measurement results of
prototype were shifted towards right, with -10dB frequency values 1.65 GHz to
1.99 GHz. The shift of the two values is attributed to the fabricational
inconsistencies, like discontinuities at the outer contours of the conducting patch

lines on the substrate. This antenna covers PCS and DCS bands.
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The resonant frequency of the 2" antenna prototype antenna is obtained
from return loss plot. The simulation results show that the antenna resonates from
1.95 GHz to 2.45 GHz. The tested result of prototype was shifted towards left
with 1.9 GHz to 2.3 GHz. The shift of the two results can be observed by
fabricational inconvenience faced in the discontinuities at the outer contours of
the conducting patch on the substrate. The low-frequency resonance at 1.9 GHz,
the current distribution is good enough to get wider bandwidth. This antenna is
covering PCS and DCS and BLUETOOTH. Limitation of this antenna is its
feeding increasing thickness of mobile or wireless sets.

The 3" antenna prototype which is a slot loaded metamaterial antenna
exhibits distinct resonances at 1.91 GHz, 2.4GHz 3.35GHz and 4.62 GHz
respectively. Return loss responses explains the four resonances that lie within the
S11 with value equal to —10 dB line can be clearly seen. It can be observed that in
all three cases the antenna has a dipolar pattern, exhibiting a linear electric field
polarization in the y-direction. The 10% shift towards right is observed due to the
losses of connector and fabricational anomalies. The sizes and placement of the
slots etched on patches are defined, such that a multi-band version of the antenna
can be achieved with a large lower frequency bandwidth. The prototype with slots
on the radiating patches is proved to be resonating more number of bands
compared to the prototype which doesn’t have slots on the front side.

The mechanical etching method employed for final antenna fabrication also
proved to be better in terms of accuracy, with respect to chemical etching used for

antenna without slots. The resonating bands of antenna are discussed considering



the -10dB power of Return loss response of individual antennas. Radiation
patterns, Gain, Voltage Standing Wave Ratio(VSWR) and Axial ratio are also
plotted for the all three designs.

Thus, a very good agreement between the design (simulation) and
experimental results was obtained. Moreover, a comparison of the measured and
predicted antenna output efficiencies, as functions of frequency at 0 dBm input
power done for both the simulated and measured results. Some differences in the
results for the simulation and measurements are observed.

Next section in chapter 4, deals with the rectangular radiation pattern
which is measured through anechoic chamber, by obtaining half power beam
widths (HPBW) for Electric and Magnetic fields. The gain and directivity are
further measured from this. It is clear that amongst the gain obtained for the three
antennas, prototype based on RT Duroid and with slot, has the highest gain at
resonant frequency.

The last section chapter 4 deals with the response of reactance of input
impedance. It also confirms the values of resonating frequencies as same as those
obtained from the return loss response at 1.9GHz of the antenna with slots.

The complexity in the designing of transceivers, which are vital for
communications, are drawn out clearly from the present work. With increased
sophistication in personal locator boards, there is a growing need for flexible
high-speed communication with the ‘outside’ devices. Today communication is
done by wireless sets which are embedded into MICS, and are used in numerous

applications. Also, the present work throws up the possibility of using the 2.45



GHz band for mobile communications. Although, this band has the drawback of
being heavily used by other applications, such as wireless computer networks and
in Bluetooth applications. Thus, both theoretical limits and practical designs of

the relevant antennas are described and discussed in detail in this work.
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CHAPTER 1

INTRODUCTION

“Use a poor antenna and you're simply not going to get your call through.”

An antenna is a device for transmitting and/or receiving signals, like the
eyes and ears of a communication system. It is an important part of any wireless
communication system as it converts the electronic signals, propagating in the
(RF) Trans-receiver, into Electromagnetic Waves, which propagate in free space,
efficiently with minimum loss. Thus, Antennas replace expensive cables and are
used for difficult and rugged terrains, e.g. mountainous regions and for
communication with mobile objects like the airplanes and missiles etc. A good
antenna is designed to be "in-tune™ with the signal it is seeking for a phone or a
radio, and a clear conversation is obtained when the antenna is properly matched.
To understand better the concept of antenna it is required to understand the
behavior of Electromagnetic waves in free space.

The current chapter of this work describes the parameters of an antenna,
the role of ‘metamaterials’ in antennas, the different feeding techniques used in
antennas, and discusses a printed planar antenna, along with the selection of
substrate to work in mobile communications frequency range. This chapter also
introduces the software tool used to design an antenna and the methods of

determination of gain and directivity suitable for a prototype.



1.1 The Radio Frequency Spectrum of Mobile Antenna Applications

The mobile communications use a part of radio frequency band for their
signal transmissions. The Ultra High Frequency band (UHF), ranging from 0.3—
3GHz, is suitable for line-of-sight propagation (LOS) and efficient portable
antennas for Television, Radar, Satellite communications, Global Positioning
Satellite (GPS), Personal Communications (PCS), besides those for Wireless
Local-Area networking (LAN), land-mobile and mobile phones, have been
developed to work in this band. The relatively higher frequency band, Super High
Frequency (SHF) band with frequencies ranging between 3-30 GHz, is also
suitable for LOS propagation, Radar, microwave links, land-mobile
communication, satellite communication, UWB, wireless LANs and Personal
Area Networks, fixed broadband, 3G and PCS communications. All of these
different communication systems use specific frequency ranges in these frequency
bands, and the allocation of these ranges, also known as ‘spectrum allocation’, is
done according to protocols set up by the concerned governing bodies of

individual countries [1].

1.2 Printed Circuit Board Antennas

Patch Antennas (also known as a rectangular microstrip antennas), which
consist of a flat rectangular sheet or "patch"” of metal, mounted over a larger sheet
of metal called a ground plane were evolved in 1970s [2]. In these antennas, the

two metal sheets together form a resonant piece of microstrip transmission line,



with its length approximately one-half of wavelength of the radio waves. The
radiation mechanism arises from discontinuities at each truncated edge of the
microstrip transmission line. A patch antenna is usually constructed on a
dielectric substrate, using the same materials and lithography processes that are
used to make printed circuit boards (PCB). PCB antennas are thus microstrip
radiators which are wavelength dependent, and hence, on the physical dimensions
of antenna’s circuit. These PCB antennas are used in a wide range of wireless
communications devices.

A PCB substrate with a higher Dielectric Constant (¢) value enables
smaller circuit features and allows for reduced antenna size for a given
operational frequency. An antenna may be called upon to either transmit (radiate
energy), or receive signals or both. Materials with higher € values tend to radiate
less than circuit materials with lower ¢ values. To maximize the amount of energy
delivered to and from the antenna’s resonant structure, the loss of the feed lines
should be minimized, which usually suggests the use of a PCB material with low
dissipation factor. Thus, while a PCB material with high € can help reduce the
dimensions of the antenna’s resonant structure, it will also result in a reduction of
the physical width of the transmission lines, and hence, to reduction in the power
fed to and from the resonant structure.

The ground plane on a printed circuit board is, the large area or layer of
copper foil connected to the circuit's ground point, serving the return path for
current. In multilayer PCBs, ground is often a separate layer covering the entire

board. In digital and RF PCBs, the major reason for using large ground planes is



to reduce noise and interference. The Planar Inverted-F antenna (PIFA), which is
similar to a microstrip antenna, has its limitations; as board space becomes critical
when tuning is done by varying the length of the tail. This is accomplished by
slicing the antenna tail to various lengths. If the range is not an issue then, a
tradeoff of board space for frequency range can be employed as in a meandering
inverted-F antenna. The inverted-F and the meandering inverted-F antenna are
directional antennas and orientation of the antenna on the board affects their
range. They are usually employed at UHF and higher frequencies because the
size of the antenna is directly tied to the wavelength at the resonant frequency. It
may noted that an advantage inherent to patch antennas is their ability to have
diversity in polarization features and can be designed to have vertical, horizontal,
right hand circular (RHCP) or left hand circular (LHCP) polarizations, using
multiple feed points or a single feed point with asymmetric patch structures. This
unique property allows patch antennas to be used in many types of
communications links that may have varied requirements. Though, this is usually
not a big concern for well-tuned radios that only need to operate within a
relatively small space such as a living room where the radio is being employed as
a remote control [3]. While the inverted-F and meandering inverted-F antennas
represent the lowest cost options for antennas, they are not necessarily the best
choice for time-to-market due to the need to tune them. Mobile antennas should,
however, have both directional properties and miniature designs. And for this,
meta-materials are important as they aid space reduction and improvement of

performance like directive gain [4] [21].



1.3 Antenna Parameters

Antenna parameters are the measurable quantities which help to
characterize an antenna. Out of a set of numerous such antenna parameters,
Return Loss, Radiation Pattern, Input impedance and Gain have been determined
for the prototype antenna discussed in the present work. These are discussed

below.

1.3.1 Antenna Field Regions

The electromagnetic field of an antenna can be divided into three regions
or types. These are Reactive field, Radiation near-field and Radiation far —field

and are shown in Fig 1.1.

Far-field region (Fraunhofer region)

Radiating near-field region
(Fresnel Region)

Reactive
near-field region

Fig 1.1 Radiated field from antenna



R, = 0.62 TI e 1.1
2D?
Rz —_ T ............................. 12

where D is maximum antenna dimension and A is wavelength of input .
The Reactive field is the region just adjacent to the antenna and characterized by
standing (stationary) waves which represent stored energy as mentioned in
Eqgnl.1. Radiation near field (Fresnel region) is just next to the reactive near field
and bound between R; <R <R, as shown in Figl.1. The far-field is region farthest
away from the antenna. It is also called Fraunhofer region and is essentially

independent of the distance from the antenna, referred in Eqn1.2. [5].

1.3.2 Reflection Coefficient and Return Loss

The voltage reflection coefficient is the ratio of the reflected voltage
amplitude to that of the forward voltage amplitude, and is given as in Eqn 1.3 and
is given by

: - V. 7 -Z
Voltage Reflection coefficient, I' = — = Lo 1.3
|74 Z;, +Z,

The reflection coefficient is usually denoted by the symbol gamma [7]. The
magnitude of the reflection coefficient does not depend on the length of the line,
but only on the load impedance Z,_ and the impedance of the transmission line, Zo.
It is to be noted that if Z,=Z;, then the line is said to be "matched" where Z,, Zg
are load and characteristic impedances respectively. Mismatched impedances will

lead to most of the power reflected away from the load. This can be measured



through a Vector Network Analyzer. This reflection loss is also measured in terms
of return loss which is expressed in dB value of absolute reflection coefficient and

given by the relation,

RetUrN LOSS, S11 = 777 oeeeerrviiineeeeeeniiinen. 1.4

1.3.2.1 Measurement through Vector Network Analyzer (VNA)

The most common equipment used in RF design laboratories is RF
network analyzer. The RF network analyzer is used for characterizing or
measuring the response of devices at RF or even at microwave and mm wave
frequencies. By measuring the response of a device or network using an RF
network analyzer, it is possible to characterize it and in this way understand how
it works within the RF circuit for which it is intended. It is possible to use RF
network analyzers for measuring a variety of components ranging from filters and
frequency sensitive networks, to devices such as transistors, mixers and any RF
orientated device. The vector network analyzer, VNA is a more useful form of
RF network analyzer than the Scalar Network Analyzer (SNA) as it is able to
measure more parameters about the device under test. Not only does it measure
the amplitude response, but it also looks at the phase as well. As a result vector
network analyzer, VNA may also be called a gain-phase meter or an Automatic
Network Analyzer. The measurement of Return loss is discussed for the test

antenna in the section 4.1.



1.3.3. Radiation patterns

Radiation Pattern of an antenna is a graphical representation of the
antenna radiation properties as a function of position (spherical coordinates).
Power/ Field Pattern is normalized power/ E or H Vs. spherical coordinate
position. Directional Pattern is a pattern characterized by high intensity radiation
in one direction than another. Principal Plane Patterns are the E-plane and H-
plane patterns of a linearly polarized antenna. E-plane is the plane containing the
electric field vector and the direction of maximum radiation. H-plane is the plane
containing the magnetic field vector and the direction of maximum radiation.
Main Lobe (major lobe, main beam) is the radiation lobe in the direction of
maximum radiation. Side Lobe is a radiation lobe in any direction other than the
direction(s) of intended radiation. Back Lobe is the radiation lobe opposite to the

main lobe [6]. Radiation pattern of the test antenna is explained in Chapter 4.
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1.3.4 Voltage Standing Wave Ratio (VSWR)

To deliver maximum power to antenna, the impedance of the transmission
line must be well matched to the antenna's impedance. VSWR is a measure of
mismatch between transmission line an antenna reflected power. It is defined as a
ratio of reflected power from antenna to incident power on it. When an antenna is
not matched to the receiver, power is reflected (so that the reflection coefficient, I"
is not zero). This causes a "reflected voltage wave", which creates standing waves
along the transmission line, if the reflection coefficient is given by I', then the

VSWR is defined as

VSWR = 2L 15
1-I

If the VSWR = 1.0, there would be no reflected power and the voltage
would have a constant magnitude along the transmission line. VSWR can also be
measured on the Smith Chart which is graphical representation of I'. VSWR is
only a scalar measurement, whereas the Smith Chart shows both magnitude and
phase. As the VSWR increases, more power is reflected from the antenna and

therefore not transmitted.

1.3.5 Axial ratio (AR)

Axial ratio by definition is the ratio of the two orthogonal components of
E-field. For a circular polarized field it is one, because of two orthogonal E-field
components of equal amplitude. It is interesting to look at the Axial Ratio beam

width for Circularly Polarized antennas so as to understand the deviation from



circular polarization [6]. Axial ratio for an antenna under test is explained in

Chapter 4.

1.3.6 Directivity and Gain

The directivity of an antenna is the ratio of the radiation intensity in a
given direction to the radiation intensity averaged over all directions. Gain is
defined as antenna directivity times a factor representing the radiation efficiency
of an antenna, which is defined as the ratio of the radiated power (P;) to the input

power (P;).

F Azimuth and Elevation Beamwidths
Fig 1. 3 Beam Angle Representation
The input power is transformed into radiated power and surface wave
power while a small portion is dissipated due to conductor and dielectric losses of
the materials used.
Half-Power Beamwidth (HPBW) is the angular width of the main beam at
the half-power points. First Null Beamwidth (FNBW) is angular width between

the first nulls on either side of the main beam [6]. The antenna equations

mentioned in this section are related to Figure 1.3. In Figure 1.3, BW, is the
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azimuthal beamwidth and BWjy is the elevation beamwidth. Beamwidth is
normally measured at the half-power or -3 dB point of the main lobe unless
otherwise specified. Quite often directivity and gain are used interchangeably.
The difference being that directivity neglects antenna losses such as dielectric,
resistance, polarization, and reflection losses. Since these losses in most classes of
antennas are usually quite small, the directivity and gain will be approximately
equal. The directivity of an isotropic radiator is D(0,d) is unity. The maximum
directivity is defined as [D(0,d )]max and denoted by D,. The directivity range for
any antenna is 0 <D(8,0 ) < D,. An antenna with one narrow major lobe and
negligible radiation in its minor lobes, the maximum directivity can be
approximated in terms of beam solid angle Qa by

Do =4m/Qa=4m/0102 oo 1.6
where 6, and 0, are the half-power beam widths (in radians) which are
perpendicular to each other in 6 and ¢ planes. Simulated gain was presented for
three antennas in this work. The gain measurement through anechoic chamber
was given in detail for the prototype in the section 4.5, where beamwidths are
measured in degrees and directivity is determined by Eqgn 1.6. Gain can be

determined by Eqgn 1.7.

1.3.6.1 Gain Measurement through Anechoic Chamber
The antenna measurement sites are called antenna ranges (AR). They can

be categorized as outdoor ranges and indoor ranges (anechoic chambers).
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According to the principle of measurement, they can be also categorized as
reflection ranges, free-space ranges, and compact ranges. Indoor ranges (anechoic
chambers) suppress reflections (echoes) by lining the walls, the floor and the
ceiling with special RF/Microwave absorbers. The source antenna has very low
side lobes so that practically there is no energy directed toward the surface below
(the ground) or the buildings behind. The line-of-sight is always clear. The slant
ranges need less space than the elevated ranges. The test antenna is mounted at a
fixed height on a non-conducting tower (e.g. made of fiber glass), while the
source antenna is mounted near the ground. The source antenna must have its
pattern null pointed toward ground. It is desirable that it has very low side lobes
and narrow beamwidth. The anechoic chambers are the most popular antenna
measurement sites especially in the microwave frequency range. They provide
convenience and controlled EM environment. However, they are expensive to
build and maintain. An anechoic chamber is typically a large room whose walls,
floor and ceiling are first EM isolated by steel sheets. In effect, it is a huge
Faraday cage, which provides ideal security against outer EM noise and
interference. In addition, all inner surfaces of the chamber are lined with
RF/microwave absorbers. A typical absorbing element has the form of a pyramid
or a wedge. Pyramids are designed to absorb best the waves at normal incidence
(nose-on). They do not perform well at large angles of incidence. They act, in
effect, as a tapered impedance transition for normal incidence of the EM wave
from the intrinsic impedance of 377 Q to the short of the chamber’s wall. Their

resistance gradually decreases as the pyramid’s cross-section increases. The
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tapered chamber has the advantage of tuning by moving the source antenna closer
to (at higher frequencies) or farther from (at lower frequencies) the apex of the
taper thus the reflected rays are adjusted at the test location. Measurement of far-
field patterns in the compact chambers is through near-field/far-field (NF/FF)
method in which field amplitude, phase and polarization are measured in the near
field of the Antenna under Test (AUT), which is in radiating mode. The near-field
data is transformed to far-field patterns via analytical techniques implemented in
the sophisticated software run by an automated computer system, which controls
the measurement procedure [8]. The magnitude and phase of the tangential
electric field are measured at regular intervals over a well-defined surface: a plane
or a cylinder (sphere is also a possibility) located close to the AUT. The presented
prototype antenna was measured in tapered chamber and results are tabulated in

chapter 4.

1.4 Feeding techniques

Microstrip patch antennas can be fed by a variety of methods. These
methods can be classified into two categories as contacting and non-contacting. In
the contacting method, the RF power is fed directly to the radiating patch using a
connecting element such as a microstrip line. In the non-contacting scheme,
electromagnetic field coupling is done to transfer power between the microstrip
line and the radiating patch. The four most popular feed techniques used are the
microstrip line, coaxial probe (both under contacting schemes), aperture coupling

and proximity coupling (both under non-contacting schemes). Methods to feed
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antenna are coaxial, microstrip feed, line feed, aperture coupling and by placing a
probe-fed capacitor patch next to the patch of an antenna are studied according to
the best impedance matching techniques[9]. Coplanar wave guide feeding is also
extensively studied. CRLH transmission line feeding for the antenna in high
frequency range applications are also studied along with conventional feeding

techniques [10].

1.4.1 Coaxial Cable or Probe Feed

patch

ground plane

coaxial cable-feed line

Fig 1. 4 Coaxial feed

Microstrip antennas can also be fed from underneath via a probe as shown
in Figure 1.4. The outer conductor of the coaxial cable is connected to the ground
plane, and the center conductor is extended up to the patch antenna. The position
of the feed can be altered to control the input impedance. The coaxial feed
introduces an inductance into the feed that may need to be taken into account if
the height of the substrate gets large (an appreciable fraction of a wavelength). In

addition, the probe will also radiate, which can lead to radiation in undesirable
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directions. This increases the volume of the design ultimately causing the

thickness of mobile handset and it is not implemented for the present design.

1.4.2 Fed with a Quarter-Wavelength Transmission Line

The microstrip antenna can also be matched to a transmission line of
characteristic impedance Z, by using a quarter-wavelength transmission line of
characteristic impedance Z;. If the impedance of the antenna is Za, then the input
impedance viewed from the beginning of the quarter-wavelength line becomes
(Zin). This input impedance Z;, can be matched with Z,, by changing the width of

the quarter-wavelength strip, as in Fig 1.5.

& Microstrip
Antenna

Fig 1. 5 Quarter wave length line TL feed

1.4.3 Proximity feeding

The proximity feed microstrip antenna (PMA) fed via a gap enables
switching of the polarization with a simple operation of opening or shorting the
end of the feed. However, since the PMA is coupled electromagnetically with the
feed line printed on the same surface as the antenna, the effect of the feed line on

the antenna characteristics is expected.
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1.4.4 Capacitive feed

Patch antennas use feeding technique in which a capacitive patch next to
patch antenna. The advantage of using this feeding technique is that the inductive
impedance of the probe is effectively canceled by the capacitive patch. As a
result a higher substrate (with longer probe) can be used to increase bandwidth.
Figure 1.6 shows a section through the patch antenna with probe-fed capacitor
patch in the x z-plane. Due to the placement of feed location point in the

unsymmetrical structure is difficult.

Fig 1. 6 Capacitive Feed

1.4.5 Inset Feed

Inset feed is type in which the patch antenna was fed at the end, as shown
in Fig 1.7. Since this yields high input impedance and the current is low at the
ends of a half-wave patch and increases in magnitude toward the center, the input

impedance could be high and is not suitable for the design discussed in this work.
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feed line ground plane

Fig 1. 7 Inset feed

1.4.6 Slot feed and feed by coupling

Antennas can also feed through the slot and by coupling [10]. These
methods are suitable for double layer PCB antenna. This type of feed causes a

capacitive coupling in the design.

patch

slot

ground plane

feed line

D ARL Y

Fig 1. 8 Feeding through slot
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patch

O ground plane
A

feed line

feed line

Fig 1. 9 Antennas fed by coupling

1.4.7 CPW feeding

A coplanar waveguide (CPW) is a one type of a planar transmission line
structure for transmitting microwave signals. It comprises of at least one flat
conductive strip of small thickness, and conductive ground plates. A CPW
structure consists of a median metallic strip of deposited on the surface of a
dielectric substrate slab with two narrow slits ground electrodes running adjacent
and parallel to the strip on the same surface. Beside the microstrip line, the CPW
is the most frequent use as planar transmission line in RF/microwave integrated
circuits. It can be regarded as two coupled slot lines. Therefore, similar properties
of a slot line may be expected. The CPW consists of three conductors with the
exterior ones used as ground plates. These need not necessarily have same
potential. When the substrate is metallized on its bottom side, an additional
parasitic parallel plate is formed [11][12]. This method is not suitable for the

antenna of size 40 mm x 1.4 mm.
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1.4.8 Edge feeding

This scheme of edge feeding is shown in Fig 1.10. It is composed of a
plurality of microstrip transmission line sections, periodically transposed at each
junction with a period of d. The microstrip transmission line in this structure
consists of two strip conductors of different widths, which are used to feed a patch
printed on a dielectric material of permittivity €, and thickness h. These microstrip
transmission line sections have the same characteristic impedance. Since the two
microstrip transmission line sections are present, with the same dimensions, the
small difference can be neglected in practice, so that the length of the structure
can have equal width. A transposed microstrip line section can be considered as a
junction between a microstrip line and a converted microstrip line. The
discontinuity in dimensions, is usually much smaller than the wavelength in the
microstrip and it can be modeled by lumped element T-equivalent. The equivalent
circuit model is a periodically transposed microstrip lines [13]. For the presented
second and third prototypes, edge feeding is selected due to the convenience to

feed from one side of the antenna and to reduce volume.

Wiath
4 Subsirate
- Thickness

Substrate
Dimension Y

Fig 1. 10 Edge Feeding
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Tablel.1 gives the summary of the different feeding techniques and the feed

compatibility for the prototypes discussed in Chapter 3.

Table 1.1 Feeding Techniques

S. No Technique Compatibility
1 Coaxial feed Used for one antenna with
substrate FR4
2 Quarter wave TL Not suitable
3 Proximity feed Yielded poor Return loss
4 Capacitive Not used
5 Inset feed Not used
6 Slot feed Structure is not double layer
7 CPW Not suitable for geometry
Incorporated in the
8 Edge antenna with RT Duroid in

this work, for volume

reduction

1.5 Metamaterials

Metamaterials are artificial materials engineered to provide properties

which “may not be readily available in nature”. These materials usually gain their

properties from structure rather than composition, using the inclusion of small

inhomogeneities to enact effective macroscopic behavior. The metamaterials have

now entered into the main stream of electromagnetics [14][15]. The essential

property in metamaterials is their unusual and desired qualities that appear due to
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their particular design & structure. In particular composite media electromagnetic
waves interact with the inclusions which produce electric & magnetic moments,
which in turn affect the macroscopic effective permittivity & permeability of the
bulk composite medium. Since metamaterials can be synthesized by embedding
artificially fabricated inclusions in a specified host medium, they provide the

designer with a large collection of independent parameters such as properties of
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Fig 1. 11 Classification of Metamaterials

host materials, size, shape, and compositions of inclusions. All these design
parameters can play a major role in getting the final result. In these the shape of
the inclusions is one that provides a new possibility for metamaterial processing.
The response of a system to the presence of Electromagnetic field is determined
by the properties of the materials involved. These properties are described by
defining the macroscopic parameters permittivity € and permeability p of these
materials. By using permittivity ¢ and permeability p the classification of

metamaterials as follows, the medium classification can be graphically illustrated
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as shown in Figl.11. A medium with both permittivity & permeability greater
than zero (¢ > 0, p > 0) are called as double positive (DPS) medium. Most
occurring media (e.g. dielectrics) fall under this designation. A medium with
permittivity less than zero & permeability greater than zero (¢ < 0, u > 0) are
called as Epsilon negative (ENG) medium. In certain frequency regimes many
plasmas exhibit this characteristics. A medium with both permittivity greater than
zero & permeability less than zero (¢ > 0, u < 0) are called as Mu negative
(MNG) medium. In certain frequency regimes some gyrotropic material exhibits
this characteristic. A medium with both permittivity & permeability less than zero
(¢ <0, p <0) are called as Double negative (DNG) medium[43] [59]. This class

of materials has only been demonstrated with artificial constructs.

1.5.1 Metamaterials in Electromagnetism

In 1898, Jagadish Chandra Bose conducted the first microwave
experiment on twisted structures, which are known as artificial chiral media[14].
Karl F. Lindman, studied artificial chiral media, a collection of randomly oriented
spirals are called metamaterials [16]-[18]. In electromagnetic domain, a negative
value for permittivity and permeability occurring simultaneously to produce the
metamaterial [19]. These metamaterials have: (i) The index of refraction of a
medium is negative. (ii)The field vectors E, H and the direction of phase
propagation would form a left-handed triplet. (iii) Evanescent waves would
increase as they propagate through a medium. (iv)The phase would advance

lossless in a medium.
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In 1967, Victor Veselago, presented a theoretical material that could
produce extraordinary effects artificially by use of periodic structures with special
elements that are difficult or impossible to produce in nature[19]- [21]. Hence, in
electromagnetic domain, a negative value for permittivity and permeability
occurring simultaneously was a requirement to produce the first metamaterials.
Metamaterials are able to guide and control light on all scales, including the scale
of nanometers, or billionths of a meter. Unlike natural materials, metamaterials
are able to reduce the index of refraction less than one or less than zero. Natural
materials typically have refractive indices greater than one. Metamaterials,
however, can make the index of refraction vary from zero to one, which possibly
will enable applications including the hyperlens [18]. The history of
metamaterials is essentially a history of developing certain types of manufactured
materials, which interact at radio frequency, microwave and optical frequencies.
Andryieuski et al. explained that how the bulk metamaterials design, exhibiting a
negative index in the near infrared region [30]. Negative index of refraction, is a
principle for invisibility cloaking and metamaterial microwave lenses for
miniature wireless system antennas. These antennas are more efficient than

conventional and Sub wavelength focusing with the super lens.

1.5.2 Metamaterials in Antennas
Metamaterials are a basis for further miniaturization of microwave
antennas, with efficient power and acceptable bandwidth. Novel antennas

employing metamaterials offer the possibility of overcoming restrictive
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efficiency-bandwidth limitations for conventionally constructed, miniature
antennas [22][23]. Metamaterials permit smaller antenna elements that cover a
wider frequency range, thus making better use of available space for small
platforms or space [24]. Some applications for metamaterial antennas are wireless
communication, space communications, GPS, satellites, space vehicle navigation,
and airplanes [25]. In these instances, miniature antennas [26]-[28] with high gain
are significantly relevant because the radiating elements are combined into large
antenna arrays for these functions, and vehicles. Conventional microstrip antennas
have a conducting patch printed on a grounded dielectric substrate and operate as
resonant cavity elements. This operation leads inherently to narrow impedance
bandwidth which is a barrier for microstrip antennas applications in wireless
communications. There has been a growing interest for the design of one-, two-,
and three-dimensional artificial structures (also called metamaterials). Among
them, special attention has been devoted to double-negative media [59]. These are

artificial periodic structures composed of sub-wavelength constituent elements

Fig 1. 12 Split Ring Resonator with wire on back of substrate
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that make the structure behave as an effective medium with negative values of
permittivity  (¢) and permeability ( p) at the frequencies of interest. The
properties of such media were already studied by Veselago[19]. A design of SRR
for which a negative permittivity and a negative permeability do overlap in a wide
frequency range. This is achieved by properly tuning the geometry of the rings
into an S-type structure associated with an inverted image. The theoretical
analysis, the numerical simulations and the experimental results confirm the left-
handed property of the metamaterial. Negative values of € and u, along with the
wave vector form a left-handed triplet, which results, antiparallel phase and
group Vvelocities, or backward-wave propagation. Due to left-handedness, exotic
electromagnetic properties are expected for left-handed metamaterials (LHMSs);
namely, inversion of the Snell law, inversion of the Doppler effect and

amplification of evanescent waves.

Fig 1. 13 CRLH T/L with lumped elements

This configuration is the dual circuit of the conventional transmission line, which

contains cells constituted by a series right-handed (RH) inductance Lg and a shunt
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RH capacitance Cr. The transmission-line (CRLH-TL) metamaterials is suitable
for RF and microwave applications, exhibiting forward, backward possessing
high radiation efficiencies, a compact size[25][27].

Several composite structures that emulate mediums with simultaneously
negative permittivity and permeability (left-handed materials which are not
readily available in nature) have been presented with high losses and narrow
bandwidth. Left-handed (LH) artificial transmission lines partially overcome this
problem because they are not of resonant type, so losses are smaller and hence the
operating frequency band is wider. This type of artificial line is suitable for

different microwave applications, such as couplers, delay lines, resonators, leaky-

capacitors

S

1

metal pads
(provides RH effects)
inductor /

via to gnd
Fig 1. 14 CRLH Realization

wave antennas and dual-band components. A left-handed transmission line can be
simulated by cascading cells constituted by two LH elements: a series capacitance
CL and a shunt inductance L,. This configuration is the dual circuit of the

conventional transmission line, which contains cells constituted by a series right-
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handed (RH) inductance Lg and a shunt RH capacitance Cr. However, a pure LH
line cannot exist due to the inherent right-handed effects of the physical LH
elements which lead to a combined behaviour, the so-called composite right/left-
handed transmission line (CRLH TL). The equivalent circuits of an asymmetric
and a m-symmetric CRLH unit cell. For a balanced cell, the series ws and shunt

gh resonances are equal to the transition frequency o,

1.6 Comparison between Conventional and Metamaterial Antenna
Metamaterial antennas are a class of antennas which use metamaterials to
increase performance of miniaturized (electrically small) antenna systems. Their
purpose, as with any electromagnetic antenna, is to launch energy into free space.
However, these incorporate metamaterials, which are materials engineered with
novel, often microscopic, structures to produce unusual physical properties.
Antenna designs incorporating metamaterials can step-up the radiated power of an
antenna. The newest metamaterial antennas radiate as much as 95 percent of an
input radio signal. Standard antennas need to be at least half the size of the signal
wavelength to operate efficiently [29]. At 300 MHz, for instance, an antenna
would need to be half a meter long, in contrast, the experimental antennas are as
small as one-fiftieth of a wavelength, and could have further decreases in size.
With conventional antennas that are very small compared to the wavelength, most
of the signal is reflected back to the source. The metamaterial, on the other hand,
makes the antenna to behave as if it were much larger than it really is, because the

novel antenna structure stores energy and re-radiates it. These novel antennas
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appear to be useful for wireless systems that continue to decrease in size [31],
such as emergency communications devices, micro-sensors and portable ground-

penetrating radars to search for tunnels, caverns and other geophysical features.

1.7 Software Tool

Ansoft's Advanced HFSS Antenna Class is designed to build an
understanding of HFSS's solution process and use this foundation to describe
more advanced topics. Antenna design will be done on the advantage of various
seeding operations and understand where they can be most effectively used.
Various model creation rules of thumb are explored to highlight effective
simulation setup techniques. HFSS's post-processing capabilities will be discussed
as well, including use of the Field Calculator, displaying field results. The
simulation software supports planar antennas like microstrip lines, with user
specified dielectric, and conductive layers. Finally, more advanced simulation

techniques are explored to improve simulation time and efficiency [32].

1.8 Thesis organization

In this dissertation, metamaterial structures are implemented with split
ring resonators and CRLH transmission lines on PCB for wider frequency
resonance. In which a representative of the general class of metamaterial
antennas, are studied, and some of the unique phenomena observed with these

structures are explored.
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Chapter 1 provides a brief introduction of the Radio Frequency Spectrum
of mobile Antennas, Planar Antennas and its importance. PCB Antennas,
Parameters and main objective of feeding techniques to the planar antenna are
explained. Lastly, Software Tool used and organization of the thesis.

Chapter 2, gives detailed road way for literature of SRRs CRLH and
planar antennas which are used in wireless applications and mobile applications.
Frequency bands of different mobile ranges were studied. Also, different
approaches of fabricating the metamaterial implementation are described. The
selection of substrate with low loss tangent for better performance, appropriate
feeding technique according the mobile handset designs and various parameters of
design behavior are explored, and the role of frequency resonance in the negative
index of ¢ and p are investigated. In the design process, a set of different
substrates are simulated for prototype, and with help of the response, best selected
substrate was substrate for wider bandwidth of the designed antenna.
Additionally, new ways of improving the bandwidth of antenna by design
parameters were also tried.

Chapter 3 describes simulation of prototype antenna using HFSS, to
determine gain, axial ratio, polarization, directivity, radiation pattern, electric field
distribution and current distribution. Characterization of metamaterial antenna is
done using plane wave excitation. The first part involves investigations of various
parameters related to the measurement. Since PCB antennas were studied, with
nearby members resulted in near-field coupling effect of geometric arrangement

on antenna response are described. All the planar PCB antennas characterization

29



involved in patterning using chemical etching of PCB antenna and details of the
design, fabrication, and possible modifications are discussed, besides maintaining
accuracy of chemical etching. In the later part, antenna design with feasible
structure embedded in mobile handsets or smart transceiver systems WiFi systems
and revolutionary aspects are studied and are implemented according to the need
of the present design. Fabrication techniques of the antenna are studied and the
feasible fabrication structure is implemented in the present design. The effects of
gap size and antenna loading were also investigated. Connector of the 50 ohm
resistance is used to excite the antenna and the connectors don’t have other ohmic
losses. This chapter also discusses equivalent circuit of CRLH, Split Ring
Resonator and Patch and Slot. The Reactance of antenna circuit equivalent is
derived and the response of the circuit is observed in frequency range and it was
observed these are matching with simulation results of HFSS.

Chapter 4 discusses characterization an antenna measurement in terms of
return loss/reflection coefficient through vector network analyzer, gain, VSWR
axial ratio. Radiation plot is measured using anechoic chamber to derive half
power beam widths. The standard horn antenna is used as reference antenna to
measure the gain and directivity, antenna can excite completely different modes
depending on its position, is identified for gain measurement through anechoic
chamber.

Finally, Chapter 5 summarizes the findings and discusses the future
outlook for metamaterial antennas. The bandwidth of various generations like 1G,

2G etc., of mobile network bands. Design and characterization of future antennas.
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Field of Resonators has immense potential and several new products involving
antennas are expected to evolve in the very near future. In light of this progress,
possible directions and approaches for this ever growing field of antennas are

highlighted.
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CHAPTER 2

LITERATURE REVIEW

In this chapter, the literature for improving the bandwidth of antenna by
design parameters like negative value of u and € of SRRs, CRLH and of planar
antennas which are used in wireless applications and mobile applications is
presented. The selection of substrate and feeding technique suiting the mobile
handset designs are explored. Different approaches of fabricating the
metamaterial implementations are described. PCB antennas details of the design,

fabrication, and possible modifications are discussed

2.1 The Split Ring Resonators

Use of Electromagnetic metamaterials for antennas is one of the most important
applications, Split-ring resonator (SRR), remains the popular choice since last
decades. Chun Chun et al. reported that inclusion of SRR in PCB based low
frequency antenna is able to miniaturize the antenna size. They have fabricated
and characterized the low profile antenna with SRRs etched on the surface. [33].
Baena et al.[34] reported that the a new approach for the development of
planar metamaterial structures with split-ring resonators(SRRs) and
complementary split-ring resonators(CSRRs) coupled to planar transmission lines.

Analytical equivalent-circuit models, stopband/passband characteristics of the
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analyzed SRR/CSRR loaded transmission lines are derived which are suitable for
the design of compact microwave devices.

Yuandan Dongh et al. [47] fabricated and presented the miniaturized patch
antennas loaded with complementary split-ring resonators (CSRRs) and reactive
impedance surface (RIS). The CSRR is incorporated on the patch to excite the
antenna and the RIS is inserted below the patch to miniaturize the antenna size
0.099 Xo x 0.153 Ay x 0.024 Ao and to improve the antenna radiation at 2.4 GHz.
Then, a dual-band antenna with orthogonal polarization is developed by simply
adjusting the feeding position in order to excite the initial patch resonance.

S. S. Karthikey et al. [48] presented a compact, wide fractional bandwidth
band pass filter using a defected ground structure with compact microstrip
resonating cell (CMRC). The band pass filter (BPF) is constructed by cascading
low pass and high pass sections designed using CMRCs and OSSRR respectively.

Montero et al. [50] designed an novel square microstrip patch antenna
loaded with split ring resonators (SRRs) for multi-frequency wireless
communications systems like mobile communications (GSM, UMTS), wireless
sensor (Zig Bee), personal area (Bluetooth) or wireless (WiFi) networks and radio
navigation systems (GPS, Galileo).

Han et al. [52] fabricated the microstrip antenna with the combination of
the Square Rectangular Split Ring and the Thin Wire Structure on an FR-4 by
wet etching technique. The antenna is based on the focusing effect of the Left
Handed metamaterials, which enhanced the gain and contributed to the betterment

of the matching.

33



Wenquan Cao et al. [58] proved bowtie dipole elements loaded by split-
ring resonator (SRR) has high gain compared to antenna using a parallel strip
line (PSL) feed. These antennas radiate in the end-fire direction. The SRR-loaded
antenna presents gain of about 6.2~9.9 dB in wireless communication frequency
range.

Wook et al. [61] proposed a frequency-tunable waveguide antenna with a
size-reduced aperture which they have achieved by adjusting the capacitance of
the gap of a split-ring resonator. Comparison between measuring parameters of a
capacitor-loaded split-ring resonator and a varactor-loaded split-ring resonator
shows widening of bandwidth and 70% aperture reduction.

Alici et al. [62] demonstrated experimentally, an electrically small
resonant antenna composed of split ring resonators (SRR) and monopoles. They
have shown that resonance frequency depends on the geometry of the SRRs.
They observed that an antenna with size 0.095X,x0.100%, operates at 3.62 GHz
and if the size is reduced to 0.074%0x0.079)o frequency shift has occurred.

Sidana et al. [63] proposed a novel dual-band hexagonal patch antenna
coupled with complementary split ring resonator (CSRR) etched at ground plane
(underneath the hexagonal patch). It exhibits -10 dB bandwidth of 154 MHz from
3.203 GHz-3.357 GHz and bandwidth of 180 MHz from 5.140 GHz-5.320 GHz
for first and second band respectively. The average gain at the two bands is 6.70
dB and 5.42 dB.

Kim et al. [64] presented a miniaturized planar antenna based on a

broadside-coupled split ring resonator excited by an arc-shaped dipole. The
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excitation dipole in their design, acts as a small tuning capacitor in series with a
parallel RLC circuit represented by the SRR. The antenna resonance frequency
and dimensions are essentially determined by the SRR, while by varying the
dipole arm length the input resistance is changed in a wide range, thus matching
the antenna to a feed line. This tuning technique is especially useful in practical
applications wireless communications.

Gupta et al. [65] demonstrated a method to reduce the size of patch
antennas by loading them with complementary split ring resonators (CSRRs) for
linearly polarized radiators. This paper also demonstrates that the design can be
extended for circularly polarized radiation by employing multiple CSRRs under
the patch to generate a 900 rotationally symmetric antenna structure. It is also
shown that, in this antenna configuration, the radiation efficiency becomes
strongly dependent on the size of the ground plane that carries the CSRR
metallization. To further miniaturize the antenna size without affecting its
radiation efficiency, a new antenna structure was developed in which the CSRRs
are formed within a truncated ground plane loaded with vertical inductive pins.
The antenna operates at 2.24GHz with peak broadside realized RHCP gain of
3dB, corresponding to 75% radiation efficiency.

Mirza et al.[66] demonstrated that the miniaturization of a loop antenna
through simulation and experiment using synthetic reactive elements, namely split
ring resonators (SRRs), embedded in and out of the plane of the substrate of the
antenna. Results show that antenna size can be reduced up to thirty eight percent

for both designs.
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2.2 The Composite Right/Left-handed (CRLH) Transmission line (TL)

Left-handed (LH) artificial transmission lines offer the wide operating
frequency band, but a pure LH line [44] cannot exist due to the inherent right-
handed effects of the physical LH elements which lead to a combined behaviour,
so-called composite right/left-handed transmission line (CRLH TL). For a
balanced cell, the series and parallel resonances are equal and resonates at single
frequency. A left-handed transmission line can be simulated by cascading cells
constituted by two LH elements: a series capacitance C, and a shunt inductance
L.. This configuration is the dual circuit of the conventional transmission line,
which contains cells constituted by a series right-handed (RH) inductance L and
a shunt RH capacitance Cg. The transmission-line (CRLH-TL) approach of
metamaterials is useful for microwave applications, such as couplers, delay lines,
resonators, leaky-wave antennas and dual-band components. Furthermore, CRLH-
TL maintains high radiation efficiencies, a compact size and a low profile,
offering multi-band antenna which makes it amenable for integration onto small
handheld devices. The resonant behaviour of the antenna can be adjusted by
appropriately designing transmission line cells. Furthermore, the transmission-line
and loading parameters of a unit cell can be used to independently tune the bands
of the antenna.

Sanada et al. [40] presented composite right/left-handed (CRLH)
transmission line (TL) as a general TL possessing both left-handed(LH) and right-

handed(RH) natures. It is shown analytically that when the CRLH TL is
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“balanced “two eigen frequencies at the I' point (f =0) of the Brillouin zone (BZ)
degenerate at B r and a seamless transition from the LH to the RH modes without
a bandgap can be achieved. These phenomena are demonstrated experimentally
in the case of CRLH microstripline for zeroth-order resonators, backward/forward
leaky-wave antennas.

Yang et al. [41] presented that the composite right/left-handed (CRLH)
transmission line (TL) based leaky-wave antennas (LWASs) with a substrate
integrated waveguide (SIW) CRLH cell structure with dispersion sensitivity. This
advantage makes the structure have a narrower fast wave region and thus have a
potential application to the LWA with a large beam scanning range
(BSR)/bandwidth ratio. The CRLH cell can be applied to the LWA for achieving
large BSR/bandwidth ratio.

Sanchez Martinez et al. [42] presented a novel artificial transmission line
with right/left-handed behavior in which the unit cell of the new artificial line
consists of one series and one shunt wire bonded interdigital capacitors to achieve
both capacitive and inductive behavior. It is a balanced structure, having a
smooth, continuous transition from left-handed to right-handed propagation
regions, wider frequency band of operation. It is important to mention that, when
used in planar integrated circuits, to bias the circuits.

Yu et al. [67] have proposed a dual band antenna, based on the concept of
composite right and lefthanded (CRLH) metamaterials. The same phase constants
and current distributions on the ring antenna were achieved at two frequency

bands having similar radiation patterns at both bands. The circular polarisationis
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implemented by feeding two vertical ports from power dividers that provide equal
magnitudes and quadrature phase excitations.

Chen et al. [70] proposed a homogeneous composite right/left-handed
transmissions lines (CRLH-TL) equivalent circuit model, an symmetric unit cell
model for CRLH-TL metamaterials having left-handedness (LH), right-
handedness (RH) at different frequencies. The CRLH TL unit model is a meta-
structured TL composed of a series capacitance and a shunt inductance as well as
a series inductance and a shunt capacitance. The series capacitance and the shunt
inductance provide the LH nature at lower frequencies, whereas the series
inductance and the shunt capacitance provide the RH nature at higher frequencies,
unique characteristic of CRLH-TL. They have calculated the S-parameter

analyzed for a unit cell at a desired center frequency.

2.3 Patch in the Antenna

A patch antenna is usually fabricated by etching the antenna element
pattern in metal trace bonded to an insulating dielectric substrate. It is a printed
circuit board antenna, with a continuous metal layer bonded to the opposite side
of the substrate which forms a ground plane. Common microstrip antenna shapes
are square, rectangular, circular and elliptical, but any continuous shape is
possible. It offers a wide-beam but narrow band.

MUTIARA et al. [49] presented a fabricated planar, small and low cost
broadband microstrip rectangular patch antenna for wireless communication. This

rectangular microstrip patch antenna is designed as client antenna in computer for
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wireless communication application that works at 2.4 GHz for outdoor place. It
also has a wide angle of beam in its radiation pattern.

Some patch antennas do not use a dielectric substrate and instead made of
a metal patch mounted above a ground plane using dielectric spacers; the resulting
structure is less rugged but has a wider bandwidth. Because such antennas have a
very low profile, and mechanically rugged, they can be shaped to conform to the
curving skin of a vehicle. They are often mounted on the exterior of aircraft and
spacecraft, or are incorporated into mobile radio communications devices. The
most commonly employed patch antenna is a rectangular patch which is
approximately a one-half wavelength long section of rectangular microstrip
transmission line. When air is the antenna substrate, the length of the rectangular
microstrip antenna is approximately one-half of a free-space wavelength. As the
antenna is loaded with a dielectric as its substrate, the length of the antenna
decreases as the relative dielectric constant of the substrate increases. The
resonant length of the antenna is slightly shorter because of the "fringing fields"
which increase the electrical length of the antenna slightly. An early model of the
microstrip antenna uses a section of microstrip transmission line with equivalent
loads on either end to represent the radiation loss. The dielectric loading of a
microstrip antenna affects both its radiation pattern and impedance bandwidth. As
the dielectric constant of the substrate increases, the antenna bandwidth decreases
which increases the Q factor of the antenna and therefore decreases the impedance
bandwidth. This relationship did not immediately follow when using the

transmission line model of the antenna, but is apparent when using the cavity
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model. Planar Inverted-F Antenna (PIFA) is common in cellular phones with
built-in antennas and is increasingly used in the mobile phone market. The
antenna is resonant at a quarter-wavelength (thus reducing the required space
needed on the phone), and also have good SAR properties. This antenna
resembles an inverted F, which explains the PIFA name. It is popular because it
has a low profile and an omnidirectional pattern. These antennas are derived from
a quarter-wave half-patch antenna. The shorting plane of the half-patch is reduced
in length which decreases the resonance frequency. Often PIFA antennas have
multiple branches to resonate at the various cellular bands. Sometimes, grounded
parasitic elements are used to enhance the radiation bandwidth characteristics.
The Folded Inverted Conformal Antenna (FICA) has some advantages with
respect to the PIFA, because it allows a better volume reuse. This is an example
of the meandered structure which helps to resonate for wider frequency range.
This is the idea of mobile handset antennas which usually designed by random
structure of the patch on the dielectric.

Sipal. V et al. [71] proposed relation between substrate dimensions and the
antenna properties of an electrically small transmission line ZORA (zeroth-order
resonator antennas). A small antenna that with large ground plane loses its
competitive advantage and antenna radiation properties deteriorate as the
substrate is reduced.

Zelenchuk D.E. et al.[36] did the numerical study for a low-profile and

high-gain planar antenna. The antenna was realized with gain values between 9
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and 11 dBi and the return loss better than 10 dB over the 5.6-6.3-GHz frequency

band occupying area 20% smaller than a conventional microstrip patch antenna.

2.4 Slot Loaded Patch

The slot loading is made by two ways; one is on the conducting patch and
the other on Ground plane. The dimensions and positions of slot can be properly
selected in order to the first two broadside-radiation modes of the patch be
perturbed such that their resonance frequencies get close to each other to form a
wide impedance bandwidth. The slots of various shapes are particularly
investigated for wide band antenna, suitable for handset devices.

Mazzinghi, A et al. [37] studied the effects of finite conductivity on the
radial line slot array (RLSA) at high frequencies through simulation. The low cost
metallization techniques were adopted with an arbitrary impedance surface.

Chen et al. [45] proposed a novel design of open slot antenna for
bandwidth enhancement. The bandwidth enhancement of the proposed antenna
was achieved by slot to the circular radiating patch. Experimental results indicate
that an operating bandwidth over a wideband frequency range was from 2.57 to
14.23GHz obtained for small size of dimensions 20x 35mm? and found suitable

for wideband applications in various wireless communication systems.

2.5 Feeding the Prototype

X. Sun et al [54], proposed a novel compact quad-band microstrip antenna

using edge-feeding to support the four wireless communication bands of GPS,
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WIMAX, WLAN and WLAN. To expand the bandwidth of the GPS and to
further reduce the size of the antenna, an edge-fed technology was used.

Si, L. et al. [56] designed a compact planar microstrip antenna, composed
of composite closed-ring resonator and split-ring resonator (SRR) fed by 50Q
coplanar waveguide (CPW) on FR4 epoxy substrate for wireless
communications. The antenna has good impedance bandwidth and radiation
characteristics in the (WLAN) and (WiMax) applications.

Deng et al. [69] designed and simulated an ultra wideband (UWB)
rectangular monopole antenna through ANSOFT HFSS. They have observed a
notched characteristic for (WLAN), (WIMAX) and the C-band satellite
communications. In order to obtain the desired dual band rejections, a piece of
pentagonal slot line and a pair of inverted L-shaped stubs were used. The antenna

was CPW fed and printed on the FR4 substrate of 40 mm x 41 mm x 0.5 mm .

2.6 Effect of substrate on resonant Frequency

Substrate in the Printed Circuit Board antennas enable a wide range of
RF/microwave antenna applications, in which dielectric constant (g) is key
characteristic. The dielectric constant and its thickness of a PCB affects antenna
frequency response. PCB substrate with a high dielectric constant will enable us
to fabricate smaller circuit features and hence reduced antenna size for a particular
frequency. But on the other hand, high dielectric constant substrates are more
lossy. To improve the radiation characteristics, the feed lines for the antenna can

be significantly reduced.
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Dielectric loading of a microstrip antenna affects both its radiation pattern
and impedance bandwidth. As the dielectric constant of the substrate increases,
the antenna bandwidth decreases which increases the Q factor of the antenna and
therefore decreases the impedance bandwidth. This relationship did not

immediately follow when using the transmission line model of the antenna.

2.6.1 Ceramic Substrate

The ceramic substrate is mainly used in small size applications with
frequencies below 1 GHz. It has low loss tangent and has good chemical
resistance, but is also very expensive. Besides that, ceramic is very hard to
produce and handle. For instance it is very hard to drill holes in the substrate
without breaking it. Some ceramic material has a high dielectric constant which is

used where size reduction is needed [55].

2.6.2 Synthetic Substrate

Synthetic substrate is commonly made out of organic material like PTFE

(also known as Teflon). These materials possess low loss tangent and low &,. The

only problem is that this material is very soft and can therefore easily change the
characteristics of a microstrip antenna if it is not handled properly.

Liu Y et al. [72] designed and tested a low cost and simple structure
dielectric rod antenna array. It was composed of cylindrical dielectric rods acting
as the radiation elements, which were made of low cost Teflon with relative

permittivity of 2.08 rather than high permittivity dielectric that are commonly
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used in dielectric resonator antennas. To achieve high gain, dielectric rods form

an array and are connected with a microstrip corporate feeding network.

2.6.3 Composite Material Substrate

Composite material is made out of mixed chemicals between fibre glass,
ceramic or quartz and synthetic material. There is a wide variety of composite
material on the market which has been modified so they fit both to antenna

fabrication and standard PCB design [55].

2.6.4 Low-Cost Low-Loss Substrate

Ceramic, Synthetic and Composite material substrate is usually used
where other applications are needed or a microstrip antenna needs perfection and
also it is too expensive to use in consumer electronics such as TV’s, mobile
phones, etc. Works mentioned above, focuses on the miniaturization of the
antenna structure only. The study of the effects of the substrate size reveals that
the Antenna radiation parameters deteriorate significantly as a result of the
reduction of the substrate’s lateral dimensions.

Kai et al. [51] proposed new approach for antenna miniaturization of
antennas in ever increasing wireless systems. Substrates with high dielectric
constants can be used for miniaturization. Another approach for reducing the
antenna size is to change the boundary condition of the antenna, either using a
shorting pin on a patch or replacing the two short circuits at the end of the

resonant slot by inductive or capacitive loadings.
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Dau chyrh chang et al. [73] presented a fabricated results of a high-gain
multilayer four square patch antenna array for the application of WLAN (wireless
local area network) AP (access point) which fabricated on FR4 substrate. The
FR4 substrate is with air gap to the ground plane. Adjusting the thickness of FR4
substrate and geometry of antenna array the maximum gain of 13dBi can be
achieved. The radiation efficiency for 2.4, 2.5 and 2.6 GHz are all larger than
65%.

D. Laila et al. [53] showed that a printed antenna with reduced radiation
hazard from a mobile handset with RT Duroid. The printed metal stripes in the
back side of the monopole modify the far field pattern ideal for mobile handset
caused reduction of radiated power in one quadrant of the radiation pattern offers
a reduction of radiation towards the users head. RT/Duroid 5880LZ laminates
can be easily cut, sheared and machined to shape. They are resistant to all solvents
and reagents, normally used in etching printed circuits, holes and suitable for

smart wireless sets mobile handsets [5],[68].

2.7 Meandered Structure for Bandwidth Enhancement

Meander line antenna is one type of the micro strip antennas. The meander
line antenna was proposed by Rashed and Tai tor reduce the resonant length [60].
Meandering the patch increases the path over which the surface current flows and
that eventually results in lowering of the resonant frequency. The structure of the
antenna though it is considered out the combination effect of different

implementation, but the structure is said to be meandered because it is flowing
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from one side of antenna to the other. Bandwidth of an antenna is the difference
between the upper and lower frequencies of operation( H F and L F respectively)
BW =fy —fi.

Y. Wang et al. [38] presented an effective modeling methodology for
Ultra-wideband (UWB) antennas. The methodology is based on augmenting an
existing narrow-band model with a macro-model while simultaneously perturbing
component values of the narrow-band model. The narrow-band model is an
empirical-based circuit and the macro-model described by rational functions is
determined using data fitting approaches. The perturbation of component values
of the narrow-band model is achieved by adjustments in SPICE for a 2.5 cm
dipole antenna and a circular disc monopole antenna for UWB systems.

H. Mirzaei et al. [57] proposed and used miniaturization of electronics
down to the nanoscale, to design Multiband/Broadband/ mutli- functional
Smartphone/Tablet/Laptop Antennas. The combined effect with several additional
strategies such as tuning with embedded varactors to extend the usable bandwidth,
antenna design which fit in confined spaces (e.g. smartphones, tablets etc.), are
suggested. The unique properties offered by metamaterials are used for the
design of multiple antennas have to be integrated in the handheld devices.

The impedance frequency bandwidth of a microstrip antenna depends
primarily on both the thickness and the dielectric permittivity of the substrate.
Thus, a reasonable thickness should be considered in the selection of substrate
and the bandwidth would be enhanced using additional techniques. The most

common and effective of them, are: (a) the loading of the surface of the printed
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element with slots of appropriate shape (b) the texturing of narrow or wide slits at
the boundary of the microstrip patch. Other effective techniques used for the
enhancement of the bandwidth is the utilization of a) stacked, shorted or not
patches, and b) extra microstrip resonators. The utilization of additional parasitic
patches of different size directly- or gap-coupled to the main patch is an effective
method but results to an increased antenna size which would also be undesired.
Superior to these methods is the techniques of slot loading or texturing the
patches by slits because they ensure the small size and the low profile of the
antennas.

Hyung Kuk Yoon et al. [74] proposed a research on the miniaturization of
UWRB antenna over wide bandwidth using tapering, modified sleeve and truncated
ground plane. It was of compact size, 10x8x0.652 mm? and the ground size of
30x30 mm®, to support UWB services and can be easily integrated with the other

RF circuit.

2.8 Implementation for Mobile Handsets

Now a day’s due to rapid changes in wireless communication
technologies, there is tremendous increase in data rate and at same time reduction
in antenna size and weight is demanded. There are varieties of techniques to
reduce the size of microstrip antennas: use of high permittivity substrates,
shorting pins [51], and meander line. Inserting suitable slots in radiating patch is
also a common technique in reducing the dimensions of patch antenna. The slots

introduce parasitic capacitances which tend to reduce the resonant frequency of
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the antenna. For wireless communications applications such as USB Dongle,
radio frequency identification tags, Bluetooth headset, Mobile phone Meander

line antenna is convincing solution.

2.9 Equivalence of the Circuit

Hamid et al. [34] derived an equivalent circuit for a dipole of any length
and compared the input impedance versus frequency response of the resulting
equivalent circuit with published analytical and experimental data.

Tang et al. [35]proposed a four-element lumped-parameter equivalent
circuit, consisting of a resistance, an inductance, and two capacitances, to
represent the feed-point impedance of a dipole antenna. The values of these
elements were related only to the physical dimensions of the antenna, for which
empirical formulas were given through SPICE, PSPICE, and MICROCAP.

Ansarizadeh et al.[39] proposed a method for the computation of the
broadband matching potential of a microstrip antenna that requires the wideband
lumped equivalent circuit of the antenna. The general topology of the equivalent
circuit of rectangular microstrip patch antennas has been used to model the feed
point impedance of microstrip antennas over a wide frequency band and
equivalent circuit parameters are determined using optimization techniques,
working frequency from 0.1 to 6 GHz.

Rogla et al.[75] studied an equivalent circuits for the open-ring resonators
and split-ring resonators. The resonators were intrinsically described by simple

LC circuits. They have proved that their resonant behaviour is caused by
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conceptually different phenomena, either distributed or quasi-static resonances
can be attributed for designs with similar geometrical dimensions. When inserted
on the back-plane of a coplanar waveguide, and combined with short-circuiting
wires on the top-plane, the periodic structures designed so far exhibit a certain
pass-band where backward waves were generated. They have proved the left-
handed behaviour of the different length transmission lines through the analysis
and can be observed for both types of resonators. They have validated the
prototypes with equivalent circuits through full-wave simulations and experiment.
Detailed models for the different the unit-cells were provided on the basis of
analytical approach.

Ansarizadeh et al. [76] proposed lumped equivalent circuit of the
broadband microstrip antenna with matching potential. They have modeled the
equivalent circuit and its parameters of rectangular microstrip patch antennas and
the feed point impedance through optimization techniques. Applying this
technique, wideband lumped equivalent circuits of a rectangular and E-shaped
microstrip antenna have been computed which are in good agreement with

measurement data from 0.1 to 6 GHz.

2.10 Need for the Work

As conventional antennas have a conducting patch printed on a grounded
dielectric substrate and operates as resonant cavity elements, this operation leads
inherently to narrow impedance bandwidth in wireless communications. So, the

enhancement of the bandwidth and the achievement of multifrequency operation
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is still a challenge for the antenna designer. To meet this challenge, an
unsymmetrical design is chosen with combination of different structures including

CRLH, SRR and PATCH in the present study.

Antenna sizing possibilities can be done by including split ring resonators
with possible shapes, while the multifrequency response may be obtained by
considering the slots in the patches. Antenna is to be designed for the mobile
applications such that it will meet the following requirements: (i) cost effective
when compared with earlier designs (ii) low weight (iii) miniature in size and

competent reliable entity. The objectives are framed by considering all the above.

2.11 Objectives
() To design a multiband antenna resonating at various mobile frequency
applications.
(i) To design a miniaturized handset antenna with competent reliable entity
for mobile application.
(ii1) Fabrication and measurement of designed antenna.

(iv) To realize the equivalent circuit of the multi-band antenna.

2.12 Summary of the Chapter

Antennas for next generation wireless systems are required to exhibit
multiple bands accommodate multiple wireless standards within the same device.
In this chapter literature related to compact antenna, intended for the use in a

handsets is investigated with a metamaterial concept. The aspects of the
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metamaterials for the antenna applications are derived out of the literature survey
and finally objectives are framed for the process of design of antenna. The
analysis of metal metallic strips wires and split-ring resonators (SRRs), which are
planar structures, is reviewed. In microstrip technology, SRRs etched in the upper
substrate side, in proximity to the conductor strip, have been found to provide
metamaterial effects in planar configurations for the design of compact antennas.
An S-shaped SRR structure (S-SRR) which, produces an electric and magnetic
response within the same frequency range, thus realizing simultaneously a
negative permittivity and a negative permeability, i.e., a left-handed metamaterial.
The CRLH transmission-line (TL) approach to synthesizing metamaterials, that
exhibit forward, backward with many of applications, multi-frequency operation.
Enhancement of the bandwidth and the achievement of multifrequency operation
are major challenges, the combined effect of CRLH and SRR metamaterial is
studied for the design of a prototype. Different substrates have been studied
suitable for printed antenna fabrication. The impedance frequency bandwidth of a
microstrip antenna depends primarily on both the thickness and the dielectric
permittivity of the substrate. The frequency controlling methods are: a) the
loading of the surface of the printed element with slots of appropriate shape b) the
texturing of narrow or wide slits at the boundary of the microstrip patch. c)
utilization of additional parasitic patches of different size directly- or gap-coupled
to the main patch. Superior of techniques is slot loading or texturing the patches

by slits. Need for the present research and objectives are also presented.
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CHAPTER 3

DESIGN AND FABRICATION

This chapter expounds the design aspects involved in the development of
the prototype antenna e.g., the design of wideband handset antenna for mobile
frequency ranges covering the GSM, PCS, DCS and WIBRO bands. More
specifically, it deals with the dimensions, simulation and fabrication of three
antenna structures considered preliminarily in the present work, along with the

circuit equivalence of the final prototype.

3.1 Design Flow

The methodology adopted to develop the prototype antenna is shown in
Fig 3.1. In principle, the design of the prototype consists of asymmetrical cells,
with combination of different structures including CRLH, S-SRR and PATCH,
with a slot to resonate in the frequency range of the anticipated mobile
applications [76]. Design samples with FR4 and RT Duroid 5880 LZ substrates
and edge feeding are considered, and the antenna designed using the antenna

design kit in HFSS.
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Selection of frequency

Type of antenna

Design of antenna and Optimization

Fabrication of antenna

Testing /characterization

Fig 3. 1 Flow chart of antenna design

Initially, the antenna was proposed with coaxial probe feed and FR4 substrate
with epsilon =4.4. However, subsequent prototypes designed have edge feed and
they differ from the earlier ones by the presence of slots of different sizes in the
asymmetrical patches of front side. The section 3.2 provides the details of the
dimensions involved. The ultimate dimensions are derived from optimization of
the simulation results. Equivalent circuit of prototype with RT Duroid and slot is

also derived in this chapter.

53



3.2 Geometry of the Structure

Among the three prototype antennas considered, the first antenna has FR4
substrate, while the second and the third had a substrate of RT Duroid. The three
antennas differed in structure dimensions printed on their both sides. The first
prototype had probe feed with metallic lines, while the second and the third
antenna had edge feeds. The ‘sizing’” was done for latter two antennas which had
same dimensions but differed by presence of slots in the patches on one side. The
variation in their structural dimensions, make antennas to resonate at different
center frequencies. Improvement of characteristics is observed beginning from the
first prototype antenna to the third with respect to gain, radiation pattern and

increased number of center frequencies.

3.2.1 Antenna on FR4

TATS |- s J—
| I

1
-

Fig 3. 2 Front and Rear Views of Antenna on FR4
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The original antenna design which is the first antenna proposed in [17]
consists of combination of metallic wires and split-ring resonators (SRRs) placed
on a substrate in unsymmetrical dimensions. Since, SRRs are actually planar
structures and wires can be easily substituted by metallic strips. Hence, the
extension of these designs to planar configurations can be made easily and these
can open the way to new planar microwave devices and also for coplanar
waveguide technology for miniaturized stop band and band pass filters. Fig 3.2
shows the geometry of the proposed metamaterial antenna, without any slot in the
patch on rear side. The dimensions are defined such that the antenna operates with
controlled radiation in the resonating band at 1.8GHz. The dimensions of the
structure of printed type on a substrate of FR4 (g,=4.4) is 40x80x1 mm?, which is
small enough to be built in mobile or wireless devices. The space for PCB
embedded type antenna is 40x15 mm? and PCB ground of the front and rear sides
are connected through vias. Radiating patch lines of width 24.75x1mm? and
11.5x1mm? are excited by a coaxial fed transmission line passing through a small
gap in between and lines are finally connected with the rear side of ground. The
proposed antenna has two different unit cells. The width of via lines and the width
of feeding line is 0.5 mm and the feed point is indicated with circle symbol in the
front side of antenna as shown in Fig 3.2. The gap between each unit cell and
feeding line is 0.2 mm, which is the distance between radiating patches and
feeding line. The major issue regarding the design is the arrangement of the
feeding network, and the isolation between the cells while current passes from

one side of the PCB to the other side till the ground. For further miniaturization of
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the prototype antenna and to overcome the issue regarding the coaxial feeding,
material of the substrate and the feed are altered, and discussed in the following

section.

3.2.2 Antenna without slot

Designing a wide band high gain planar antenna with controlled radiation
aperture is a difficult task. Antennas with conformal designs are usually based on
the edge feeding of individual radiating elements that lie in a conducting plane.
The advantage of this meander arrangement of different cells is that it results in
better gain increment of resonant bands without any adverse impact of the feeding
network. This Planar metamaterial antenna is based on reactively loaded
transmission lines (TL), with an S-shaped SRR structure (S-SRR) [17]. They do
not need additional rods to produce negative permittivity and negative
permeability within the same frequency range as in original i.e., a left-handed
metamaterial [22]. The SRRs have their advantages, such as miniature size and
high quality factor, and therefore these types of resonators have been used to
obtain miniature designs. Hence to realize meander structure, split ring resonators
are coupled with patches on the other side of the antenna. Theoretical analysis of
the radiation of an S-shaped split ring resonator (S-SRR) metamaterial, exhibiting
left-handed property shows enhancement of radiation [33]. It is seen that the
structure is resonant due to its internal capacitances and inductances, which can
be adjusted by individual dimensions. Two S-SRRs and patches resonances fall

within the same frequency band. Using this same idea, presently some extended
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S-SRRs are used for mobile band with suitable physical dimensions [47]. The
overall dimension of the intended structure was reduced to 40x60x0.762 mm?®, by
using a printed type on a substrate of RT Duroid 5880LZ (with &=2.2), which is
also small enough to be built in mobile or wireless devices. The space for antenna
is 40x14 mm? and can be PCB embedded type. PCB ground of front and rear side
is connected through vias. Radiating patches of 24.75 x 5.5mm? and 11.5 x
5.5mm? are introduced, instead of lines in the previous prototype antenna.
Radiating patches are excited by edge fed transmission line through a small gap in
between, and lines are finally connected with rear side of ground. The proposed
antenna has two different unit cells. The width of via lines is 0.5 mm. The width
of feeding line is also 0.5 mm. The gap between each unit cell and feeding line is
0.2 mm which is the distance between radiating patches and feeding line. The

diameter of vias is 0.5 mm, as shown in Fig. 3.3.
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Fig 3. 3 Front and back views of Antenna on RT Duroid and without Slot
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The prototype antenna size is reduced by 20mm of PCB with 1mm for
antenna when compared to the antenna on FR4. This antenna exhibits shift in
frequency bandwidth and better gain which is clearly dealt in Chapter 4. The
dimensions of the structure are defined such that the antenna operates
independently with controlled radiation in the resonating bands at 2.25 GHz and
at 3.35 GHz. The SRRs are active to resonate at the 2.25 GHz frequency band,
preventing in the second band with center frequency at 3.35 GHz. It is fabricated

using the Wet Etching Technique/Chemical and discussed in section 3.4 in detail.

3.2.3 Antenna on RT Duroid with slots

In this prototype antenna, SRRs and the patches have the same dimensions
as in the previous prototype. However, to achieve the multi-band response, slots
with unequal dimensions are introduced. Slot with dimensions 14mm is
introduced in 24.75mm patch and the other slot of 6mm is introduced on the
11.5mm patch as shown in Fig 3.4. These slots are so placed in the patches, so as
to give good resonance characteristics [54]. The combination of patches with slots
and SRRs achieve high magnetic coupling at resonance. The presence of the rings
leads to an effective negative-valued permeability in a narrow band at resonance.
By simply adding shunt metallic strips between the central strip and ground
planes, the sample demonstrated wide resonating characteristics. This effect has
been interpreted as due to the coexistence of effective negative permeability and

permittivity (the latter introduced by the additional strips).
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Fig 3. 4 Front and back views of Antenna on RT Duroid and with Slot

3.3 Simulation of Design

The proposed three antenna designs are simulated in HFSS (High
Frequency Structure simulator) and the results obtained are presented and
explained in Chapter 4. The overall view of the antenna on RT Duroid and with
slot, is shown in Fig 3.5, and the slot is indicated there with violet coloured patch
line. The final prototype in Fig. 3.5 has a feeding line (TL), and P1 and P2 are
radiating patches which are connected to SRRs, R1 and R2 through vias (Via).
Feeding line (TL) and radiating patches (P1 and P2) are located on front side of
PCB. SRRs (part R1 and R2) are located at the rear side. FEED is the edge
feeding incorporated in the antenna. These radiating patches are excited by line
(TL) through a small gap in between. Finally, lines extending from SRRs are
connected to ground, GND on the rear side. The overall view of rest two antennas

is similar to the overview presented here for the third antenna.
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FEED

Fig 3. 5 Over all view of antenna

The dimensions of each part of the three prototypes are shown in Fig. 3.2, Fig3.3
and Fig 3.4 respectively. The third antenna is based on idea of metamaterials
point and edge feeding. It has two different unit cells. One is composed of part P1
and R1 with via, and the other is composed of part P2 and R2 with via. Those two
unit sections appear to have a similar kind of structure, but not symmetric. These
cells share the feeding line (part TL). The width of via lines is 0.5 mm. The width
of feeding line (TL) is also 0.5 mm. And the gap between each unit cell and
feeding line is 0.2 mm, which is the distance between radiating patches (P1 and
P2) and feeding line (TL). The diameter of vias is 0.5 mm. This CRLH structure
may be modelled in terms of series inductance, series capacitance, shunt
inductance, and shunt capacitance which are responsible for the resultant value of
resonant frequency [78]. The three prototype antenna designs are simulated before

fabrication, to achieve gain required for the mobile communications.
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Optimization for the structure dimensions of an antenna is done in accordance
with a view to counter-act the fabricational defects. The simulation is carried out
to calculate the performance of designed antennas in terms of far field
functionality of the antenna, return loss, radiation pattern, gain, VSWR and axial
ratio values. Simulation also explained the improvement in resonance
characteristics and the added gain achieved by inclusion of slots in the antenna.
The resonating frequency bands could also be adjusted by changing the unit cell

parameters.

Fig 3. 6 Simulated Structure of Antenna on FR4 substrate
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Fig 3. 7 Simulated Structure of Antenna without slots

Simulated view of antenna on FR4 and RT Duroid without slots in the patches

are shown in Fig 3.6 and Fig 3.7 respectively.

Fig 3. 8 Simulated Structure of Antenna on RT Duroid and with Slot
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Simulated view of antenna on RT Duroid with slots in the patches is shown in Fig

3.8 respectively.

3.4 Fabrication of designed antenna

The three prototype antennas were fabricated as follows. The antenna 1,
on FR4 substrate, and the antenna 2 on RT Duroid (without slot), used the
chemical etching process, while mechanical etching was used for the antenna 3,

on RT Duroid, with slot in the patches .

3.4.1 Wet Etching/Chemical Etching

Chemical Etching fabrication is implemented for the first and second
antennas of this work. Transitioning from hypothetical metamaterial central
elements to an antenna is quite challenging, since it requires the fabrication of
different unsymmetrical unit cells. The SRRs are etched on the rear side of

antenna while CRLH with metallic patches on the complementary side of the

substrate. To fabricate two sided PCB antenna, .dxf file of antenna is taken from

simulation file of HFSS. This file is then transformed to image file with the
dimensions.

There are four main stages in the fabrication process of the antenna
structures using two substrates FR4 and Roger’s 5880 Duroid. These stages are:
1) Spinning and coating the board with photoresist;

2) Exposing the board to UV light;
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3) Developing; and

4) Etching.

Fig 3. 9 Art Work Film maker Fig 3. 10 Developer

Originally, an air-brush technique was developed to coat the boards. This
approach was found to significantly save on the amounts of the photoresist that
were being used in the processing. However, the air-brush approach was found to
be unsatisfactory because it was difficult to achieve a thin, uniform coating.
Because of the sizes involved, a standard spinner was used for the final
fabrication process. It gave a coat with a thickness between 1.0 and 1.5 microns
versus the 4 to 5 micron thickness that was achieved with the airbrush. A piece of
60 mm x 40mm x.762mm board size was selected, and it yielded two SRR-unit
cell structures. After spinning, the boards were placed in a 100° C furnace for one

minute to dry them. The printed mask of the design was generated and placed
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Fig 3. 11 UV Light Exposure Fig 3. 12 PCB Etching

over the board. The boards were then exposed for 1.5 min with UV light. The
boards were then placed in a developer. Developing time was under one minute.
Once the photoresist was removed, the boards were rinsed with deionized water
and dried with nitrogen. Finally, the boards were placed in a Ferric Chloride
etching solution. This process took between 10 to 15 min to complete, while care
was exercised to not over-etch the boards. The boards were rinsed with acetone to
remove any remaining photoresist from the board. The boards were finally rinsed
with deionized water and dried with nitrogen.

For Antenna Fabrication it is required to reduce or etch the copper clad on
one side of the dielectric to form the desired mobile antenna, while leaving the
back intact to function as a ground plane. The two general possibilities for
material removal are machining by mill or chemical etch. Copper PCB etchant
was selected over milling due to unavailability of a mill and the tediousness

involved in milling by hand with a rotary tool. It is possible to mask off the un-
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etched portion with marker or to selectively remove the protective plastic coating
from the laminate. Both methods worked in tests, and the later method was
selected for ease of measurement of dimensions and homogeneity of the resultant
metal patch. The feed point was chosen to be in the middle of the short
dimension, the length on the long dimension is due to impedance considerations.
A hole was drilled at the desired location or vias and an SMA connector was
soldered into place, taking care not to short the ground plane and antenna surface,
allowing for more compact planar antennas for a given wavelength. Two
techniques of fabrication were tested as suitable methods, a metal lift-off, and a
metal etch. Negative masks of the antenna were made by laser printing on
overhead transparency. The negative mask is needed for the lift-off. In a lift-off,
photoresist is left under the unwanted metal so that a solvent may undercut and
lift off the areas where metal is not desired, and after which it is cleaned and spin-
dried in order to drive the solvent out of the polymer. The wafers were exposed to
UV light through the negative mask for 15s at a dose of 14mW/cm?. This is a
higher than typical dose adjusted for the facts that the plastic mask is expected to
absorb a significant portion of the UV, and the negative mask is dark-field. After
the metallization, the etched wafers proceeded to photolithography. This process
was successful in creating the desired metallic pattern patch on substrate. The
exposed copper metal layer was then wet etched in a ferric chloric acid and
surfactant solution for 20mins at 40°C. The remaining photoresist was then
stripped of with n-methyl pyrrolidone. However, a crippling setback to the

investigation of the RT Duroid substrate was the difficulty involved in attaching a
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feed point. Aluminum grows a native oxide, which makes soldering to the surface
impossible. Plumber’s soldering flux did not alleviate the problem. Possible
solutions to this problem include the use of a proper wire bonder, probe station, or
clamping devices. In this type of etching the resolution and precision of the
dimensions are not reaching the mark and is not ecofriendly. So the prototype was
attempted to fabricate through the mechanical etching.

Photograph of fabricated antenna with FR4 is shown in Fig 3.13.

3.4.1.1 Photograph of fabricated Antenna on FR4

Fig 3. 13 Fabricated Antenna on FR4
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3.4.1.2 Photograph of fabricated Antenna on RT Duroid and without slot

Fig 3. 14Fabricated Antenna on RT Duroid and without slot

Photograph of fabricated antenna without slot is shown in Fig 3.14.
Miniaturization was observed from earlier antenna to this antenna and is achieved

by changing the feed and substrate.

3.4.2 Mechanical Etching

Mechanical etching is done by drilling bits with .dxf file is fed to the
system where it automatically takes the path to etch the conducting layer on the
antenna. Antenna print was crafted on the both sides of the antenna, and this has
high precision. Vias which connect patches and SRRs are created through hole
drilling. Later the feed point is connected / soldered with 50Q2 SMA connector.

This method is employed to fabricate the third prototype antenna on RT Duroid,
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and also slots on the patches on front side. The very reason is to maintain

accuracy of the dimensions of slots in the patches.

3.4.2.1 Photograph of fabricated Antenna with slot

Fig 3. 15 Fabricated Antenna on RT Duroid and with slot

Final prototype result is an antenna with slots on the radiating patches, as can be
seen in the photograph of fabricated antenna in the Fig 3.15. In this photograph
the refinement of fabrication detail is observed mainly with slot in the patch. The
slot was also etched according to exact dimensions without any precision error.
This antenna is not only compatible with handset, but also improvement of
bandwidth, gain and radiation pattern was observed. This is discussed in chapter 4
in detail, with respect to the return loss of simulated as well as tested results.

Structural variations from first prototype antenna to third prototype antenna was
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clearly seen, as is also clear from the photographs shown in Fig3.13, Fig3.14,and

Fig3.15.

3.5 Characterization of Prototypes.

After the designing and fabrication, the prototype antennas
underwent characterization. This is done by the determination of output
parameters listed by Return loss, Radiation Pattern and Gain.

(i) Return Loss Sii:

The return loss of prototype antenna is measured through Vector network
analyzer, as described in section 1.4.3. For this the test antenna is fed for a 0.0
dBm (1.0 mW) input power level along the resonating frequency range. In the
analysis, the fundamental definition of the bandwidth of an antenna is the
difference between the upper and lower frequencies of operation (f y and f
respectively) BW = fy — f.. The center frequency is defined as the arithmetic
average of the upper and lower frequencies. An arithmetic average yields the
central frequency when frequency is considered on a linear scale. It is used for
characterizing or measuring the response of desired antenna at resonant frequency
through a -10dB Bandwidth (dealt in detail in Chapter 4).

(ii) Radiation Pattern:

Antenna Radiation Pattern is a plot between, normalized power versus

angles of two perpendicular fields. The 6 and ¢ components of Electric field and

magnetic field, respectively are simulated and presented in Chapter 4. Major
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Lobes of the radiation pattern for an antenna prototype are demonstrated at
different frequencies.
(iii) Gain Measurement

The half power beam width (HPBW) is needed to measure the gain and
directivity. The antenna prototype was rotated from -180° to +180° and the
rectangular plot of received power Vs angle is plotted for all 6 and ¢ orientations.
From the plot, HPBW, angle which covers half of the maximum power in 6 and ¢,
are obtained. The antenna gain measurement was done in anechoic chamber. With
the relation of gain and directivity, gain is calculated and tabulated and presented
in Chapter 4 [79],[80].
(iv) VSWR

VSWR is determined from the voltage measured along a transmission line
leading to an antenna. When an antenna is not matched, power is reflected
causing "reflected voltage wave", which creates standing waves along the
transmission line. Low VSWR, which is equal to 1.0, in the plot of VSWR Vs
frequency shows the resonant frequency range of the prototype antenna. VSWR
of three prototypes are dealt in Chapter 4.
(v) Axial Ratio (AR)

Axial ratio (AR) is the ratio of the two orthogonal components of E-field.
AR equal to one represents circular polarization (CP). AR beam width for CP
based antennas is considered to explain the resonant frequency. AR for three
prototypes are presented to observe deviation from circular polarization in the

resonating band.
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(iv) Input Impedance

The input impedance is obtained from the overall circuit according to the
flow of current from feed point to ground for the final prototype. The graph of
reactance component of input impedance is plotted along the resonating frequency

range. This parameter will be discussed in section 4.6.

3.6 Analytical analysis of an Antenna on RT Duroid and with slot

Analytical analysis deals with the equivalent circuit of an antenna with
slot described in section 3.2.3. The equivalent circuit of individual components,
SRR, CRLH and patch with slot are shown in Fig 3.16. The input impedance,
reflection coefficient and return loss have been computed and expressions are

given below.

3.6.1 Equivalent circuit

Le Ce Csl el (s2
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Fig 3. 16 Circuit equivalent of Antenna
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The individual parts of antenna are considered and their circuit equivalent
is presented to derive the overall impedance of the circuit, as shown in Fig 3.16.
The CRLH TL, radiating patches and SRRs are the main elements to promote the
radiation. The circuit is connected with the above mentioned elements according

to Fig 3.17 to derive the impedance [82].

Le Cc Gl (rl Cs2 Cr2
I _| { [ 4 ( 0
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Lc T « < Rl Lr1 SR 2

Fig 3. 17 Over all Equivalent Circuit

The CRLH-TL is basically the combination of conventional and dual of
conventional transmission line. Examples are series inter-digital capacitors and
shunt stub inductors, which are introduced in a microstrip transmission line, as

given by a nonlinear equation.

f1=w ’L;?C:R T 3.1
W /C,LL’L

where [ is the propagation constant, ® is the angular frequency, and L g, C g, L |,
C L are characteristic inductances and capacitances of the CRLH transmission
line. The characteristic inductances and capacitances, L g, C g, L 1, C | are equal

toL ¢, Cc, Lc, Ccrespectively as shown in Fig 3.17. The resonant frequency is
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given by the equations Eqn3.1 and Eqn3.3. The impedance can also be obtained
by Equation 3.2.

The metamaterial transmission line allows the existence of backward
waves, in other words, negative propagation constants. Thus, two different
frequencies can have the same propagation constant (in the sense of absolute
value) through this dispersion relation. As a consequence, the same mode and
current distribution are achieved in the two different frequency bands. This
property is utilized in this work to design a dual band antenna, where Z; is the
characteristic impedance of the feeding line. Thus, yet another freedom is left for
the determination of the four design parameters. In order to have the ring resonate
at another frequency f,, the fourth restriction can be written as following based on

the negative propagation constant of the CRLH transmission line:

L
R =7
Cr
LI
L e, 32
Cy,
w w = ! ! 3.3
Tl, T2 -_— \/LRCL ) \/LLCR ..................... .
2T 1
,[)’2=—T=a)2 Cplp ——— 34
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The minus sign indicates that the CRLH transmission line is supporting a
backward wave at the second frequency f,. It’s clear that the propagation
constants at these two frequencies have the opposite signs but the same absolute
values. Thus, the current distributions at these two frequencies are the same. It
consists of the CRLH transmission line in which the series inductance and
capacitance and shunt inductance and capacitance exist and resonate for two
frequencies named f. and fy . The antenna, on the other hand, in fact, on its other
side, has ring resonators, which also resonate at f_. The patch on the side which
has transmission line, resonates in both frequencies. The resonant frequency of
the prototype antenna is calculated and observed as 1.9 GHz and 4 GHz. These
two frequencies represent the low and high frequencies of CRLH which are the
resonant frequencies of SRR and complement wires on the other side of PCB
antenna [84]. The values of the inductance and capacitance of equivalent circuit
are derived from the MURTA CHIPS DATABASE. The equivalence in terms of
circuits gives the input impedance of the antenna, which is simulated in the

MATLAB.

3.6.2 Input Impedance

The equivalent circuit of an antenna is drawn considering all the main
elements of the prototype having slots on one side. The input impedance is
derived from the overall circuit according to current from feed point to ground.
The reactance component of input impedance is then plotted to observe the

resonating frequency. This parameter is discussed in section 4.4. The input
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impedance of equivalent circuit specified in Fig 3.16 is derived in terms of S,

where is S = jo and given by Eqn 3.5

| 50x10*s° 1255105 +99.5x1077°8" +5.23x10°™s° +17.4x10°%° + 2.4x10°5* + 2.4x10°%5 + 2.16x10%57 4132510541

" 49.8x10%s* +12.4x107s" +17.4x10™°s° + 2.4x10™* +17.4x10s* +6.42x10s* +14.3x10™s? +1.08x10 s
............. 3.5
1_, _ Zin - Zo
L= Lo e 3.6

The impedance of the antenna equivalent is calculated from Egn 3.5 and the

reflection coefficient can be calculated by using Eqn 3.6.

3.6.3 Return loss

The return loss can also calculated by the relation as

Su=

The response of the (i) input impedance (reactance) (ii) reflection coefficient and
(iii) return loss is obtained for the frequency range from1GHz to 5GHz.

It may be noted that metamaterial concepts like CRLH were proposed and applied
for enhancement of antenna characteristics. They are basically the dual of

traditional transmission lines and follow the same analysis as that for the
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conventional transmission line. Substituting the equation Eqgn 3.5 in the Eqgn 3.6,

the reflection coefficient is obtained.

50x10%s° +12.5x10°™s° +99.5x10™°s" +5.23x10 s +17.4x10™s° + 2.4x10™s* + 24x10 s’ +2.16x10*'s* +13.2x10 s+1-50
49.8x10™%s° +12.4x107°s" +17.4x107s° + 2.4x10™°5° +17.4x10™°5* + 6.42x10 s’ +14.3x 10" +1.08x10 %5 +50

................ 3.8
Equation 3.8 gives the reflection Coefficient for the antenna. Return Loss can be

determined by substituting Eqn 3.8 in the Eqn 3.7.

. 498x10™s" +124x10™s" +174x10°s" +24x10°5° +17.4x10°*s" +642x10°°5° +14.3x10™s* +1.08x 105 +50
—50x10™s’ -125x10™'s" +12.4x10™s" +17.4x10°s" +24x10 5" ~2.4x10™s' +6.42x10™'s" - 2.16x10™'s* +11.2x10 5+ 99

1

.................. 3.9

The return loss of the antenna with slots is given by the Eqn 3.9

The response for the (i) input impedance (reactance) (ii) reflection coefficient and
(iii) return loss S;; are obtained and analyzed. The standard set of equations for
conversion between VSWR, return loss, and reflection coefficient (I') are also

used for the purpose. [87].

3.7 Summary of the Chapter

This chapter presented the scheme of development of a wideband handset
antenna for mobile range covering GSM, PCS, DCS and WIBRO. The schematic

of this was presented in the form of a flow chart, and three prototypes were
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considered. The working frequency of a planar antenna depends upon the
substrate selected. Among the three antennas presented, the first antenna has
substrate FR4 while second and third has substrate RT Duroid. The prototypes are
having meander structure printed on both sides with CRLH-TL, S-SRRs. The first
part of this chapter deals with the dimensions of the three antenna structures. First
design sample with FR4 and coaxial feed with FR4 (g,=4.4) is 40x80x1 mm? in
its dimensions. The second is an antenna of miniaturized size, 40x60x0.762
mm?, with a printed type on a substrate of RT Duroid 5880LZ (er=2.2) and edge
feeding. Third antenna prototype has the same dimensions as those of second
antenna and slots of different sizes are introduced in it to increase the number
resonant frequencies. Latter part of this present chapter discusses the fabrication
of three antennas. Chemical etching was implemented for (a) antenna which has
FR4 substrate and also for (b) the antenna which has RT Duroid and without slot.
Mechanical etching was used for the third antenna, which has RT Duroid and slot.
Valid reason for adapting mechanical etching is mentioned. Simulation presents
the optimized output parameters listed by return loss, radiation pattern, gain,
VSWR and axial ratio. Return loss and radiation pattern are measured through
vector network analyzer and anechoic chamber respectively. HPBW derived from
radiation pattern is used to determine gain and directivity. For the improvement of
antenna characteristics, right from the first prototype to the third prototype
antenna, concept of patch and inclusion of slot is implemented sequentially.
Betterment of results is observed clearly through the parameter of return loss

response, which is being dealt in Chapter 4 in detail.
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Analytical equivalent of the third antenna is determined by the
equivalence of individual elements. The main elements include CRLH, S-SRR
and PATCH with slot. The input impedance is derived from the overall circuit
according to current flow from the feed point to ground. The reactance component
of input impedance is then plotted to observe the resonating frequency. This last

parameter will be discussed in Chapter 4.
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CHAPTER 4

RESULTS AND DISCUSSIONS

A multi-frequency operation is essential for many mobile applications.
Hence, enhancement of bandwidth for achieving multi-frequency operation is
generally a major challenge for antenna designers. Many techniques have been
proposed to achieve this purpose [77]. While the previous chapter gave the design
and fabrication details, this chapter presents the characterization of the three
prototypes through simulated and measured results, with a view to demonstrate
amongst other properties, the frequency ranges in which these antennas resonate.
The simulated and measured values for different parameters are then used for
comparison. For example, the return loss response is used to compare the
bandwidth of the different antenna prototypes. The simulation results include
those for radiation pattern, gain, VSWR and axial ratio. The working band width
of the antenna is determined from the return loss response measured through the
vector network analyzer. The working bandwidth for is decided at the level where
the return loss response crosses -10dB line. Likewise, the Directivity is
determined through HPBW, from the rectangular radiation plot measured in

anechoic chamber.
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4.1. Antenna on FR4 Substrate

The prototype antenna on FR4 Substrate, discussed in Section 3.2.1 has

yielded the following results.

4.1.1 Return loss

Return loss graph containing, both, the simulated and measured values,

demonstrates the functioning range of the antenna.
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Fig 4. 1 Return loss for Antenna on FR4
Table 4. 1BW of Antenna based on FR4

-10 dB BW fi GHz f, GHz
Simulated S, 1.58 1.95
Tested S11 1.65 1.99
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The resonant frequency of the antenna as inferred from Fig 4.1, is
tabulated in Table 4.1. The simulation results show that the antenna resonates
from 1.58 GHz to 1.95 GHz, while the tested result of the prototype is observed to
be shifted towards right, with -10dB frequency values of 1.65 GHz to 1.99 GHz.
The shift may be explained on the basis of the fabricational reasons, irregularities
arising in the discontinuities at the outer contours of the conducting patch lines on
the substrate. This antenna covers Personal Communications (PCS) and Digital

Communications (DCS) bands.

4.1.2 Radiation Pattern
The simulated result of the radiation pattern of this antenna is shown in
Fig4.2, which demonstrates the variation of E field and H field with ¢ is equal to

90%and 0°, respectively.

Ansoft LLC Radiation Pattern 1 HFSSDesignl

Ccurve Info
— dB(GainTotal)
Setupl : LastAdaptive
Freq=3GHz' Phi=0deg’
—— dB(GainTotal)
Setupl : LastAdaptive
Freg=3GHz' Phi=90deg’

PRI
-180

Fig 4. 2 Radiation Pattern for Antenna on FR4

From the pattern, it is observed that the Electric field component has a higher gain

value of 1.6 dB.
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4.1.3 Gain

The simulated gain for this antenna is plotted in between 1GHz and 3GHz,

and shown in Fig 4.3.

Ansoft LLC XY Plot 10 HFSSDesignl
2.00 . Curve Info

— dB10normalize(GainPhi)
Setupl : Sweep

— dB(S(1,1))
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size="L.5mnt

1200 1.00 2 ; 7 200
Freq’[GHz]

Fig 4. 3 Gain for Antenna on FR4

It is showing lower gain of value -0.1dB at 1.8 GHz in the resonating frequency

range.

4.1.4VSWR

The antenna prototype on FR4 has VSWR, represented in the
frequency range of 1 to 3 GHZ, as shown in the Fig 4.4, and it shows a lower
value equal to 0.01 at 1.80 GHz. This is the center frequency of the antenna, as

discussed in Section 3.2.1.
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Ansoft LLC VSWR FR4 HFSSDesignl
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Fig 4. 4 VSWR for Antenna on FR4

4.1.5 Axial Ratio
The axial ratio of the antenna is shown in the Fig 4.5, and is used to

identify the working range.

Ansoft LLC XY Plot 2 HFSSDesignl
30.00

Curve Info

dB(AxialRatioValue)_9
Imported
Phi=0deg’ Theta="0deg’
—— dB(AxialRatiovalue)_10
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2.00
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Fig 4. 5 Axial Ratio for Antenna on FR4

The plot of axial ratio derives a value 8dB at 1.8GHz, as shown in Fig 4.5, and

evidently explains the resonating range.[88]
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4.2 Antenna on RT Duroid and without slot

A miniature design is essential in mobile applications. One of the many
techniques proposed, edge feeding along with RT Duroid, was incorporated here
for the same purpose. As discussed in Chapter 3, adjusting the size of the patch on

the front side of double sided prototype resulted in this wideband antenna.

4.2.1 Return loss

The prototype antenna on RT Duroid and without slot, discussed in
Section 3.2.2, has produced the following results. The bandwidth and the center
frequency of the antenna are obtained from the plot of return loss, Fig 4.6 and
reported in Table 4.2. The main aim here was to increase the gain and the

directivity of the planar antenna by metamaterial implementations.

—— simulated
—— tested

-10 4

-15 4

Return loss dB

-20 4

-25 T T
1.0 15 2.0 25 3.0 35 4.0 45

Freq (G Hz)

Fig 4. 6 Return loss of Antenna on RT Duroid and without slot
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Table 4. 2 BW of Antenna on RT Duroid and without slot

-10 dB BW f1 GHz f, GHz Center frequency
Simulated S;; 1.95 2.45 2.15 GHz
Tested Sy13 1.9 2.3 2.10 GHz

The simulation results show that the antenna resonates in the range of 1.95
GHz to 2.45 GHz. The ‘test’ results are observed to be shifted towards left with
extreme values of 1.9 GHz and 2.3 GHz. The shift between the two results may
be, again, due to fabricational reasons, i.e., due to irregularities arising in the
discontinuities at the outer contours of the conducting patch on the substrate. At
the low-frequency resonance at 1.9 GHz, the current distribution is good enough
to get a wider bandwidth. This antenna is covers the PCS, DCS and partial

BLUETOOTH bands [91].

4.2.2 Radiation Pattern

The simulated result for radiation patterns at 1.95 GHz, 2.15 GHz and 2.3
GHz frequencies are shown below in Fig 4.7. Radiation pattern presents both, the
azimuth component (red) and the elevation component (black). The magnitude of
the azimuth component is reduced, as the frequency increased. The shape of the

vertical component is deteriorated at the right side with the increase of frequency.
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Radiation Pattern 1

1.95 GHz, 2.15 GHz, 2.3 GHz

Radiation Pattern 2 Radiation Pattern 3

Fig 4. 7 Radiation Patterns of Antenna on RT Duroid and without slot
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Fig 4. 8 Gain of Antenna on RT Duroid and without slot

The gain is plotted, and is presented in Fig 4.8. The plot shows high gain value of

3dB at 2.15 GHz in the resonating frequency range of 1.9 GHz to 2.3 GHz. The

exact gain calculations are demonstrated in section 4.5 separately.
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4.2.4VSWR

VSWR HFSSDesignl
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Fig 4. 9 VSWR of Antenna on RT Duroid and without slot
The VSWR plot is shown in Fig4.9. It shows that, between 1.9 GHz to

2.3GHz VSWR is less than 2 and equal to 0.18 at 2.15 GHz , proving the

resonating frequency range of the antenna as discussed in Section 3.2.2

4.2.5 Axial Ratio
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Fig 4. 10 Axial Ratio of Antenna on RT Duroid and without slot
The plot of axial ratio of antenna on RT Duroid and without slot is

presented in Fig 4.10 and it depicts that, the axial ratio has varying values from

10dB to 6dB in the resonating frequency range of 1.9 GHz to 2.3 GHz.
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4.3 Antenna on RT Duroid and with slot

Miniature antennas with multi-frequency are desirable in mobile
applications, especially those which cover commercial bands. As discussed in
Chapter 3, introducing slots in the patches on the front side of a double sided
prototype resulted in the wideband antenna. The simulated and measured results
of prototype antenna on RT Duroid and with Slot are discussed in following

sections.

4.3.1 Return loss
The measured and simulated values of return loss are plotted in Fig.4.11.

This figure clearly depicts the four resonating bands in the entire frequency range

—— Simulated
5 _ Tested

-10 4
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-20 4

Return loss dB
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-35 4
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Fig 4. 11 Return loss of Antenna on RT Duroid and with slot
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of interest. The bandwidth and the center frequency of each resonating band for

this antenna is observed from the Fig 4.11 and tabulated in Table 4.3.

Table 4. 3 BW of Antenna on RT Duroid and with slot

Su BW1(GHz) | BW2(GHz) | BW3(GHz) | BW4(GHz)
simulated 1.6-2.05 2.3-2.45 3.3-34 4.4-45
Tested 1.6-2.05 2.35-2.5 3.4-35 4,45-4.6
Center 1.9 2.4 3.35 4.462
frequency

As discussed in chapter 3, inclusion of slots in the patches resulted in the multi-
band version of the antenna. The slot loaded metamaterial antenna exhibits
distinct resonances at 1.91 GHz, 2.4GHz 3.35 GHz and 4.62 GHz. It is noted that
this antenna is exhibiting better performance at lower frequency band. The two
upper resonances have poor return loss. The possible reason for the weak
response is poor current distributions in the structure. Further, it is observed that
the central frequency for each band is shifted towards higher frequency values in
case of measurement results. This shift is attributed due to losses of connector,
and the fabricational anomalies. The magnitude of deviation between the
simulated and tested results may define the refinement of fabrication. The
‘response’ of the prototype with slot antenna covers the commercial bands like
PCS, DCS, WIBRO, BLUETOOTH, and slices of some other bands. So the
antenna may fit well for different types of applications and in the different
wireless sets which work in these mentioned bands [89]. The Fig.4.11 clearly

demonstrates the multi frequency response due to the inclusion of slot in the patch

90



of antenna. The inclusion of slots probably serves as a defective ground surface

(DGS) [85].

4.3.2 Radiation Pattern

Radiation Pattern 5

Radiation Pattern 6

Radiation Pattern 7

1.95 GHz 2.4 GHz 3.4 GHz

Fig 4. 12 Radiation Pattern of Antenna on RT Duroid and with slot

Fig 4.12 shows the radiation patterns at 1.9 GHz, 2.4 GHz and 3.44GHz for the
antenna with slot. The magnitude of the azimuth component, red circle in the
patterns of the antenna based on RT Duroid without slot, is seen to be improved.
The radiation patterns of the antenna, which has slot in the patches, at different
frequencies, are taken into consideration for the plotting of E and H fields. The
radiation patterns don’t have much variation for the two prototypes based on RT
Duroid, i.e., with and without slot. As the frequency of the sample moves away
from the resonant frequency the shape of the radiation pattern deteriorates

towards the right side along with a minute decrease in gain.
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4.3.3 Gain

Gain of the antenna in the frequency range of 1 GHz to 5 GHz with slot is shown
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Fig 4. 13 Gain of Antenna on RT Duroid and with slot

in Fig 4.13. Gain magnitudes of the antenna for vertical and azimuth components
are equal at 1.9 GHz and 2.4 GHz with -2dB and 3.44GHz with -3dB. The gain

calculations through anechoic chamber, are considered in section 4.5.

4.3.4 VSWR

The plot of VSWR versus frequency for this antenna is shown in Fig 4.14.

VSWR HFSSDesignl

40.00 —| Curve Info
B —— VSWR(1)_1
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30.00 —|
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N
5
°
8

3. 60
Freq [GHZ

Fig 4. 14 VSWR of Antenna on RT Duroid and with slot
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It shows minima at 1.9 GHz, 2.4 GHz and 4.5 GHz, respectively. These are the
central resonant frequencies of the antenna based on RT Duroid with slot,

discussed in detail in Section 3.2.3[90] [92].

4.3.5 Axial Ratio
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Fig 4. 15 Axial Ratio of Antenna on RT Duroid and with slot

The axial ratio of the antenna is shown in Fig 4.15 from which it is clear that the

axial ratio is less than 6 dB at 1.9 GHz, 2.4 GHz, 3.44 GHz and 4.5 GHz.

4.4 Comparison of Tested Return loss of three Antennas

The Comparison of tested results of return loss of three prototypes is
reported in Fig 4.16. Improvement in resonances, progressively appearing right
from the first antenna prototype to the second and then to the third, is clearly

observed in this figure. Gain increment is also evident from the comparison of
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Fig 4. 16 Tested Return loss for three Prototypes

the three prototypes. The comparative values of return loss, which cross -10dB

line are tabulated in the Table 4.4.

Table 4. 4 Comparison of Return loss of Three Prototypes

S. No Antenna type | BW1(GHz) | BW2(GHz) BW3(GHz) BWA4(GHz)
1 FR4 1.65-1.99
RT Duroid
2 WITHOUT 1.9-2.3
SLOT
RT Duroid
3 WITH SLOT 1.6-2.05 2.35-2.5 3.4-35 4.45-4.6
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From the Table 4.4, it is clearly demonstrated that the third antenna
prototype not only offering the high gain at 1.9 GHz but also offering the gain for
the most of mobile applications like GSM, PCS DCS, BLUETOOTH, partial

WIFI and a part of WIBRO (Wireless Broadband) [86].

4.5 Gain measurement

Gain of an antenna is measured through the pattern by obtaining half
power beam widths (HPBW) of mutually perpendicular Electric and Magnetic
fields from the rectangular radiation pattern [5]. The gain and directivity are
further obtained as discussed in section 1.4 of Chapter 1. The rectangular
radiation pattern is measured with the arrangement mentioned below using a
anechoic Chamber [80]. Further the antenna is then rotated from -180° to +180°
for measuring power of E and H fields. This arrangement is adopted to measure
the radiation pattern in the anechoic chamber for the test antenna prototypes. For
the Horn feed and microstrip antennas, they are rotated by 90-deg to match the E-
field at 0-deg position, for the measurement of E plane. Antenna is bent with feed
and antenna’s relative facing is same in H-plane measurement [93].

4.5.1 Antenna on FR4

The two dimensional plots measured for E field and H field are presented

here for the antenna on FR4 Substrate.
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From the equation 1.8, chapter 1, the two angles of half power beam
widths corresponding to 6 and ¢ are as shown in Fig 1.3. These can be measured

in degrees in the above two figures of Fig 4.17 and Fig 4.18 as,

HPBW E Plane- 0;=54°

HPBW H Plane- 0,= 56°

Do= [4n(180/ ) ]/ 0,6, =~ 41,253/54°x56° =13.6

4.5.2 Antenna on RT Duroid and without slot
The rectangular plots measured for E field and H field are now presented

for the antenna on RT Duroid and without slot.
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Fig 4. 19 E Plane of Antenna on RT Duroid and without slot
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Fig 4. 20 H Plane of Antenna on RT Duroid and without slot

From the equation 1.6, chapter 1, the two angles of half power beam widths
corresponding to 0 and ¢ are as shown in Fig 1.3. These can be measured in

degrees in the above two figures, Fig 4.19 and Fig 4.20, as

HPBW E Plane- 0,=45°

HPBW H Plane- 0,= 56°

Do= [4n(180/ w)* ]/ 0,6, ~ 41,253/45°x56° =16.4
The antenna prototype with slot is also arranged as Horn feed and microstrip
antennas rotated by 90-deg to maintain matching of E-field at 0-deg position for

the measurement of E plane[83].
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4.5.3 Antenna with slot
The radiation plots measured for E field and H field for the antenna on RT

Duroid and with slot are presented in figures 4.21 and 4.22.
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Fig 4. 21 E Plane of Antenna on RT Duroid and with slot

Antenna was bent Sideways with respect to feed and antenna's relative facing

same, as in H-plane measurements as mentioned earlier.
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Fig 4. 22 H Plane of Antenna on RT Duroid and with slot

The HPBW angle in 6 plane, corresponding to the E-field is measured
from Fig 4.21. The HPBW angle in ¢ plane, corresponding to H-field is noted

from Fig 4.22.

HPBW E Plane- 0,=25°

HPBW H Plane- 0,= 50°

Do= [4n(180/ m)? ]/ 0:0,~41,253/(25°50%)  =33.1

Table 4.5 Directivity

S. No Antenna case Directivity
1 FR4 13.6
2 Without slot 16.4
3 With slot 33.1
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The directivity obtained for the three antenna samples are listed in table
4.5. A progressive improvement of gain is observed, beginning with the first
antenna prototype to the third. It is clear that the inclusion of slots in the third

antenna has aided sharpening of the beam.

4.6 Input Impedance of Antenna on RT Duroid and with slot

The graph for input impedance for the antenna prototype, shown in Fig
4.23, is obtained from the MATLAB code after considering the individual values
of components of the antenna prototype. This graph shows the reactive term of the

input impedance [82].

x 10

Input Impedance

Frequency (Hz) %107

Fig 4. 23 Input Impedance of the Antenna on RT Duroid with slot

The input impedance value is derived from equation 3.7, considering the
individual ‘nutshells’ of the antenna equivalent considering CRLH, SRR and
Patch, with the slot on the either side of the two sided prototype antenna. The

order of the nutshells of antenna indicates the current flow from source to sink.
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From this graph, it is seen that the reactance is negative in entire range of
frequency of interest. The result is also similar to the result reported in the paper

[94], [95].

4.7 Summary of the Chapter

An extensive list of output parameters is discussed in this chapter,
for the antennas fabricated according to the ideas reported in literature.
Parameters like return loss, radiation pattern, gain measurement and input
impedance plot are discussed in detail.

The resonant frequency of the antenna on FR4, from the simulation
results, it resonates from 1.58 GHz to 1.95 GHz. The measured values for the
same are in the range of 1.65 GHz to 1.99 GHz. This antenna covers the PCS and
DCS bands. Limitation of this antenna is that for optimum power, its feeding
increases the thickness of the mobile or wireless sets. The second prototype,
antenna on RT Duroid and without slot, has size reduction in two aspects.
Antenna size is reduced by 1 mm and also the overall PCB size is reduced by 20
mm. A wider band version of the antenna, with improved gain is achieved with a
larger frequency bandwidth. The simulation results show that the antenna
resonates from 1.95 GHz to 2.45 GHz. The measured values for the same were
shifted towards left on the plot, i.e., towards lower frequencies, within 1.9 GHz to
2.3 GHz. This antenna covers the PCS, DCS and BLUETOOTH bands. The third
prototype, the slot loaded metamaterial antenna exhibits resonances at 1.91 GHz,

2.4GHz 3.35GHz and 4.62 GHz. The prototype which has slots on the radiating
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patches is proved to be resonating more number of bands compared to the
prototype which doesn’t have slots on the front side. It is seen that considering
even these small deviations, there is a very good agreement between the design
and experimental results of the work. Latter part of the chapter discusses the
rectangular radiation patterns measured through an anechoic chamber. The half
power beam widths (HPBW) for Electric and Magnetic fields are obtained by it.
The gain and directivity were further measured, and discussed here. Amongst the
gain obtained for the three prototypes, antenna based on RT Duroid and with slot
has highest gain at resonant frequency.

Lastly, this chapter deals with the response of reactance of input impedance. It
also supports that the resonating frequency of the third antenna, matches with the
return loss response at 1.9 GHz.

Summary of the results is tabulated in Appendix 1. The frequency

calculations of the structure are given in Appendix 3.
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CHAPTER 5

CONCLUSIONS

Three prototype antennas were designed in the present work with the
intention of using the concept of metamaterial structure, and thus, develop a
revolutionary miniaturization method for RF devices. These antennas are of
meander structure and printed on both sides of PCB. Improvements in antenna
performance, as those regarding bandwidth and efficiency are achieved in this
work by using CRLH, two unsymmetrical different sized SRRs and patches. The
first prototype, fabricated on FR4, is suitable for PCS and DCS communications.
The test results for the second prototype clearly demonstrate the antenna
miniaturization achieved by the collective effect of using edge feeding, patch and
the substrate RT Duroid. This prototype also exhibits wider bandwidth with
slightly improved gain, and works in the PCS, DCS and partial BLUETOOTH
bands. Whereas, slots were introduced in the radiating patches for the third
prototype, and this has led to increased power of radiation in the overall structure.
This third prototype has broad bandwidth and high gain and covers PCS, DCS,
WIBRO, BLUETOOTH and slices of the other bands. Hence, it is also very
useful in RF devices like, wireless sets which are lightweight and compact. These
antennas can also fit in slim mobile handset working in different commercial

bands since the proposed antenna is implemented on PCB.
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Parameters like return loss, radiation pattern, gain measurement and input
impedance show that the third antenna is very efficient for mobile applications.
The mechanical etching method used for in its fabrication has also proved to be
better than the chemical method.

The resonating bands of the three antennas are discussed in this work
considering the -10dB power of return loss response of individual antennas. The
resonating frequencies, according to response of reactance component of input
impedance, and that according to the return loss response of the antenna, both,

show that their values match very well at 1.9GHz.
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CHAPTER 6

FUTURE SCOPE

The final prototype antenna (3" in sequence) designed and fabricated in
the present work is lightweight, slim, low cost and can be employed for batch
process. Also, this prototype is integrable in RF systems. Though, this work has
led to development of antenna with such qualities in RF range, it can further be
extended to be used for other frequency ranges corresponding to wireless systems.
The developed prototype can operate at different frequency bands for various
applications, if it is setup in working communication range. The presented
antenna can also be fabricated with-in the chip of SOC (System on Chip).
Furthermore, the estimation of Specific Absorption Rate (SAR) levels of the
presented antenna may also be done while it is used for mobile handsets. Also,
this antenna can be used very effectively in small wireless sets for near distance
communications. Besides the above, some of the following may also be taken up
for future work:

e Dimensions of individual cells of an antenna can be varied, for antenna to
resonate in the desirable frequency bands.

e Array of SRRs with meander structure can also be used for conformal
antennas with flexible substrate.

e Estimate the field strength at different nodes.
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Determination of negative values of epsilon and mu in resonant frequency
range through Mathematical Analysis.
Correction/reduction of Axial ratio anomalies.

Correction/reduction of irregularity in H-plane pattern.
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APPENDIX 1

Parameter
Antenna Center .
S. No . Axial
Type Frequency Gain VSWR Ratio
dB
dB
1 FR4 1.8 GHz -0.1 0.01 8
WITHOUT
2 SLOT 2.15GHz 3 0.18 6
1.9 GHz -2 1.2 2
2.4 GHz -2 2 5
3 WITH
SLOT
3.44GHz -3 >2 5
4.5GHz -2 3 12

123



APPENDIX 2

MATLAB CODE FILE FOR COMPUTATION OF
INPUT IMPEDANCE EQUATION

f=1*10"12:0.1*10"12:12*10"12,;
[w] =2*pi*f;
freq=f;
[A]=(12.5*W.A(8)*10.4(-8))-5.23*10.A-54*W.A6+2.4*10.7-24*W."4-2.16%10.M-
21*w."2+1,;
[B]=50*10.~-94*w."9-99.5*10.N-75*W.N7+17.4*10./-54*w.N5-2.4*10.M-
33*wW.A3+13.2*10.M-12*w;
[C]=49.8*10.8-85*W."8-17.4*10.M-45*wW.N6+17.4*10.M-45*W."4-14.3*%10.M-
24*wW."2;
[D]=(-12.4*10.A-73*wW.NT7)+2.4*10./-45*W.A5-6.42*10./-32*w.~3+1.08*10.1-
12*w;
A=A";
B=B';
C=C;,
D=D}
f=f',
Z= (A+iB)/(C+iD);

plot(f, Z);
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APPENDIX 3

FREQUENCY CALCULATIONS

6.=1.9 GHz

6r=4.6 GHz

1
" 2m/1.0x10-9x (x)x 10~ 12

oL

_ 12 _ 1
=>1.9x10 " 2mVxxV10x10~10

0.026
=>VX =
v 102

. _68x107*
7T 104

=>x = 0.68 X 107°

1

f =
2m,/(1x1079x1x10712)

h

1
© 2mV/(1x10721)

1
— J(Ix1079%x1x10-12)

1
V(10721

1
" 2mV10x10~10

fh
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1010
~ 2mV10

= 0.05 x 101°

=5 x 1012

fe=1.9 X 1012Hz

w = V(LC)
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w. =
" WLrXCc
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:>2T[F - VLcXCr
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10~8
=>\/E -
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—>v/c = 0.026 x 1078
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=>\/§ = !
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