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ABSTRACT

Designing compact antennas and microwave circuit components has always been
an important issue because of the tremendous growth in electronic communication
systems. This growing demand of wireless communications and introduction of
new communication protocols stipulate the re-design of wireless systems to cater
different recent needs. Allocation of ultra-wideband (UWB) spectrum by FCC in
2002 attracted the antenna community to design compatible antenna systems cov-
ering the UWB band ranging from 3.1-10.6 GHz. Numerous radiating structures
have been investigated utilizing radiating elements of different shapes, including
circles, ellipses and squares. Complexity of designing such UWB antennas has
increased many folds in recent years due to co-existence of various narrowband
services within the UWB spectrum, like, WIMAX (3.3 3.7 GHz), WLAN ( 5.15

5.85 GHz) and X-band satellite downlink (7.25 7.75 GHz) which demand the
mitigation of these interfering narrow bands for efficient communication using the
UWB spectrum. Such antennas, requires in-built frequency notching feature and
are known as frequency-notched UWB antenna. Introduction of recent communi-
cation protocols like software defined radio (SDR) and cognitive radio (CR) for an
efficient spectrum allocation has escalated the antenna design challenges further.
Antennas for this system requires special attention as it necessities an UWB and
narrow band antennas in common platform. The first antenna performs spectrum
sensing of unused carrier frequencies and is called sensing antenna. On the other
hand, the second antenna needs to be reconfigurable one, operating over a limited
bandwidth and is known as communicating antenna or “transmit/receive antenna”.
Present PhD thesis deals with the design, development and practical realization of
multi-functional planar compact antennas for modern wireless applications. The

work is systematically planned and realized as follows:

1. Metamaterial based structures (SRR and/or shunt wires) have been success-
fully designed and developed for realization of notched filter. Multiple rota-
tional SRR loaded coplanar waveguide (CPW) line based frequency notched
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filter is realized with an aim of using them for printed antennas for modern

wireless applications.

. The recent requirement of frequency-notched antenna design is demonstrated
using planar antennas of various shapes and configuration, like, monopoles,
tapered slot antennas. Seamless applications of the planar filters realized in
previous section, is very efficiently used in design of such frequency notched

antennas.

. A significant contribution of the present thesis is successful realization of
multi-functional antennas aimed for CR and SDR applications. This new
multi-functional antenna uses a single radiating element coupled with meta-
material based structures (SRRs) and/or switches around its ground plane.
Combinatorial loading of the SRRs and/or the switches in this antenna pro-
vides multiple antenna functionalities. The notch frequency and narrowband
frequency in this antenna can be controlled by changing the physical dimen-
sions of Split Ring Resonator (SRR) and are independent of the antenna
configuration. Various experimental aspects involving challenges and con-
cerns in characterizing these types of antennas have also been thoroughly

considered in this work.

. A practical realization of the proposed multi-functional antennas using com-
mercial RF switches (PIN diodes) is another significant contribution in this
thesis. The realized antenna is characterized for impedance and radiation
pattern measurements and provides good correspondence with theoretical
estimations and simulation results. Moreover, frequency tunablity of the
antenna is demonstrated using a stepper motor based rotational mechanism

using rack-pinion structures.

. A bandwidth controllable cylindrical ring dielectric resonator (CRDR) an-
tenna is proposed. The bandwidth controllability is achieved by structurally
loading the CRDR antenna with metallic cap and sleeve loading. Bandwidth
controllability is demonstrated without perturbing the antenna radiation

characteristics.
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CHAPTER 1

Introduction

1.1 Reconfigurable and Multi-Functional Antenna:

An Overview

Introduction of new technologies like UWB (Ultra-Wideband) radios, MIMO (Mul-
tiple Input Multiple Output) and MSR (Multi-Standard Radio) in modern wireless
communications in the recent past have demanded design and realization of com-
patible antenna systems for each of these services and enhanced the antenna design
challenges to a great extent|Force (2002); Alexiou and Haardt (2004); Hall et al.
(2012); Christodoulou et al. (2012); Tawk et al. (2016); Christodoulou (2009);
Tawk et al. (2014a)]. As antennas are necessary and critical components of these
systems, they need to adjust to new operating scenarios to meet the system per-
formance. The design challenges posed by these communication systems can be
catered with the help of reconfigurable antennas. Reconfigurability in antennas
imply change of antenna impedance and radiation characteristics either by means
of electrical, mechanical or other means [Bernhard (2007)]. The reconfigurable an-
tennas can be classified broadly in four categories depending on the characteristic

altered, they are:

1. frequency reconfigurable antennas

2. pattern reconfigurable antennas

3. polarization reconfigurable antennas

4. combination of (1), (2) and (3)

Reconfigurability is achieved by altering the surface currents or the aperture

fields of the radiator. In the case of frequency reconfigurable antennas, the oper-

ating frequency of the antenna is modified by changing the electrical length or the



surface current distribution. For the radiation pattern reconfigurable antennas,
the radiation properties like shape of the pattern, directivity and direction of ra-
diation are altered by changing the radiating edges, feed network of the radiator.
In case of polarization reconfigurable antennas, the polarization of the antenna is
modified by altering the feed network or the radiator geometry. In the last cate-
gory, the antenna is configured to attain multiple reconfigurability by combination
of above stated properties. Proper selection of a reconfiguration technique based
on a desired type of reconfiguration, with minimal impact on the other character-
istics of the antenna is the most important criteria in designing a reconfigurable

antenna.

Several reconfiguration techniques has been proposed to attain the reconfigura-
bility. Various techniques of designing the reconfigurable antenna can be mainly

classified as shown in figure 1.1.

Technigues

Material
Change

Electrical Optical Physical

Figure 1.1: Various techniques to attain reconfigurable antennas

Electrically reconfigurable antenna achieves the reconfigurable operation by
employing switches on the antenna’s radiating aperture and/or feeding line. The
popular choice of electrical switches are PIN diodes, varactors, RE MEMS, whose
selection choice depends on various factors like cost, ease of design, switching
speed, topology and so on. PIN diodes offer low loss at low cost, but are limited
by their forward bias dc current in ON state which degrades the overall power
efficiency and device battery life. Varactor diodes are utilized where continuous
reactive tuning is required, but suffer from poor linearity. To improve the varactor
linearity, ferroelectric variable capacitors are used instead, they suffer from limited
tuning range and higher loss than varactors. MEMS devices offer the advantages
like very low loss, wide bandwidth and low power consumption, but are often opted
due to high operating voltage, low reliability and higher cost than semiconductor

devices. Recently RF MEMS [Erdil et al. (2007); Huff and Bernhard (2006); won



Jung et al. (2006)], PIN diodes [Peroulis et al. (2005); Han et al. (2014); Row
et al. (2012)] and varactors, |Behdad and Sarabandi (2006); White and Rebeiz
(2009)| are being used as switches for achieving reconfigurable antenna function-
ality. While properly biased PIN diodes and RF MEMS based switches provides
different antenna aperture based on ON/OFF mechanism and hence the desired
antenna reconfiguration, varactor based reconfiguration utilizes variable capaci-
tance of the varactor due to the change in the bias voltage providing a vast tuning
range. Frequency tunable antenna based on CPW stub loaded MEMS capacitor
is demonstrated in |Erdil et al. (2007)|, where the electrical length of the stub is
controlled by MEMS capacitor. In [Huff and Bernhard (2006); won Jung et al.
(2006)|, the MEMS switches are embedded in the arms of square spiral antenna,
thereby enabling the pattern reconfigurable antenna depending on the actuation of
the switches. A single-fed resonant slot loaded with a series of PIN diode switches
is utilized in [Peroulis et al. (2005)] to change effective electrical length, resulting
reconfigurability. By incorporating three PIN diode switches along the meandered
tuning stub loaded on top of the half circular patch located within the circular slot
multi-frequency operation is realised in [Han et al. (2014)]. Two PIN diodes are
incorporated in the V-shaped feed of annular slot antenna to implement three dif-
ferent polarizations, including one linear polarization and dual orthogonal circular
polarizations. Dual-band reconfigurable slot antennas is realized in [Behdad and
Sarabandi (2006)] by loading a slot antenna with a varactor at a certain location
along the slot. [White and Rebeiz (2009)], utilized varactors in the slot antenna

to attain single-and dual-polarized slot-ring antennas.

Optical reconfigurable antenna utilizes photoconductive switches wherein the
state of the switch is manipulated by laser beam. Two silicon photo switches are
placed in both dipole arms to attain frequency reconfigurable antenna in [Panaga-
muwa et al. (2006)|. Light from two infrared laser diodes is applied to the switches
to alter the functionality. Mechanical reconfigurable antennas utilizes a physical
movement of antenna structure to obtain the desired functionality. The physical
alteration of the structure can be realized using motors where a part of the antenna
is changed. Popular mechanical reconfigurable antenna systems are parabolic re-
flector antennas where a single rotating reflector is used to cater multiple sources

placed at vertex. In [Costantine et al. (2014)], the response of the antenna is



altered by changing the position and spacing of the ground plane with respect to
the antenna. Other category explored for reconfigurability is by utilizing smart
materials like liquid crystals, ferrites and BST where the material properties like
conductivity, permittivity and permeability are altered. [Sathi et al. (2012)], uti-
lized organic semiconductor polymer to attain frequency sweeping capability. The
resonance frequency is changed by changing the optical illusion intensity on the
substrate. Liquid crystal are used in [Liu and Langley (2008)] to attain the recon-
figurability. Radiation characteristics of microstrip planar array of circular patch
antenna printed on Ni-Al ferrite substrate are altered by biasing the ferrite as

demonstrated in [Pourush et al. (2006)].

The advantages of using reconfigurable antenna compared to multiband /wideband
antennas or multiple antennas can be summarized as [Christodoulou et al. (2012)]:

e Flexible utilization of resources

minimizes cost
minimizes space requirement
allows easier integration

good isolation between different wireless standards
e Lower front-end complexity

no need for front-end filtering

good out-of-band rejection
e Multi-functional capabilities

change functionality as per the requirement
provide wideband or narrowband operation
e Suitable candidate for software defined radio (SDR) and cognitive radio (CR)

applications

The antennas discussed in this thesis are termed as ‘multi-functional’ antennas as

they are new class of antennas where the impedance characteristics are altered as
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Figure 1.2: Cognitive radio antenna system [Christodoulou et al. (2012)]

opposed to the antennas discussed above where the antenna properties like fre-
quency, polarization and pattern are altered. These antennas find their application
in CR systems, as they require the antenna whose functionalities are wideband,
reconfigurable narrowband and wideband with reconfigurable notch as discussed

in detail in the following section.

1.2 State-of-the-art Cognitive Radio System

The advancements in wireless communication and the use of new protocols have
led to imbalance in spectrum allocation. The scarcity in spectrum allocations is
caused of different spectrum allocation policies and lack of available frequencies.
To alleviate this problem, the spectrum has to be utilized effectively leading to new
protocols like CR. Here the unused spectrum referred as ‘white spaces’ is identified
dynamically and allocated to users to communicate over those white spaces. The
CR process needs to monitor the spectrum, process information and utilize the
white spaces and adapt for future use, commonly referring it as sense, act and learn
process. The CR technology requires two set of complementary antennas, i) UWB
antenna and ii) narrowband antenna, for efficient spectrum utilization. The UWB
antenna, called sensing antenna, continuously scans over the ultra-wideband to
search the idle spectrum not currently in use by the ‘primary user’ and allocates it
to the ‘secondary user’ which immediately starts communicating at this frequency,
using the narrowband antenna (communicating antenna). Thus efficient utilization
of the idle spectrum dedicated to the primary user and distributing it dynamically
to the secondary user, is the key in CR technology in achieving higher spectrum

utilization. The CR antenna system is shown in figure 1.2.



Since the available idle spectrum can be dynamic, the communicating antenna
in the CR antenna system needs to be reconfigurable in nature so that its operating
frequency can be synchronously tuned with the command obtained from the sens-
ing antenna. CR system operates in two modes i.e., ‘interweave’ and ‘underlay’.
In the interweave mode of operation, as shown in figure 1.3(a), the device searches
for white spaces, and decides which white space to allocate for secondary users.
The secondary users can transmit without any power constraint in this case. The
spectrum-sensing techniques can be wideband or narrowband thereby by leading
to wideband or narrowband sensing antenna. As the secondary user transmits in
the white spaces, the communicating antenna should be a reconfigurable narrow-
band. In the underlay mode of operation, as shown in figure 1.3(b), the device
searches for white spaces. For this case, there is a constraint on the transmitted
power by the secondary users, since both primary and secondary users can occupy
the same frequency bands. However, if under certain circumstances, primary users
can’t tolerate any level of secondary user’s interference, the secondary users are
forced to transmit over the whole frequency band except at the restricted chan-
nels occupied by the primary users. The spectrum-sensing techniques is wideband
thereby leading to wideband sensing antenna. As the secondary user can trans-
mit over the entire spectrum with specified interference levels or entire spectrum
excluding certain portions, the communicating antenna should be a wideband or

wideband with notched narrowband. Figure 1.4 summarizes the different antenna

required for CR system.
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Figure 1.3: Power spectral density of channel as function of frequency in

(a) inter-weave mode (b) underlay mode [Tawk et al. (2014a)]
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Figure 1.4: Antenna requirements for CR system

The wideband antennas required for sensing can be realized as frequency-
independent antenna, travelling wave antenna or multi-resonance antenna [Con-
stantine et al. (2005)]. Frequency-independent antennas electrical characteristics
are independent of frequency and shape is expressed in terms of angle. The popular
candidates of frequency- independent antennas are spiral, logarithmic antennas.
Travelling wave antennas offer smooth transition of fields from antenna to free
space. Horn antennas, tapered slot antenna known as vivaldi and antipodal an-
tennas are examples of travelling wave antennas. In multi-resonance antennas,
multiple resonances or the higher order modes are combined to make the antenna
wideband. The planar log-periodic, planar monopole antennas falls in this cate-
gory. The planar monopole antenna printed on a dielectric substrate emerged as
one of the popular candidates for UWB band due to low profile, wide impedance
bandwidth, good radiation characteristics and ease of fabrication [Schantz (2005);
Kumar and Ray (2003); Valderas (2011)]. Numerous monopole designs have been
investigated utilizing radiating elements of different shapes, including circles, el-

lipses and squares |Liu et al. (2011, 2010); Liang et al. (2005)].

The requirement of frequency notched UWB antennas arises due to spec-

trum overlapping of various narrowband services within the UWB spectrum, like,

WiMAX (3.3 3.7 GHz), WLAN (5.15 5.85 GHz) and X-band satellite downlink



(725 7.75 GHz) etc. This demands the mitigation of these interfering narrow
bands for efficient communication utilizing the UWB spectrum leading to the de-
sign of ultra-wideband notched antennas. This has been addressed by various
groups by introducing intrinsic filtering properties at the desired notch frequen-
cies of the UWB antenna. Majority of these narrow band interference mitigation
techniques, aimed to achieve single/dual /triple notches, use various slots [Ojaroudi
et al. (2013); Zhang et al. (2008); Abbas et al. (2014); Nguyen et al. (2012); Zhang
et al. (2010); Luo et al. (2008)], parasitic resonators and complimentary split ring
resonator |Jiang et al. (2012); Chu and Yang (2008)] on the radiator or feed sec-
tion. However, placing slots on the antenna structures can lead to deterioration on
the radiation performance of the antenna to some extent. In addition, the design
methodology is highly specific to antenna shape and geometry, not easily adapt-
able in the radiator of other geometries and neither the notches are easily scalable.
Another method commonly employed is to introduce intrinsic filtering properties
at the feedline of the UWB antenna. To minimize the footprint of such frequency
notched antenna, it is highly desirable to embed the frequency notching elements
within the structure with minimum perturbation of its radiation and impedance
characteristics in the desired band. This alternative approach to design frequency
notched UWB antennas was proposed in [Lin et al. (2012); Sung (2013)], where di-
verse parasitic resonators were loaded near the radiator or feedline of the antenna
for multi-notch application. A new frequency notching technique with minimum
impact on the radiating aperture of the UWB antenna by inductive coupling a
single pair of split ring resonator (SRR) in the feed region is demonstrated in
[Siddiqui et al. (2014)]. The frequency notch can be reconfigured as discussed in
earlier section. Narrowband antennas can be realized using microstrip antennas
or quarter-wavelength monopoles etc. The reconfigurability in these narrowband
antennas can be attained using the design methodology as discussed in previous

section.

The existing antennas topologies in CR system are discussed below: Combina-
tion of a slotted polygon shaped UWB antenna and accommodating two rotatable
triangular shaped patches was proposed by Tawk et. al. [Tawk and Christodoulou
(2009)| as a potential CR antenna. A stepper motor based physical rotation of

various antenna patches and their sequential contact with the feeding microstrip



line has been used in [Tawk et al. (2011)] to design reconfigurable communicating
antenna. Recently, a varactor loaded filter integrated antenna, filtenna is demon-
strated in |Tawk et al. (2012a)], where excellent frequency reconfigurability is
achieved due to tunable bandpass filter element in the feed section of the antenna.
This antenna can be utilized as reconfigurable communicating antenna. An IR sen-
sor based motion detector is used in [Costantine et al. (2013)] to realize frequency
reconfigurable antenna based on mechanical movement, where the actuation of IR
sensor is based on surrounding environment. In [Tawk et al. (2012b)], narrow-
band reconfigurability antenna achieved by a integrating laser diodes within the
antenna structure is placed in close proximity of wideband antenna to demonstrate
a CR antenna. The antenna system required for both inter-weave and underlay
topologies is demonstrated in [Tawk et al. (2014b)]. In inter-weave scenario, the
reconfigurable communicating antenna is realised by integrating a reconfigurable
pass band filter in the feed section of the antenna and wideband sensing antenna
using a monopole. For underlay scenario, the communicating antenna is realised
by integrating a tunable band reject filter in the feed section of the antenna. The
communicating antenna in [Costantine et al. (2014)| utilises the physical motion of
ground plane realised by Arduino board to attain the reconfigurability. [Ebrahimi
et al. (2011)], utilized wideband antenna on top plane and narrowband antenna
on the bottom layer to demonstrate the multi-standard radio antenna system.
FPGA controlled PIN diodes loaded between four sections of a patch and a main
patch has been used in [Shelley et al. (2010)] to achieve reconfigurable charac-
teristics. An autonomous frequency reconfigurable antenna is proposed in [Hinsz
and Braaten (2014)], in which a power splitter and bandpass filter is used. How-
ever, isolation between the ports of several antennas housed in a circuit remains a
challenge. Multi-layered CR antenna system is presented in [Hussain and Sharawi
(2015)|, where sensing antenna and communicating antenna are placed in different
layers. In [Augustin and Denidni (2012); Tang et al. (2016)], a configuration of
wideband and reconfigurable narrowband antenna for CR system is demonstrated
where the reconfigurable narrowband is achieved by loading the switches in slot
of narrowband. A planar UWB /reconfigurable-slot antenna is proposed in [Erfani
et al. (2012)], where a varactor diode is placed in slot antenna to provide a recon-

figurable narrowband frequency operation. Inter-weave topology of CR antenna



system is demonstrated in [Tang et al. (2017)], where communicating antenna is
realized by implementing a reconfigurable bandpass filter in the feed section of
the antenna. Designing compatible antenna systems for CR applications is more
complicated as it requires co-housing of multiple antennas to achieve desired an-
tenna functionality. Technology, challenges and key design parameters of such
CR system and CR based antennas has been highlighted in [Christodoulou et al.
(2012)] and [Hall et al. (2012)].

1.3 Thesis Contributions

Current dissertation presents design of multi-functional reconfigurable printed
antennas and bandwidth controllable dielectric resonator antenna. The multi-
functional printed antennas are designed by utilising the combinational loading
of SRR and shunt strip in the feed section of the antenna. The bandwidth con-
trollability of cylindrical ring dielectric resonator (CRDR) antenna is realized by
parasitic loading of metallic structures on the dielectric resonator. The major

contributions of this work can be summarized as:

e Implementation of rotational SRRs in designing compact narrow/wideband
notch filters. These filter designs are based on theoretical computation,
electromagnetic simulation, circuit simulation followed by fabrication and

experimental validation.

e Design of ‘multi-functional’ antenna having frequency characteristics of wide-
band, notched wideband and narrowband antenna, which evolves from a
single antenna configuration. This is a completely new kind of antenna re-
configurability. The proposed technique utilizes split ring resonators and/or

shunt strips loaded in the feed region of the antenna.

e These antennas are referred as ‘filtenna’- combination of filter and antenna
as the filtering action performed by the combinational loading of SRR and

shunt strip before the antenna.

e The multi-functional antenna is implemented in single layer for two type of

antennas: circular monopole antenna(CMPA) and tapered slot antenna(TSA),
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as well as in multi- layer configuration utilizing circular monopole antenna.

e The switching of the antenna functionality is realized using electrical mecha-
nism (PIN diode). Moreover, a mechanical technique to tune the notch/narrow
band frequency of the antenna is successfully realized with the help of motor

controlled with Arduino Uno Microcontroller.

e Technique for bandwidth controllability in CRDR antenna is proposed which
utilizes structural modification (loading the antenna). Two different topolo-
gies (metallic cap and metallic sleeve loading) are employed to control the
bandwidth. The design equations employing curve-fitting technique is pro-

posed which can precisely predict the bandwidth of the monopole fed CRDR.

1.4 Thesis Outline

Chapter 2 deals with SRR loaded CPW transmission line structures to realize
narrowband and wideband band stop filters. This chapter is further classified
into two sections. The first section deals with the basics of SRR, its theoretical
design and their loading and placement strategy. The second section deals with
a multiband and wideband bandstop filter realized by loading the CPW based
transmission line with an array of the SRRs, with small modifications in the SRR
geometry. The last section deals with the validation of the results through lumped

equivalent circuit.

Chapter 3 deals with wideband antenna loaded with SRR and /or shunt strips
to attain multi-functional characteristics. Loading the antenna with SRR results
a notch in its wideband; further loading the antenna with the shunt strip results in
narrowband characteristics. In the first section, two different antennas are loaded
with SRR and/or shunt strips to ascertain that this technique is unique and can
be applied to various radiators. The limitation of this topology is enhanced feed
length of the antenna when number of notches or SRRs to be loaded for achieving
these notches is large in number. To alleviate this, multi- layered multi-functional
antenna is proposed to reduce the lateral dimension of the antenna when multiple
notches are desired in the second section. Here SRRs are placed in two different

layers, beneath the substrate and on top of the superstrate thereby significantly

11



reducing the over-all length of the antenna. The functionality of these antennas is
validated through simulation and measurements for both impedance and radiation

characteristics.

Chapter 4 deals with reconfigurable multi-functional antennas. Here the
reconfigurability is attained by two methods, i.e., electrical (by loading PIN diode)
and physical (by moving the superstrate). In first section, the shunt strip used
in the previous chapter is replaced with PIN diode thereby the different states
(OFF/ON) of PIN diode leading to different antenna characteristics. When the
PIN diode is in OFF state the antenna has frequency-notched characteristics and
in ON state it behaves as narrowband antenna. In second section, the superstrate
used in previous chapter is moved physically with the help of motor controlled by
Arduino Uno microcontroller to attain reconfigurability. In addition to mechanical
reconfigurability, the electronic configurability is also attained with PIN diode.
The results are validated with the help of simulation, impedance and radiation

pattern measurements along with lumped element equivalent circuit validation.

Chapter 5 deals with the bandwidth controllability in CRDR antenna by
structural loading the antenna with metallic structures. The bandwidth is con-
trolled by two different methods of loading i.e., metallic-cap loading on its top and
metallic-sleeve loading on the outer surface of the cylindrical ring. The measured
return loss exhibits the desired bandwidth control without affecting the peak gain
and radiation pattern of the antenna, which is also confirmed by the measured

radiation patterns.

The thesis is concluded with chapter 6 which embodies the concluding re-

marks on the studies presented in this thesis.
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CHAPTER 2

SRR Loaded Transmission Line for Band Reject

Filter Applications

2.1 Introduction

This chapter explains about SRR and their application to design narrowband and
wideband bandstop filters. The SRRs need to be strategically placed on the desired
transmission line for their excitation and thereby inhibition of the signal propaga-
tion around its resonance frequency. A new class of SRR known as rotational SRR
is utilized, which consist of rotated inner ring compared to conventional SRR. Here
the CPW transmission line loaded with rotational SRRs is utilized to demonstrate
the design of bandstop filters. The theoretical calculation to predict the SRR’s
resonance frequency is proposed. The design are validated using electromagnetic

simulations, measurements and by lumped element equivalent circuit model.

2.2 Split Ring Resonator: Operation and Applica-

tions

Late in 1892, William Weber formulated the theory on diamagnetism. He as-
sumed the existence of closed circuits at molecular scale and utilized Faraday’s
law to prove that electric currents are induced due to applied time-varying mag-
netic field. As a result a secondary magnetic flux is created by such currents
which oppose the external field, leading to the phenomena of diamagnetism [Lim
et al. (2004)]. However, diamagnetic effect associated with the closed metallic
rings is not strong enough to produce negative values of permeability. Schelkunoff
[Schelkunoff and Friis (1952)] enhanced the magnetic polarizability of the closed
metallic loop by loading the loop with a capacitor, and thus forming L.C circuit

with loop and capacitor. The polarizability of such structures become negative



just above the resonance frequency. Pendry [Pendry et al. (1999)] modified the
Schelkunoff’s proposal, by utilizing two concentric metallic rings with splits on di-
ametrically opposite sides printed on a dielectric substrate known as SRR. Pendry
and his group proposed the structure as the first non-magnetic resonator capa-
ble of exhibiting negative values of magnetic permeability around its resonant
frequency. The SRR has found applications in designing narrow and wideband
planar microwave filters [Bonache et al. (2006); Gil et al. (2007); Martin et al.
(2003)], novel phase shifter [Saadoun and Engheta (1992)], microwave power di-
vider [Antoniades and Eleftheriades (2005)] etc. SRR has also been considered
as a potential candidate for designing compact high gain antennas [Chacko et al.

(2013)] and leaky wave antennas [Arnedo et al. (2007); Liu et al. (2002)].

Pendry proposed the SRR of circular geometry. However, lot of other geo-
metrical shapes of SRR namely square, hexagonal, triangular has been proposed
by various groups [Saha and Siddiqui (2011)]. The SRR of circular configuration
is popularly studied and analyzed by researchers. The structure of circular SRR
is shown in figure 2.1. Tt is formed by utilizing two concentric rings of width,
¢, and the external ring radius, r.., and having the inter-ring spacing, d. The
splits on the inner and outer rings have identical gap dimensions, g which lie on

diametrically opposite sides of the same axis. When an external magnetic field

a
h

Figure 2.1: Schematic view of a circular SRR formed with metallic rings
of width, ¢, having radii, 7o and r.,;, with inter ring spacing,
d and split gap dimensions, g; = g9, printed on a dielectric

substrate having height, h and dielectric constant, e,
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is applied along the z-axis, an electromotive force appears around the SRR and
couples the two metallic rings with the induced current passing from one ring
to the other ring through a distributed capacitance formed due to the inter ring
spacing. The gap within the rings formed by the splits help to obtain a resonant
structure with a much smaller dimension compared to a quarter of a wavelength
for a closed, continuous ring. Thus the electrical size of the SRR can be considered

small compared to the free space wavelength and a quasi-static model is plausible.

The analysis and characterization of the SRRs is well discussed in |[Marqués
et al. (2011)]. On excitation with axial magnetic field SRR behaves as a resonant
LC tank circuit. The calculation of the capacitance and inductance is required for
predicting the resonance frequency of the structure. To calculate the capacitance
the magnetic wall condition is imposed at the centre along x-axis, thereby making
the structure an edge coupled line with curvature. The geometrical parameters
of the SRR affecting its resonance frequency are radius of the rings, r.,;, metal-
lization width, ¢, inter-ring spacing, d, and split gap, g. It was also shown that
the resonance frequency can be altered by rotating the rings [Saha and Siddiqui
(2012)]. The configuration of the SRR with rotated inner ring and the modified

equivalent circuit are shown in figure 2.2.

Lr

(a) (b)

Figure 2.2: (a) Schematic view of a rotational circular SRR (b) Equivalent

Circuit model of a circular SRR shown in (a).
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2.3 Theoretical Calculation of Resonance Frequency

The resonant frequency, fy, of the circular SRR is given by

1 1

fo= o L1Clq

(2.1)

where, C,, is the total equivalent capacitance of the structure. Again, from
the equivalent circuit of figure 2.2(b), the total equivalent capacitance, C,, can be

evaluated as
_ (C1 4 Cy)(Cy + Cy2)
O (CL+Cp) + (Cy+ Cpa)

(2.2)

Since the split gaps are of identical dimensions g = g2 = g, the gap capac-
itances Cy1 = Cye = C, and the distributed capacitances C; and Cs are also a
function of the split gap dimensions, angular orientation of inner ring with con-

ventional ring and the average ring radius 74,4, and is given as

C1 = (1 — 0)7rapgCpui (2.3)
Cy = (1 + 0)740gCpui (2.4)

Considering a metal thickness, ¢, of the strip conductors, the gap capacitances

Cy1 and Cyy can be represented as

€0 ct

Cg1 == ng - C() - 7 (25)

where, ¢ and t are the width and thickness of the metallic rings, respectively
and ¢q is the free space permittivity. and
d

Tavg = Text — C — 5 (26)

and

vV €o
= 2.
OPUZ o ZO ( 7)

where, cq is the velocity of light in free space, €. is the effective permittivity of

the medium and Z, is the characteristic impedance of the line. The effective
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permittivity €. can be calculated as [(Bahl and Bhartia, 2003)]

& — 1 K(K)K (k)

T KK

where

/2
"~ (¢/2)+d
_ sinh(3;)
sinh(32)
a=c/2
b=1(c/2)+d

K =vV1-k

—~~ o~ o~
N N
S —

N =

e N N

K (k) is a complete elliptic function of the first kind and K(k') is its compli-

mentary function. An approximate expression for K (k)/K (k') is given as

K (k) [%111(21 ﬁ)r 0< k<07
L (1 ) 0.7T<k<1

The characteristic impedance Zj is given as

1207 K(k)
Ve K(K)

Substituting the values of Cy and C, in equation (2.2) we get,

 [(m+q)? -7
C‘“"[ 20+ 4)

Cq

Tavg C(pul:| q=

TavgCpul

Hence, the resonant frequency is computed as

v Ly Oeq o \/ 7r+q

7r+q) Ta’ugcpul]

(2.14)

(2.15)

(2.16)

(2.17)

A simplified formulation for the evaluation for the total equivalent inductance

Ly for a wire of rectangular cross section having finite length, [, and thickness, c,
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is proposed as [Terman (1943)],
41
Ly = 0.00021 ( 2.303log — — ~ | uH (2.18)
c

where, the constant v = 2.451 for a wire loop of circular geometry. The length [
and thickness c are in mm. This inductance is a function of the winding geometry
due to the varying current vectors as described in [Terman (1943)]. The evaluation

of the wire length, [, is straight forward as
| =2TTegs — g (2.19)

For close proximity wires at high frequencies, the current is confined to the wire
surfaces and effectively reduces the spacing between them [Grover (2004)]. The
finite length [ is calculated considering a single loop with r.,; as the radius. The
resonance frequency of the SRR of square geometry can be calculated by similar

procedure and given as,

1 [ 1 1
_ 1 _ 2.20
fO 2 LTCeq " ( )
2\ [ L [ (200 — §) eyt + 2]

291

and the equivalent inductance calculated using equation (2.18) with
[ =8"ept — g (2.21)

and v = 2.853 for square geometry.

2.4 SRR Loaded Transmission Lines Based Band
Stop Filter

Bandstop filters are key components in the radio frequency, microwave circuit ap-
plications in general and wireless communication systems in particular. This filter
is required to isolate frequency band located within a wide passband. In active
circuit design such as oscillators and mixers, bandstop filters are applied to remove

higher order harmonics and other spurious signal. Microwave passive components
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and devices with multiband and wideband operations is becoming more and more
important in modern communication systems of late and have attracted greater
attention for their miniaturized and multi-functional operation in portable equip-
ments [Chiu et al. (2004); Xue et al. (2001); Yum et al. (2004)]. The discrete
lumped element circuit based band-stop filters uses several types of open-circuited
stubs or shunt stubs of quarter wavelengths and suffers from a number of techni-
cal limitations which are associated with the use of discrete components and their
losses. Most of the designs available in open literature neither maintain the struc-
tural compactness nor produce very low insertion loss and moreover suffers from
high pass band ripple and slow transition from pass to stop band and vice versa.
SRR being a sub-wavelength high-(Q) resonator offers the advantage of compactness
and offers a sharp transition from pass to stop band. SRR when suitably loaded
along a transmission line absorbs the signal in and around its resonance frequency.
This particular potential has been exploited to design notch filters as detailed in
this section. Judicious selection of SRR geometry and dimension enables them for
multi-notched as well as wide band-notched application. Here, array of circular
SRRs loaded CPW is designed demonstrating two different applications. First
one with two pairs SRR of different geometrical parameters along the CPW is
designed for dual notch applications. Second one with eight pair of SRRs with
gradually varying angular orientation of the inner rings with all other SRR-pair
parameters unaltered, exhibits wide-band notched application. Prototypes are de-
signed using commercial electromagnetic simulators Ansys HF'SS [ANSYS (2015)]

and validated with theoretical calculations, and measurements.

2.4.1 Circular SRR Array Loaded CPW Based Dual-band
Frequency Rejection Filter

Figure 2.3 represents the CPW transmission line structure loaded with the ro-
tational circular SRR array along with the detailed geometrical parameters of
the SRR. Figure 2.3(a) represents the bottom view of the CPW loaded with the
rotational circular SRR array beneath the substrate. Figure 2.3(b) depicts the
side view of the structure of figure 2.3(a) where positioning of the SRR is clearly
depicted.
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Figure 2.3: (a) CPW transmission line loaded with an array of circular
SRRs with the inner ring angularly oriented. (b) side view of

the rotational circular SRR loaded CPW transmission line.

To create multi-band frequency rejection filter, configuration as shown in figure
2.3 is used with the number of SRR pairs to be incorporated depending on the
number of rejection bands required. Here a dual notch band is implemented,
so the number of SRR pairs utilized is two with similar geometrical dimension
and varying angular orientation of the inner ring. Here to demonstrate dual-
band rejection filter, two prototypes were fabricated having identical geometrical
parameters except prototype-1 having angular orientation of the inner rings as 0°
for SRR pair-1 and 60° for SRR pair-2 in prototype-1 and for prototype-2 they are
chosen as 0° and 90° respectively. Figures 2.4(a) and (b) shows the bottom view

of two different fabricated prototypes (prototype-1 and prototype-2) of dual SRR

Figure 2.4: Fabricated prototypes of proposed circular SRR loaded CPW
with angularly oriented inner ring (a) Bottom view of

prototype-1 (b) Bottom view of prototype-2.
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pair loaded CPW medium designed for dual notch function. To ensure a 50 €2 line,
the width of the central strip and the slots have been set to s = 6 mm and s, = 0.3
mm, respectively, for PTFE laminate with dielectric constant €, = 2.33, height
h = 1.575 mm, and loss tangent tan 6 = 0.0009. The geometrical parameters of
both SRR pairs for both fabricated prototypes are r.,; = 2.2 mm, ¢ = 0.5 mm,
d = 0.2 mm, g = go = 0.2 mm. The angular orientation of the inner rings is 0°
for SRR pair-1 and 60° for SRR pair-2 in prototype-1. Angular orientations for
prototype-2 are chosen as 0° and 90°, respectively, to exhibit a wider separation

between the two notches.

The above model has been modeled in the EM solver HE'SS and the results are
plotted in figure 2.5 where we can observe two distinct notches corresponding to
two different SRR pairs for prototype-1 and 2. The notch positions can be altered
by changing the corresponding SRR geometrical dimensions without disturbing
the transmission line structure. For prototype-1, the first resonance measured at
7.62 GHz corresponds to the conventional/un-rotated SRR of § = 0° while the
second one measured at 8.28 GHz is due to the rotational SRR of 6§ = 60°. The
corresponding simulated resonance frequencies are 7.71 and 8.25 GHz, respectively.
For prototype-2, as revealed from the plot, the first notch corresponding to un-
rotated SRR’s resonance is unchanged (compared with figure 2.5(a)), while the
second notch is shifted to the higher side of the frequency due to the increased
angular rotation of 90°. The second resonance is measured at 8.55 GHz and the

corresponding simulated resonance frequency is 8.64 GHz.

S, (dB)
s,, (dB)

—- —Measured
—+—EM Simulation

—+—Measured
—+—EM Simulation

AP T3 N A B N R

P
6 7 8 9 10 1 6 7 8 9 10 1"
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 2.5: Simulated and measured insertion loss for the dual-notched

SRR loaded CPW filter of (a) Prototype-1 (b) Prototype-2.
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2.4.2 Wideband Frequency Rejection Filter

To create a wideband rejection filter, the optimum method is to merge narrow
notch-frequency bands that are closely separated and make a wideband. To realize
this, we utilize the concept of rotating the inner ring of the SRR to achieve gradual
frequency shift of the individual pair of SRRs. Hence an array of SRR with
identical dimensions with changing angular orientation of the inner rings of the
SRRs is designed. For wideband rejection, we utilized eight pair of SRR elements,
placed on backside of the substrate below the slots for maximum coupling. Another
point to be considered for multiple SRR loading on the CPW host line is the
possible unwanted mutual coupling between the two adjacent elements which can
perturb the resonance profile required for the present application. This can happen
if the SRR pairs of two successive elements are very close enough such that their
flux lines interlinks mutually. To avoid such unwanted mutual coupling effect
current design considers an optimum edge-to-edge inter element distance of 2
mm. The dimensions of the structure are presented in Table 2.1 and the angular

orientation of the SRR are presented in Table 2.2.

The proposed model has been fabricated in RT duriod 5870 laminate with
€, = 2.33 and tan 0 = 0.0012. Figure 2.6 shows the fabricated prototype of the

Table 2.1: Dimensions of the host CPW line loaded with rotational SRR
of circular geometry €, = 2.33, tan 6 — 0.0012, h — 0.787 mm
and ¢t = 0.035 mm

Structure  Parameter Dimension (mm)

Text 22
c 0.5
SRR
d 0.3
g =92=9 0.2
W 40
L 73.2
CPW
S 6
k 0.3
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Table 2.2: Angular orientations of the inner rings of the SRR to obtain

the wideband band stop filter characteristics

Ring Angular Rotation, 6 (deg)

SRR Pair 1 0(Reference)
SRR Pair 2 15
SRR Pair 3 30
SRR Pair 4 45
SRR Pair 5 60
SRR Pair 6 70
SRR Pair 7 80
SRR Pair 8 90

proposed model. The measurement results are compared and plotted in figure
2.7 along with the lumped element equivalent method and one of the simulator
results. Here it is observed that the measured results shows good correspondence

with that of EM simulated.

Figure 2.6: Fabricated prototype of SRR array loaded CPW for wideband

rejection filter (a) top view (b) bottom view
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Figure 2.7: Simulated and measured insertion loss for the wide stop-band
SRR loaded CPW filter with gradually changing angular ori-

entation inner rings.

From the measured data, it is evident that, we are able to band reject upto
810 MHz by maintaining the compactness, the overall dimension of the proposed
structure being 73.2x40x0.787 mm? and with rejection levels of -30dB. Both pre
and post resonance pass band performance is also satisfactory with insertion loss
less than 2 dB. The post resonance insertion loss is bit more when compared to
pre-resonance due to the fact that negative permeability-frequency curve of SRR
shows sharp pre-resonance and gradually flattened post-resonance profile resulting

in asymmetrical resonance characteristics.

2.5 Lumped Element Based Equivalent Circuit Val-

idation

Resonance in the SRRs is contributed by time-varying magnetic field components
of the propagating electromagnetic signal along its axis and hence, they can be
modelled as the LC resonant tank circuit [Smith et al. (2000)]. As SRRs are
electrically small at their resonance, the host CPW medium can also be represented
by lumped element equivalent circuit. Using the lumped equivalent circuit of SRR

and host CPW medium, we obtain the resultant lumped equivalent circuit of the
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dual-notched filter with varying angular orientation of the SRR pairs as shown in

figure 2.8.

SRR, SRR,
T ar
| Csrri | | Csra2 |
a=0° | ‘ ‘ 8 = 60°/90°
'L Lorr >J 'L Lse X/l
N ‘ N~ — i
IS A T T AT T
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anlf ; 2R, ‘ | C/4 C/H C4 C/4 2Ro| Matched
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. |
L= J — L L = = J

Transmission Line

Figure 2.8: Lumped element equivalent model of the proposed dual notch
SRR loaded CPW filter for the fabricated prototype-1 and
prototype-2. Due to symmetry, the magnetic wall concept
has been used and the circuit corresponds to one half of the

structure.

Applying symmetry along the CPW longitudinal axis, the CPW is modelled as
a series inductor, L and parallel capacitor, C. The CPW inductance and capaci-
tance are obtained as L = px Ly, and C' = p*xCy,; where L,,,; and C,,; are per unit
length inductance and capacitance of the CPW and p is the unit cell size, obtained
from the SRR size and distance of separation between two successive SRR pair.
Due to symmetry, the inductor has value 2 x L and capacitor has C/4. Finally,
it should be ensured that the equivalent circuit must be excited with a termina-
tion port. The characteristic port impedance should be equal to 2 x Z;, because
the complete coplanar line has been designed with a characteristic impedance of
Zy. The SRR is modelled as LC circuit with Lsrr and Csrp as the self-inductance
and capacitance of the SRR and the coupling between the SRRs and the CPW is
represented by a coupling coefficient, k = 2 x s,/h. Two different SRR pairs with
varying angular orientations of 0° and 60° (for prototype-1) and 0° and 90° (for
prototype-2) are modelled as two tank circuits with same self-inductance Lsgr but
with different equivalent capacitance Csgrr; and Csgge, respectively. The change

in capacitance is caused by the changing angular orientations between the inner
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and outer rings, respectively, and is calculate as discussed in section 2.3.

The equivalent circuit parameters for SRR pairs loaded in prototype-1 are
Lsgr = 6.11 nH, Csgrr1 = 74.51 pF (SRR pair-1 of § = 0°), Csgrro = 74.51
fF' (for SRR pair-2 of 8 = 60°), respectively. For prototype-2, Csrro reduces to
66.32 fF due to the increased value of § = 90° with all other parameters remain-
ing same. Circuit parameters for a unit cell size of p = 6.4 mm is obtained as
L =px Ly, =143 nH and C = p x Cp; = 0.443 pF. The magnetic coupling
between the host CPW line and the SRR is £ = 0.38. Figure 2.9 shows the
comparison of the lumped equivalent circuit simulated in Agilent ADS [Agilent
(2015)] with the measured and EM simulated results for both prototypes. The
corresponding lumped element equivalent model resonance frequencies are 7.61
and 8.07 GHz, respectively, for prototype-1 showing close correspondence between
measured, simulated, and lumped model data as shown in figure 2.9(a). As re-
vealed from the plot, the first notch corresponding to unrotated SRR’s resonance
is unchanged (compared with figure 2.9(a)), while the second notch is shifted to

the higher side of the frequency due to the increased angular rotation of 90°.
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Figure 2.9: Simulated (HFSS), lumped element equivalent model, and
measured insertion loss for the dual-notched SRR loaded CPW
filter (a) prototype-1 with = 0° and 6 = 60° (b) prototype-2
with 8 = 0° and 6 = 90°
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2.6 Conclusion

A new technique of rotational SRR loaded CPW-based multinotch and wideband
bandstop filter has been proposed in this chapter. The design strategy is based
on the angular orientation between the two rings without changing the SRR di-
mension. The proposed structure is very compact, frequency scalable and can
be configured for more number of notches/broader stop band by utilizing more
number of SRR with proper dimension and orientation of the inner ring with-
out significant overall size increment as the size of the SRR are very small. The
designed filter exhibits very low insertion loss in the pass band and quite high re-
jection level in the stopband due to strong magnetic coupling between host CPW
and loaded SRR making it a potential candidate for various frequency rejection

applications.
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CHAPTER 3

Multi-Functional Antennas with SRR and/or
Shunt Strip Loading

3.1 Introduction

The cognitive radio systems as discussed in preceding chapter requires antennas
which are multi-functional having various antenna functionalities. To be more
specific, here we need radiators with wideband, wideband with frequency-notch,
narrowband impedance characteristics and consistent radiation pattern. Though
such responses can be achieved by placing multiple radiators in a common plat-
form, it is more desirable to invoke all the characteristics using minimum number
of radiators, if possible with a single radiator. Advantage of replacing multiple
antennas for different functionalities with a single multi-functional antenna are

manifold:

1. reduces the real estate or foot print required

2. eliminates the design challenges associated with providing isolation between

multiple antenna elements
3. reduces the cost and

4. eliminates the need of additional filtering elements required.

In this chapter, a new reconfigurable multi-functional antenna both in single and
multi-layered configuration are introduced. The multi-functional characteristics
are obtained by loading the antenna with SRR and/or shunt strip in the feed
section of the antennas. The combinational loading of SRR and shunt strips in
the feed section provides the filtering prior to the antenna and hence these antenna
can be viewed as combination of filter and antenna or referred as ‘filtenna’. The

novelty of the proposed multi-functional antenna are many folds:



1. it achieves multiple antenna functionality from the same antenna without

altering the radiator

2. complementary narrow band response is evolved from the same UWB an-
tenna without using additional radiator/radiating elements which results in
increased antenna dimensions and requires additional electromagnetic isola-

tion means

3. scaling for any other combination of notches by tailoring the SRR dimensions

alone without changing the radiator or the ground plane

4. radiation pattern of the narrowband configurations is almost identical to that
of UWB monopole antenna and frequency notched UWB monopole antenna

and

5. the proposed concept is applicable to any other CPW /microstrip fed UWB

antenna.

3.2 Single Layered Multi-Functional Antenna

To demonstrate that the multi-functional characteristics achieved are independent
of the radiator, two different antenna configurations are used. Initially, the multi-
functional characteristics are demonstrated for CMPA and later on a CPW fed
TSA. The radiation mechanism of both the antennas are different, one being

multiple resonance antenna and other being travelling wave antenna.

3.2.1 Circular Monopole Based Multi-Functional Antenna

The proposed antenna is designed to yield multiple notches in the UWB spectrum
and can also be configured to yield narrow band responses. A single CPW fed
printed CMPA is loaded with multiple SRRs with different angular orientations of
the inner and outer rings. This varying angular orientation changes the effective
capacitance between the SRR rings printed in the feed section of the antenna. This
in turn changes the resonance frequency of the SRR and contributes to multiple

frequency notches in the UWB radiation. To excite strong magnetic resonance, the
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SRRs are placed just beneath the slots of the CPW with their centers aligned with
the centers of the slot lines. Such positioning of the SRRs also ensure minimum
impact of the SRR on the antenna’s radiation field. This in turn guarantees un-
perturbed radiation characteristics of the SRR loaded antenna in the entire UWB
band excepting at the desired notch frequency. The SRR loaded printed monopole
is further loaded with copper switches aligned with the SRRs on the feed section
to provide multiple narrowband functionality. Thus, a single antenna effectively
yields UWB operation, frequency notched UWB operation and narrowband oper-
ations centered at three different frequency bands, depending on different loading
of SRRs and/or copper strips on the feedline. Frequency notching of the UWB
antenna is caused by the SRRs which are magnetically coupled with feeding CPW
line and inhibit signal propagation around its magnetic resonance frequency effec-
tively acting as a high Q notch filter. The narrowband operations are due to the
formation of a narrow bandpass filter (BPF) around SRRs resonance frequency

contributed by SRR and the copper strip.

The proposed antenna is composed of printed circular monopole antenna fed by

a CPW based transmission line loaded with SRRs beneath the CPW as shown in
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Figure 3.1: Schematic of a CPW fed CMPA loaded with circular SRR hav-
ing rotated inner rings (a) Top view (b) Side view (c¢) Enlarged

view of the circular SRR.
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figure 3.1(a) & 3.1(b), providing frequency notched UWB response where size and
orientation of the SRR is tailored to achieve three notch frequencies. The circular
monopole of radius R = 12.9 mm is fed by a CPW consisting of ground planes
having with W7 = W,y = 21.15 mm, length L, = 40 mm and signal line having
width S = 7 mm and length, L;+t = 40.2 mm and act as the basic building block
(Configuration A) for all other configurations (Configurations B, C, D and E).
The widths of the slots between the ground planes and signal line, s, = 0.35 mm,

is chosen to ensure impedance (50 €2) matching with the commercial connector.

Frequency Notched UWB Antenna (Configuration B)

For achieving triple notches, three pairs of circular SRRs with varying physical
dimension and orientation of the inner ring of the SRR are chosen, each providing
notch at their respective resonance frequency. Figure 3.1(c) shows the schematic
diagram of the circular SRR, having external radius r..;;, conductor thickness ¢;,
separation between rings d;, split gap ¢; and orientation of inner ring, 6;. These
parameters are used to control the SRR’s resonance, contributing to the notch
frequency of the antenna. The resonance frequency of a rotational SRR being
substantially greater than that of conventional SRR (§ = 0°) of same physical
dimensions [Saha and Siddiqui (2012); Saha et al. (2015)], angular orientation of
the SRR helps in using a relatively big size-SRR (larger 7..¢) to achieve same res-
onance frequency. It becomes difficult to get a notch at higher frequency using a
conventional SRR of reduced r.,; which yields in a weak resonance phenomenon.
This issue of weak resonance which is due to reduced excitation of SRR for smaller
rez¢t Can be mitigated by optimally using rotational orientation of SRR. The fab-
ricated prototype of this configuration is shown in Figure 3.2(a) and 3.2(b). The
magnified view of figure 3.2(b) clearly indicates the gradually changing orientation

of the inner rings of the SRR.

The prototypes having an over-all size of 50x70x1.575 mm?

RT duroid (€,=2.33, tan § = 0.0012, h = 1.575 mm) and simulated using a

are designed on

commercial electromagnetic simulator [ANSYS (2015)]. Table 3.1 summarizes the
design parameters of the SRRs used to achieve triple notch functionality. It is to be

noted that the over-all envelope of the SRR (r.,;) and rotational orientation of the
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inner ring of the SRRs are chosen as the controlling parameter of SRR’s resonance
frequency. The prototypes are validated with reflection coefficient and radiation
pattern measurement using Agilent PNA-X N5224A network analyzer and a fully
calibrated near field anechoic chamber. The radiation pattern measurements were
performed using a broadband pre-amplifier (Agilent 83051 A) coupled broadband
horn as the transmitting antenna while the SRR loaded CMPA was in receive

mode for various configurations.

The measured and simulated plots for the S;; versus frequency of the proposed

rotational circular SRRs loaded CMPA are shown in figure 3.3 and compared with

Copper Strip

iy
®

Figure 3.2: Fabricated prototype of the CPW fed CMPA loaded with cir-

cular SRRs with rotated inner rings (a) Top View (Configura-
tions A and B) (b) Bottom View with loaded SRRs (Expanded
view showing rotational orientation of inner rings) (c¢) Top view
(Configuration C to E) obtained by loading copper strip, on
the CPW line, aligned with different SRR pairs.
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Table 3.1: Design parameters of the rotated circular SRRs loaded with the
CMPA printed on a dielectric substrate having €, = 2.33, tan
d = 0.0012. (Parametric variables as in figure 3.1)

Dimensions (mm)

Design Parameter | Pair 1 | Pair 2 | Pair 3
(i=1)|(=2)| (=3

Teati 3.2 2.8 2.4

C; 0.5 0.5 0.5

d; 0.4 0.4 0.4

i 0.3 0.3 0.3

Theta, 6; 0° 60° 90°

unloaded case (configuration A) of [Siddiqui et al. (2014)]. As revealed from the
figure, the simple CPW fed CMPA without any SRR loading operates from 2.6
GHz to 10.8 GHz with resonance dip around 3 GHz (corresponding to the quarter
wavelength resonance of the disc diameter) while, the same antenna when loaded
with rotational SRRs, provides three distinct notches at 5.09 GHz, 6.34 GHz and

8.04 GHz contributed by corresponding SRR pair for measured results against

S44 (dB)

- Simulated_Triple Notched UWB(Config.B)
= [\leasured_Triple Notched UWB(Config.B)
== Measured UWB (Config.A) [18]

2 3 < 5 6 7 8 9 10 M
Frequency (GHz)

Figure 3.3: Simulated and measured S;; characteristics of the proposed
CPW fed CMPA with three pair of SRRs printed beneath the
feedline for triple notched UWB response (Configuration B)
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4.81 GHz, 6.19 GHz and 7.8 GHz for simulation. The uniqueness of the notching
technique lies in its generality and versatility in i) scaling for any other combination
of notches by tailoring the SRR dimension without any change on the radiator and
ground plane and ii) applying the proposed concept for any other CPW /microstrip
fed UWB antenna. Figure 3.4 shows the E and H-planes measured normalized
radiation patterns of the proposed antenna configuration at 4.2 GHz, 6 GHz, 7.2
GHz and 9.4 GHz exhibiting monopole type radiation pattern with axial null
for E-plane and near omni-directional pattern for H-planes. The frequencies are
selected at different points over the entire UWB spectrum, excluding the notch
frequencies where there is no effective radiation from the antenna. The measured
and simulated maximum realized gain values versus frequency of the proposed
multiple SRR loaded antenna, plotted in figure 3.5, exhibits drastically reduced
gain of the SRR loaded antenna (- 9.6 dBi at 5.08 GHz, -12.7 dBi at 6.35 GHz and
-4.27 dBi at 8.1 GHz) reconfirming the presence of strong notches contributed by
the SRRs resonance. The maximum realized gain at other frequencies is within
0-4 dBi, and is almost similar to simple CPW fed UWB antenna (configuration
A) of [Siddiqui et al. (2014)].

Figure 3.6 shows the simulated surface current distribution of the proposed

antenna (configuration B) at three notch frequencies which clearly indicates non-

0 — —f=42 GHz 0

330 30 — —j=6 GHz
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300
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Figure 3.4: Measured normalized (a) E (z-y) and (b) H (z-z) plane co-
pole radiation pattern of the triple notched CPW fed CMPA

(Configuration B) at various frequencies
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Figure 3.5: Simulated and measured maximum realized gain (z-y plane)
characteristics of the proposed CPW fed CMPA with three
pairs of SRR printed beneath the feedline for triple notched
UWB response (Configuration B)

excitation of the antenna due to strong magnetic resonance of corresponding SRR

pair which in turn inhibit the signal to excite the antenna.

Another unique and more insightful way to exhibit the antenna excitation /notching
is to plot the magnitude of the Poynting vector along the feedline of the antenna
as a function of distance from the feed port to the radiator and frequency in a
rectangular contour plot as shown in figure 3.7. Figure 3.7 clearly demonstrates
existence of triple notches contributed by each SRR pair indicated by the three
lighter shade (greenish in colour) lines. It is interesting to note that the first
notch (at 4.81 GHz) starts at a longer distance as this is contributed by largest
SRR which is farthest from the feed port of the antenna; similarly second (at 6.19
GHz) and third notch (at 7.8 GHz) starts at a relatively lesser distance from the

preceding notch due to their closer proximity to the feed-port of the antenna.

The proposed multiple notched configuration can be converted to achieve a
single wideband notched antenna by selecting SRR size and angular orientation in
a way so that, individual resonance are slightly shifted from preceding SRR pair,
resulting in wider rejection band. The wider rejection band has been achieved

for same geometrical parameters of each SRR pair (re;; = 2.8 mm, ¢ = 0.5 mm,
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Figure 3.6: Simulated surface current distribution of the CPW fed CMPA
loaded with circular SRRs with rotated inner rings, with and
without copper strips (Configuration B) at notch frequencies

4.87 GHz, 6.21 GHz, and 7.74 GHz

d = 0.4 mm and g = 0.4 mm) and varying only angular orientation § = 0°, 60°
and 90° for three SRR pairs. This also shows the generality and scalability of the
proposed techniques of frequency notching. Figure 3.8 shows the simulated Si;
and maximum realized gain of the proposed antenna versus frequency. The plot
clearly indicates the presence of notch band from 5.75 GHz to 6.4 GHz (|S11| < 5
dB) providing a notch bandwidth of 625 MHz. The simulated gain of the antenna
falls below -10dB over this notch-band and maintains nearly flat-profile over the
other frequency band. As introduced previously, figure 3.9 shows the simulated

Poynting vector along the feed line of the antenna. This plot reveals a wider

37



Mag_Poyntin

3.2000e+005
2.8456e+0035
2.4911e+005
2.1367e+005
1.7822e+005
1.4278e+005

l 1.0733e+005

7.1889e+004
I 3.6444e+004

Freq [GHz]
(=]
=4
=

g
o
o

1.0000e+003

2'000. 00 20.00
Distance [mm]

Figure 3.7: Simulated contour plots of poynting vectors of the propagating
electromagnetic energy through the longitudinal dimension of
one of the slots as a function of frequency for Configuration
B (triple notched UWB antenna), indicating three notch fre-

quencies corresponding to SRR’s position

rejection band indicated by gradually increasing width of the lighter (greenish
and bluish in colour) shade which is due to superposition of narrowly separated

individual notches by different SRRs along the CPW line.
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Figure 3.8: Simulated S;; and maximum realized gain (z-y plane) charac-
teristics of the proposed CPW fed CMPA with three pairs of
SRR printed on the beneath the feedline for wideband notched
UWB response
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Figure 3.9: Simulated contour plots of Poynting vectors of the propagating
electromagnetic energy through the longitudinal dimension of
one of the slots as a function of frequency for wideband notched

UWB antenna

Narrowband Antennas (Configuration C, D and E)

Combination of SRR and shunt strip loading on a CPW medium constitutes a
very narrow passband around SRRs resonance frequency and provides an exactly
complementary response to only SRR loading on the CPW. This particular shunt
strip can be activated/deactivated by various electronic means and can be used
to convert a frequency notched UWB antenna to a narrowband one. Figure 3.2
shows the modification of the configuration B to achieve the narrowband configu-
rations from the same proposed antenna. Three different narrowband configura-
tions, namely configuration C, configuration D and configuration E operating at
5.24 GHz, 6.4 GHz and 7.85 GHz are realized by adding copper strip on the back
side of the SRR-pair-1(largest SRR , § = 0°), SRR-pair-2 (medium SRR, 6 = 60°)
and SRR-pair-3 (smallest SRR, 6 = 90°) respectively. This is realized by gluing
copper tape of width w, = 0.8 mm, to short the signal and ground planes of the
CPW line with corresponding SRR pairs lying exactly on the opposite side. This
complementary nature of the antenna is experimentally verified and summarized

below:
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Configuration C

In this configuration the copper strip is loaded beneath the largest SRR pair
(farthest from the feed port, r.,; = 3.2 mm and 6 = 0°) resulting in a narrow-
band antenna response around resonance frequency of SRR. Figure 3.10 shows the
simulated and measured plots for S;; versus frequency exhibiting a narrowband
response around 5.24 GHz for measured plot against 5.11 GHz for simulation. The
mismatch between measured and simulated results can be attributed to the imper-
fection in exact positioning of copper switch, impact of adhesive on the substrate
and can be improved by more professional and sophisticated fabrication. It is to
be noted that two interim matching points are observed at higher side of this band.
This may be due to weak excitation of the second and third SRR pair contributing
to a weak impedance matching. The measured normalized co-polarized radiation
pattern of this configuration, for two principal planes are presented in Figure 3.11.
The figure depicts nearly monopole type radiation pattern having axial null for

E-plane and omni-directionality in H-plane.

0
-5 o
[ Simulated_Narrow Band 1 (Config. C)
i e I @ 3sUred_Narrow Band 1 (Config. C)
— -
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20f ,
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(Zoomed View)
25 [ 1 L. 1 1

3 4 5 6 7 8 9 10 11
Frequency (GHz)

Figure 3.10: Simulated and measured S;; characteristics of the configura-
tion C. Plot indicate narrowband performance around reso-
nance frequency of the largest SRR pair coupled with shunt
strip. Inset shows the zoomed top and bottom view of the

antenna
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Figure 3.11: Measured normalized (a) E (z-y) and (b) H (2-z) plane co-
pole radiation pattern of the narrowband antenna of config-

uration C.

Configuration D

This configuration is realized by loading the copper strip beneath medium sized
SRR pair (intermediate SRR pair, 1.,y = 2.8mm and 6 = 60°). This results
in a new narrowband response of the antenna around corresponding SRR pair’s
resonance. Figure 3.12 shows the simulated and measured plots for Si; versus

frequency exhibiting good correspondence with measured narrowband response

S41 (dB)

Bottom side

Vi Top Side
(Zoomed View) (Zoomed View)
=20 |
—Simulated_Narrow Band 2 (Config. D)
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Figure 3.12: Simulated and measured S;; characteristics of the configura-

tion D.
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Figure 3.13: Measured normalized (a) E (z-y) and (b) H (2-z) plane co-
pole radiation pattern of the narrowband antenna of config-

uration D.

at 6.4 GHz against 6.24 GHz for simulation. Figure 3.13 shows the measured

normalized E and H-plane radiation pattern of the antenna.

Configuration E is similar to previous two narrowband configurations (Config-
urations C and D) exhibiting similar impedance and radiation characteristics with

measured resonance frequency at 8.04 GHz and consistent radiation pattern as

4

[ Nammow Band 1 Narrow Band 2
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Figure 3.14: Simulated and measured maximum realized gain (x-y plane)
characteristics of the proposed narrowband antennas (Con-

figuration C, D and E).
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Figure 3.15: Simulated surface current distribution of the CPW fed CMPA
loaded with circular SRRs with rotated inner rings, with cop-
per strips (a) Configuration C at 5.1 GHz, (b) Configuration
D at 6.25 GHz and (c) Configuration C at 7.87 GHz.

that of previous narrow band configurations. The measured and simulated maxi-
mum realized gain versus frequency plots for all three narrowband configurations
(Configurations C, D and E) are shown in Figure 3.14. The figure confirms nar-
rowband responses having a peak measured gain of 2.08 dBi, 2.10 dBi and 1.43
dBi at 5.29 GHgz, 6.45 GHz and 8.04 GHz with rapidly decreasing gain at either

sides of the resonance frequencies.

Figure 3.15 shows the simulated surface current distribution of the proposed
narrowband antenna (configuration C, D and E) which clearly indicates the excita-
tion of the antenna at the narrowband frequency. Figure 3.16 shows the simulated

poynting vector along the feed line of the antenna. This plot reveals that all the
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Figure 3.16: Simulated contour plots of Poynting vectors of the propagat-

(b)

ing electromagnetic energy through the longitudinal dimen-
sion of one of the slots as a function of frequency for narrow

band antenna.

frequencies propagating till the SRR and shunt strip location (indicated by red
colour) and beyond that point only one frequency corresponding to the SRR prop-
agates and reaches the antenna (red colour) where it is radiated, others are not
propagating. This shows the filtering function performed by the feed section of

the antenna comprising of SRR and shunt strip.

The proposed antenna configurations investigated in this work are summarized
in the block diagram as shown in figure 3.17, clearly demonstrating four configu-
rations (configurations B, C, D and E) that evolved from the fundamental UWB
monopole (configuration A) by simple combinational loading of SRR and copper

strips.
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Frequency Notched UWB Antenna
# Configuration B (fl, 2, f3: Notch
Frequencies)

Y

+SRRs

Narrow Band Antenna
> # Configuration C (f1: Radiation
SRR+ Shunt

Planar UWB Circular B - Frequency)
W ire at position 1

Monopole Antenna

# Configuration A Narrow Band Antenna
> # Configuration D (f2: Radiation
SRR+ Shunt Frequency)

Wire at position 2

Narrow Band Antenna
> # Configuration E (f3: Radiation
Frequency)

SRR+ Shunt
Wire at position 3

Figure 3.17: Block diagram of the proposed antenna configurations invok-
ing various antenna performances using different combina-
tional loading of SRRs and shunt strip on the feed section of
the printed CMPA

3.2.2 Tapered Slot Antenna Based Multi-Functional An-

tenna

In section 3.2.1, multi-functional antenna response is demonstrated in a circu-
lar monopole antenna using combinational loading of the SRRs and/or copper
switches in the feed region of the antenna. One of the unique features of this tech-
nique, as was mentioned previously, is radiator independent design concept. To be
more precise, proposed idea should work on any CPW fed planar UWB antennas.
In this section, we validate this claim by using a CPW fed tapered slot antenna
(TSA) for exhibiting the proposed multi-functionality. Here, a single printed TSA
loaded with SRR and shunt strip on the feed section provides the multiple antenna
functionality. The frequency notch in the wideband printed TSA is caused by the
SRRs which are magnetically coupled with feeding CPW line and inhibit signal
propagation around the SRR’s resonance frequency. With the loading of shunt
strip, the frequency notched wideband antenna can be reconfigured into a narrow-
band antenna operating at the notch frequency. Moreover, the notch frequency
and the narrowband frequency can be tuned by changing the physical dimension

of the SRR geometry without altering the design parameters of the antenna.
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Figure 3.18: Schematic of a CPW fed printed tapered slot antenna loaded
with circular SRR. Top view with a pair of SRRs (in darker
shade) loaded on the back side, along with shunt strip shown

in red colour.

Figure 3.18 shows a schematic of the proposed antenna. The antenna consists
of the CPW feed line transformed into a slot line which is tapered exponentially
along the length of the slot. To enhance the transition bandwidth covering the
UWB band, a radial stub is employed on the CPW signal line extended towards the
ground planes |Garg et al. (2013); Simons (2001)]. The radiator utilizes elliptical
tapered profile to make a smooth transition. The antenna is fed by a CPW having
ground plane widths Wy, W, and length L, a signal line having width S and
length L. The transition consists of a radial stub with radius R3 and angle a.
The radiator has an elliptical tapering profile with R, and Ry as its major and
minor axis. The antenna is printed on a substrate having dielectric constant ¢,
and thickness h. A pair of a circular shaped SRR is printed on the backside of the
substrate with their center coinciding with the slot gaps to maximize the magnetic
coupling. The SRR consists of two concentric rings of external radius .., width c,
separated by d and having splits of dimension g, placed in diametrically opposite
side. A pair of shunt strips are placed on the slots of the CPW with their positions
coinciding with the axes passing through the center of the SRRs.

The proposed antenna is modelled on Rogers RT Duriod 5870 substrate having
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dielectric constant ¢, = 2.33, tan § = 0.0012 and thickness h = 1.575 mm. The
antenna parameters are given as L = 35 mm, W = 45 mm, L, = 10 mm W; =
Wy =384 mm, S =6 mm, s, = 0.3 mm, R; = 9.67 mm, Ry = 25 mm, R3 = 6.1
mm and o = 13°.The SRR dimensions are given as: r.,; = 2.2 mm, ¢ = 0.3
mm, d = 0.3 mm and ¢ = 0.2 mm. A pair of shunt strips were placed on the
slots between the ground planes and the signal line and aligned to the position of
SRRs axes. The antenna is simulated in a finite element based EM solver [ANSY'S
(2015)]. As discussed in Section 2.5, the transmission line loaded with SRR can
be validated with the help of lumped equivalent circuit. The lumped element
based equivalent circuit of figure 3.19, corresponding to two cases (without and
with shunt strips) are simulated using ADS circuit simulator [Agilent (2015)].
The equivalent circuit parameters for these configurations are: Lgrr = 7.51 nH,
Csrr = 63.04 fF, L, = 118 nH (shunt strip loaded case). The circuit parameters
for the host CPW medium for unit cell size of p = 5 mm are L = p * Ly,
C = p* Cpy where Ly, = 261.16 nH and C,,; = 63.29 pF. The coefficient of
coupling between the host CPW and SRR pair is & = 0.25. The input port is
terminated with a 100 € matched load while output port impedance is taken
as double the input impedance of the TSA without any loading, over the UWB

frequency range obtained from electromagnetic simulation.

Figure 3.20 shows the simulated S;; of the prototype antenna with and with-
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Figure 3.19: Lumped element equivalent model of the proposed CPW fed
tapered slot antenna. In Diode OFF condition, L, is not

present, during ON condition it is modelled with shunt L,
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shunt strip loaded CPW fed tapered slot antenna

12

out the SRR loading. Without the SRR loading, the antenna exhibits an ultra-

wideband characteristic from 4 GHz to 11.7 GHz providing a wideband response.

With only SRR loading, the antenna yields an ultra-wideband notched response

with notch centered at 7.3 GHz due to the SRR resonance frequency. The notch

frequency can be controlled by changing the SRR dimensions. However, with the

shunt strip in position, the filtenna yields a narrowband response centered at 7.35

GHz and effectively complements the impedance behavior of the filtenna with only

SRR loading. The lumped-element based equivalent circuit simulated S;; charac-
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Figure 3.21: Simulated normalized (a) E (z-y) and (b) H (y-z) plane co-

pole radiation pattern of the CPW fed TSA at three different

frequencies.
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Figure 3.22: Simulated normalized (a), (¢) E (z-y) and (b), (d) H (y-

teristics is shown in figure 3.20(b). With only SRR loaded to feed region (L, in
figure 3.19 disconnected), represented by black curve, a notch is observed at 7.35
GHz. While with SRR loaded to feed along with the shunt wire (L, connected)

z) plane co-pole radiation pattern of the SRR coupled and
shunt strip loaded CPW fed TSA. (a), (b) represent only
SRR loading and (c), (d) represent both SRR and shunt strip
loading.

represented by red curve, a narrowband response is observed at 7.5 GHz.

The radiation pattern of the CPW fed TSA at three different frequencies is
shown in figure 3.21. The pattern exhibits end-fire radiation capability throughout
the frequency range. The E-plane(z-y plane) pattern exhibits a narrow HPBW
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when compared to the H-plane (y-z plane), which is reasonably in accordance with
the property of tapered slot antennas. The radiation pattern of the CPW fed SRR
loaded TSA is shown in figure 3.22(a) and (b) for same three set of frequencies.
This pattern exhibits an end-fire radiation pattern implying minimal impact of the
SRRs on the radiation pattern of the antenna over its entire impedance bandwidth
excepting the notch frequency. The radiation pattern of the CPW fed SRR and
shunt strip loaded TSA is shown in figure 3.22(c) and (d) at the narrowband
frequency. This pattern indicates the endfire pattern in both E and H-planes,
thereby preserving the radiation pattern of the TSA. The gain versus frequency
plot of the antenna configuration with and without SRR loading is plotted in
figure 3.23, for two frequencies. At non-notch or radiating frequency, the gain
characteristics of both the antennas are similar indicating unperturbed radiation
pattern. At notch frequency, the gain of unloaded TSA is positive, gain of SRR
loaded TSA is negative and thus leading to gain reduction of around 9dB. The gain
versus frequency plot of the antenna configuration is plotted in figure 3.24. For the
antenna without any loading the gain is positive throughout the entire frequency
range. With SRR loading, the gain drops to -3.8 dBi at the notch frequency while
with shunt strip loading the gain is positive in the narrowband region as indicated

with blue curve.
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Figure 3.23: Simulated gain characteristics of TSA with and without SRR

loading at (a) non-notch frequency (b) at notch frequency.

20



Gain (dB)

0l
- —o—\fivaldi
2 —o— Vivaldi with Diode OFF
—i— \/ivaldi with Diode ON
.\ o 11 P R N R |

3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Figure 3.24: Simulated gain characteristics of the proposed SRR coupled
and PIN diode loaded CPW fed TSA with diode in OFF and
ON state.

3.3 Multilayered Stacked Multi-Functional Antenna

In order to provide the multi-notch applications using the technique discussed in
previous section, multiple resonators of various sizes should be incorporated along
the feed line of the radiator. Due to varying size of the resonators incorporated
along the feed-line, various resonance frequencies are obtained which in turn pro-
vide multi-notched performance. Though this technique is very simple and easily
adoptable for any type of CPW-fed UWB radiators, it increases the foot-print
of the antenna. In certain applications, where over-all dimension is constrained,
this design concept might not be suited. To mitigate this limitation of enhanced
feed-length of the resultant structure, we introduce multilayered design, where a
superstrate of suitable dimension is loaded above the substrate in the feed region
of the antenna. Due to this, in this scheme, the CPW feed line is sandwiched
between the conventional substrate and newly introduced superstrate. This con-
figuration provides two different layers for placing the SRRs and thereby effectively
reduces the feed length to almost half of the earlier configuration where only one
layer (below substrate) was available for SRR placement. This idea is exploited

in current work as detailed below.
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3.3.1 Antenna Design and Configuration

The multilayered multi-configuration antenna is evolved from an annular ring
monopole antenna (ARMA) fed by a CPW based transmission line printed on
a dielectric substrate, offering the opposite side of the printed copper to accom-
modate passive components/active devices for various applications. Basic oper-
ation principle of an ARMA is same as that of printed circular monopole. The
ARMA is suitably improvised with various kind of SRR and/or switches loading
to obtain multiple antenna configurations.The multiple configurations of the pro-
posed antenna are systematically illustrated in figure 3.25 and 3.26. Basic CPW
fed ARMA, named as configuration A, shown in figure 3.26(a), is loaded with
various combinations of SRRs of varying size and/or copper strips to derive six
new antenna configurations (configurations B, C, D, E, F and G) providing mul-

tiple antenna functionality. These configurations are clearly illustrated in figure
3.26(b)-(g).

Basic UWB performance is provided by the configuration A, which acts as the
fundamental building block to realize other multiple antenna configurations. As
shown in figure 3.25 and 3.26(a), configuration A consists of an annular ring of
outer and inner radii Ry, and Ry, respectively, printed on a RT duroid (e,1 = 2.33,
tan 6 = 0.0012) substrate. It is excited by a CPW feed consisting of ground
planes having width W5, Wy, length L, and signal line having width S and length,
Ls. The widths of the slots between the ground planes and signal line, s, and
signal line width S, are chosen to ensure broadband (2-12 GHz) impedance (50 €2)
matching with the commercial connector. The annular ring is placed at a distance
t from the feed section to attain UWB characteristics. The detailed dimensions of

this configuration are indicated in Table 3.2.

Frequency notched configurations (configurations B, C and D) are derived from
previous fundamental configuration A, by loading a pair of SRRs, i) beneath the
slot lines of feeding CPW (configuration B) or ii) on the superstrate placed on
the feed section of the CPW or iii) by both (i) and (ii) (configuration D), clearly
indicated in Fig. 3.26(b)-(d). Figure 3.25(a) shows the geometrical layout of
configuration B where a pair of square SRR of outer side dimension, 2 * ez,

width, ¢y, inter-ring spacing, d; and split gaps g; are precisely printed with centres
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Figure 3.25: (a) Geometrical Layout of a CPW fed ARMA loaded with
SRR (b) cross sectional view of the configuration with printed
SRRs and CPW fed monopole antenna on either sides of the
substrate (c) superstrate with SRR loading (d) cross sectional

view showing the loading of superstrate on antenna. Zoomed
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Figure 3.26: Simulated gain characteristics of the proposed SRR coupled
and PIN diode loaded CPW fed tapered slot antenna with
diode in OFF and ON state.

of SRRs matching with centre of the slot lines of the CPW at a distance L.
from the feed port of the antenna. Configuration C is realized by similar SRR
loading on a superstrate of over-all dimensions, as shown in Table 3.2, loaded above

feed section of the basic antenna configuration A. The superstrate printed with

Table 3.2: Design paramters of the square SRRs loaded multilayered
ARMA printed on a dielectric substrate having e, = 2.33, tan
0 = 0.0012. Superstrate layer material is same as the substrate.

(Parametric variables as shown in figure 3.25)

Design Parameters L | W | Ry Rs Wi | Lga S

Dimensions (in mm) | 50 | 50 | 12.5 5 22 | 22 5

Design Parameters | W5 | S, t hy L. ho Lo

Dimensions (in mm) | 22 | 0.5 | 0.2 | 1.575 | 13 | 1.575 | 12
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SRRs is placed at the appropriate position and fixed with dielectric tape. Since
the loaded superstrate has same dielectric constant as that of antennas substrate
(€2 = €,1 = 2.33) and it is located in feed region, it has very less impact on the
impedance and radiation characteristics of the antenna. The SRRs pair loaded
on the superstrate as shown in figure 3.25(c¢) has dimension a2, width, ¢y, inter
ring spacing, ds and split gaps go. The SRR dimensions utilized for configuration
B, C and D are summarized in Table 3.3. The different dimensions of the SRR
pairs for configuration B and C excites different resonance frequencies f; and f
respectively [Siddiqui et al. (2014)] which results different notch frequencies in the
UWB spectrum. Configuration D is a multilayered structure in the feed section
of the antenna as it has SRRs printed beneath the substrate as well as on the

superstrate.

This multiple SRR pairs with dimensions summarized in Table 3.3, correspond
to two different resonances within the UWB spectrum and thereby provides dual
notched UWB response with frequency notches at f; and f;. The narrowband
configurations (configurations E, F and G) are aimed to obtain complementary
antenna functionality compared to frequency notched UWB configurations of B,
C and D. Combinational loading of the SRR and copper strips, shorting the CPW
signal with ground planes, forms a narrow band pass filter [Siddiqui et al. (2015)]

around SRR’s resonance frequency which in turn excites the ARMA over corre-

Table 3.3: Design paramters of the square SRRs loaded beneatht the sub-
strate (e, = 2.33, tan 6 = 0.0012) and/or above the superstrate

(e, = 2.33, tan § = 0.0012) (Parametric variables as shown in

figure 3.25)
Dimensions (mm)
Design Paramters Pair 1 (i = 1) Pair 2 (i = 2)
(beneath substrate) | (on the superstrate)

ot 25 2.1
Ci 0.5 0.5
d; 0.6 0.3
gi 0.4 0.5
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sponding passband frequency. This transforms the previous frequency notched
UWB antennas (configuration B, C and D) into narrowband antennas (configura-
tion E, F and G, demonstrated in figure 3.26(e)-(g)) providing a complementary
impedance profile. This particular complementary antenna response evolves from
a previously reported article [Siddiqui et al. (2015)] and has been exploited to
achieve multiple narrow band antenna functionalities at fi, fo and (f1, f2). The
narrow band operation is highly sensitive to the position of copper strips and pro-
vides best excitation when centre of the strips is aligned with centre of the SRRs

of the other side. This is clearly indicated in figure 3.25(a) with centre of the

Bottom SRR

Copper Strip

©

Figure 3.27: Fabricated prototype of the CPW fed annular ring monopole
antenna loaded with square SRR (a) Top View (Configura-
tion A to D) (b) Bottom View (Configuration B, D, E, and
G). (¢) Top view (Configuration E to G) obtained by loading
copper strip on the CPW signal line (d) Isometric view show-
ing the superstrate loading for configuration C, D, F, and G
(e) Zoomed view of the printed SRR
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shunt strips located at a distance of L. from the feed port of the antenna.

The fabricated prototype consisting of slotted circular monopole antenna with-
out SRR loading, with SRR loading and shunt strip loading is shown in figure
3.27(a), (b) and(c). The placement of the superstrate on the antenna is shown in
figure 3.27 (d) and 3.27 (e) showing the SRR printed on the superstrate. Three
prototype antennas, i) only ARMA without any loading, ii) ARMA with a pair of
SRR printed on the backside of the CPW feed section and iii) ARMA with a pair
of SRR printed on the backside of the CPW feed section and copper strips shorting
the signal line of the CPW with the ground planes, are designed and simulated
using a commercial electromagnetic simulator [ANSYS (2015)]. These antennas
along with a superstrate layer with a pair of SRRs printed on it, is loaded above
the feed section of the CPW signal line and constitutes various antenna configu-
rations with multiple antenna functionality. Each of these combinations provides
unique reflection coefficient response measured using an Agilent PNA-X N5224A
network analyzer. For all the antenna prototypes radiation pattern measurement
was carried out in a fully calibrated near field anechoic chamber as shown in figure
3.28. A broadband pre-amplifier (Agilent 83051 A) coupled broadband horn was
used as the transmitting antenna while the SRR /copper-strips loaded ARMA with

and without superstrate loading was in receive mode for various configurations.

Figure 3.28: Radiation pattern measurement setup for fabricated CPW
fed ARMA for various configurations in the anechoic chamber

with cables and transmitting antenna.
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3.3.2 Simulation and Measurement Results

The measured and simulated plots for the S;; versus frequency of the proposed

ARMA, Configuration A, is shown in figure 3.29(a). Figure 3.29(b) compares

the

measured maximum realized gain in the z-y plane against that of simulated.

As revealed from the figure 3.29, the simple CPW fed ARMA operates over the

entire UWB spectrum (3.1 to 10.6 GHz) with resonance dip around 3.6 GHz

(corresponding to the quarter wavelength resonance of the disc diameter) with

s,, (dB)

—— Simulated
——Measured

—— Measured
2 F —o— Simulated

Maximum Realized Gain (dBi)

. N N . -6 P P P P RPN PR RS
2 3 4 5 6 7 8 9 10 11 12 3 4 5 6 7 8 9 10 1
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 3.29: Simulated and measured S;; and maximum realized gain
characteristics of the proposed CPW fed ARMA for UWB

response (configuration A).

~e—f;=3.8GHz

—o=fr=6.2 GHz 90
/3= 8 GHz

_ ——f=9.4GHz

150 - 30 150/ g L \,30

180

210%,  TNEE ‘ 330 210 A% . 330

270 270

Figure 3.30: Measured normalized (a) E (z-y) and (b) H (2-z) plane co-
pole radiation pattern of the CPW fed ARMA (configuration
A).
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consistent flat gain profile over the band. The measured radiation pattern as shown
in figure 3.30 exhibits monopole type omni-directionality with axial null (along y
axis) in E-plane and circularly symmetric H-plane (z-z plane) with acceptable co

to cross polar separation over the entire bandwidth.

Figure 3.31 plots the simulated and measured Si; versus frequency of the pro-
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-10
o
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o
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2 3 4 5 6 7 8 9 10 11 12

Frequency (GHz)

Figure 3.31: Simulated and measured S;; characteristics of the proposed
CPW fed ARMA loaded with square SRR beneath the sub-
strate for single notched UWB response (configuration B)

——f;=3.8 GHz 9
60 —o—f>=62GHz 120 60
—+=f3=9.4 GHz '

150 / L\ b\ 30 150 ol 30

210 e e 330 210 A 330

240 300
270 270

240

Figure 3.32: Measured normalized (a) E (z-y) and (b) H (2-z) plane co-
pole radiation pattern of the CPW fed ARMA loaded with
square SRR beneath the substrate for single notched UWB

response (configuration B).
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posed antenna configuration B. As discussed previously, the SRRs loaded beneath
the CPW slots and thereby getting magnetically coupled with the propagating
electromagnetic signal, inhibit propagation around its resonance frequency. This
contributes to the measured frequency notch at 6.61 GHz against 6.51 GHz for
simulated notch. Figure 3.32 shows the E and H-planes measured normalized ra-
diation patterns of the proposed antenna configuration B at 3.8 GHz, 6.2 GHz and
9.4 GHz exhibiting monopole type radiation pattern with axial null for E-plane
and nearly omni-directional pattern for H-planes. The selected frequencies spans
over the entire UWB spectrum, excluding the notch frequency where there is no

effective radiation from the antenna.

The measured and simulated maximum realized gain values versus frequency
of the proposed SRR loaded antenna of configuration B, plotted in figure 3.33,
exhibits drastically reduced gain of -3.65 dBi at 6.61 GHz, with acceptable gain
in the range of 1 to 3 dBi over the rest of the UWB spectrum reconfirming the
presence of strong notch contributed by the SRRs resonance. Figure 3.34 shows
the measured and simulated Sq; versus frequency response of the antenna config-

uration C with SRRs loaded separately by printing them on a superstrate placed

—o— Measured
— Simulated

Maximum Realized Gain (dBi)

3 4 5 6 7 8 9 10 1
Frequency (GHz)

Figure 3.33: Simulated and measured maximum realized gain (x-y plane)
characteristics of the proposed CPW fed ARMA loaded with
square SRR beneath the substrate for single notched UWB

response (configuration B).
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Figure 3.34: Simulated and measured S;; characteristics of the proposed
CPW fed ARMA loaded with square SRR on the superstrate
for single notched UWB response (configuration C)

on the CPW feed region of the ARMA. As revealed in figure 3.31, a measured
frequency notch at 7.46 GHz is contributed due to the superstrate loaded SRR.
Figure 3.35 shows the E and H-planes measured normalized radiation patterns
of the proposed antenna configuration B at 3.8 GHz, 6.2 GHz and 9.4 GHz ex-
hibiting monopole type radiation pattern with axial null for E-plane and nearly
omni-directional pattern for H-planes. The selected frequencies spans over the
entire UWB spectrum, excluding the notch frequency where there is no effective
radiation from the antenna. The notch frequency of this configuration can be
easily controlled by judiciously selecting the SRRs geometrical parameter printed
on the superstrate. This enables the same antenna to be used for variable notch
frequency applications by replacing the superstrate layer with different SRRs di-
mension. Figure 3.36 shows such mechanical tuning of the notch frequency by
varying half-side-length, a.,:, of the SRR. It demonstrates smoothly tuned fre-
quency notches in the range of 6.5-8.2 GHz with a.,; varying from 1.9 mm to 2.2

min.

When the basic antenna configuration A is loaded with SRRs beneath the
substrate and above the superstrate it results into dual notched UWB configura-

tion D. As revealed in the S;; versus frequency plot of figure 3.37, two distinct
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Figure 3.35: Measured normalized (a) E (z-y) and (b) H (2-z) plane co-
pole radiation pattern of the CPW fed ARMA loaded with
square SRR on the superstrate for single notched UWB re-

sponse (configuration C).
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Frequency (GHz)

Figure 3.36: Simulated S;; characteristics of the proposed CPW fed
ARMA loaded with square SRR on the superstrate for vary-
ing SRR dimension. ¢ = 0.5 mm, d = 0.3 mm, g = 0.5

min.

measured notches, at 6.6 GHz and 7.49 GHz against the simulated values of 6.47
GHz and 7.4 GHz are contributed by the each SRR pairs. Figure 3.38 shows the
measured E and H-plane radiation pattern of this configuration at 3.8 GHz, 6.2
GHz and 9.4 GHz. The pattern, like previous configurations, corresponds to the
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Figure 3.37: Simulated and measured S;; characteristics of the proposed
CPW fed ARMA loaded with square SRRs beneath the sub-
strate and on the superstrate for dual notched UWB response

(configuration D).

monopole type nature even though an additional superstrate layer is loaded on
the feed section of the antenna. This unperturbed radiation pattern of the funda-
mental monopole reconfigured for frequency notch application is due to unaffected
radiation aperture of the antenna as the SRRs are loaded in the feed section of
the antennas and establishes the superiority of the current technique of frequency

notching.

Figure 3.39 shows the maximum realized gain of the multilayered configura-
tion against the frequency. This antenna, like previous configurations (B and C)
exhibits an acceptable flat gain over 0 dBi over the entire UWB spectrum with
drastically reduced gain of -3.9 dBi and -3.75 dBi at 6.67 GHz and 7.59 GHz
reconfirming the presence of the frequency notches indicated in the S;; plot. Fig-
ure 3.40 shows the simulated contour plots of the poynting vector along the feed
length of the antenna against the frequency of operation for each of the antenna
configurations B, C and D. Contour plots of figure 3.40 clearly indicates extremely
low value of Pointing vector (bluish line in color version) on the right side of the
line AB, at 6.4 GHz, 7.42 GHz and (6.49 GHz, 7.4 GHz) for configuration B, C
and D respectively where the line AB indicates the centre position of the SRR

measured from the feed port of the antenna. It is interesting to note that for each
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Figure 3.38: Measured normalized (a) E (z-y) and (b) H (z-2) plane co-
pole radiation pattern of the dual notched UWB antenna of

configuration D.

configuration the frequency notching starts around the same distance of 12 mm
from the feed-end which matches with that of (L. — a4 /2), starting position of
SRR along the antenna and ensures the fact that the frequency notches are con-

tributed by the SRRs. The small deviation in the measured frequency notch can
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Figure 3.39: Simulated and measured maximum realized gain (z-y plane)
characteristics of the proposed CPW fed ARMA loaded with
square SRRs beneath the substrate and on the superstrate

for dual notched UWB response (configuration D).
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Figure 3.40: Simulated contour plots of poynting vectors of the propagat-
ing electromagnetic energy though the longitudinal dimen-
sion of one of the slots as a function of frequency (a) - (b)
configuration B and C (single notched UWB antenna) indi-
cating one notch frequency corresponding to SRR’s position

(¢) configuration D (dual notched UWB antenna)

be attributed to the fabrication imperfection or tolerance, positional mismatch
while loading the superstrate layer (for configuration C and D), effect of small
air gap in the multilayered structure and effect of dielectric tape used to hold the

superstrate layer on the antenna ground plane (for configuration C and D).

Figure 3.41 shows the simulated and measured plots for S;; and maximum re-
alized gain versus frequency for antenna configuration E. It exhibits a narrowband
response around 6.83 GHz for measured plot against 6.58 GHz for simulation. The
measured maximum realized gain is 2.67 dBi at 6.77 GHz and falls drastically on
both side indicating a narrow band response. The measured normalized radiation
pattern of this configuration, for two principal planes is presented in figure 3.42.
It shows nearly monopole type radiation pattern having axial null for E-plane and

omni-directionality in H-plane.

Configuration F, realized by loading superstrate layer with SRR printed on
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Figure 3.41: Simulated and measured S;; and maximum realized gain (z-y

plane) of narrowband antenna of configuration E.
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Figure 3.42: Measured normalized (a) E (z-y) plane co and X-pole and
(b) H (2-z) plane co-pole radiation pattern of narrowband

antenna of configuration E.

the ARMA with shorting copper strips exhibits similar narrow band functionality
around corresponding SRRs resonance frequency. Figure 3.43 shows the simulated
and measured plots of S;; and maximum realized gain versus frequency for this
configuration. Impedance and gain profile with a peak gain of 1.76 dBi at 7.62
GHz ensures narrow band operation of this configuration. The measured normal-
ized radiation in two principal planes is also consistent and identical to that of

configuration E.

Figure 3.44 shows the plots of S;; and maximum realized gain of the antenna
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Figure 3.43: Simulated and measured S;; and maximum realized gain (x-y

plane) of narrowband antenna of configuration F.
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Figure 3.44: Simulated and measured S;; and maximum realized gain (x-y

plane) of narrowband antenna of configuration G.

configuration G. Due to the SRRs printed both beneath the substrate and on
the multi-layered superstrate in the ARMA with shorting copper strips, two dif-
ferent resonances are excited in this configuration which in turn provides narrow
band response around each SRR’s resonance frequency. The plots of figure 3.44
confirm narrow band functionary at 6.66 GHz and 7.69 GHz with peak mea-
sured gain of 3.02 dBi and 1.98 dBi around each SRR pairs resonance frequency.
The measured radiation pattern of the antenna shown in figure 3.45, indicates

monopole like omni-directional nature. Simulated contour plots of the poynting
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Figure 3.45: Measured normalized (a) E (z-y) plane co and X-pole and
(b) H (2-z) plane co-pole radiation pattern of narrowband

antenna of configuration G.
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Figure 3.46: Simulated contour plots of poynting vectors of the propa-
gating electromagnetic energy though the longitudinal di-
mension of one of the slots as a function of frequency (a)-
(b)Configuration E, F indicating energy propagation at single
frequency. (¢) Configuration G indicating energy propagation

at dual frequencies.

vector, for configurations E, F and G are shown in figure 3.46 and it indicates

exactly complementary response to that of notched UWB configurations of B, C
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and D respectively, reconfirming the narrowband antenna response. The antenna
configurations E, F and G are excited at 6.47 GHz, 7.38 GHz and (6.47, 7.38 GHz)
due to narrow band pass response of the SRR and copper strip loaded CPW line.
It can be observed from figure 3.46(a)-(c), all indicating narrowband excitation of
the antenna (configuration E, F and G) that the distance from the feed port of
the antenna to the position of filtering action exactly matches with the position

of respective SRR pair and copper strips (on other side) on the CPW.

3.3.3 Lumped Element Based Equivalent Circuit Validation

The complementary response of the proposed antenna configurations can be in-
terpreted from the lumped element equivalent circuit model of the antenna, with
SRR loaded in the substrate or superstrate layer or in both layers with and with-
out strips loading. As discussed earlier in section 2.5, SRR can be modeled as
L-C resonator tank circuit. Due to the sub-wavelength resonance phenomenon of
the SRR, the host CPW medium can also be represented as cascade of lumped
element equivalent circuit. The inclusion of copper strips between the signal line
and the ground planes (for configuration G) is modeled by introducing additional
shunt inductor, L,. Thus using lumped element equivalent circuit of the SRRs in
two layers, host CPW medium and shorting copper strips (for configuration G),
we obtain the resultant lumped element equivalent circuit of antenna configura-
tion D and G, as shown in figure 3.47. It should be noted that the equivalent
circuit model of configuration D is exactly same as that of figure 3.47 minus the
shunt inductors indicating the copper strips (shown in dotted line). Applying
symmetry along the longitudinal axis through the centre of the signal line, the
CPW is modeled as a series inductor L and shunt capacitor C'. The input port
is terminated with 2 x Ry = 100  while output port of the CPW is terminated
with 2 % Z4(f) where, Z4(f) is the input impedance of the stand-alone ARMA
obtained from electromagnetic simulation. The CPW inductance and capacitance
are obtained as L = p x Ly, and C = p * Cp, where Ly, and C),,; are per unit
length inductance and capacitance of the CPW and p is the unit cell size obtained
from the SRRs dimension. The SRRs loaded beneath the substrate and on the

superstrate are electromagnetically coupled with the host CPW medium with a
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coupling co-efficient k, calculated as in [Saha et al. (2015)], and are represented by
two separate LC circuits. Two different SRR pairs for (configuration D and G) are
modeled as two tank circuits: Lgrr1 and Csgri, representing the self-inductance
and capacitance of the bottom SRR; Lsrrs and Csggre, representing to that of

top SRR pair loaded on the superstrate.

The lumped element based equivalent circuit of figure 3.47, corresponding to
configurations D and G are simulated using ADS circuit simulator [Agilent (2015)].
The equivalent circuit parameters for these configurations are: Lgrr; = 8.63 nH,
Lsrps = 6.58 nH, Csgr1 = 68.91 fF, Csrpa = 69.96 {F, L, = 118 nH (for config-
uration G). The circuit parameters for the host CPW medium for unit cell size of
p=>5mm are L =px* Ly, C' = px*Cp, where Ly, = 261.16 nH and Cj,,; = 63.29
pF. The coefficients of coupling between the host CPW and two SRR pairs are,
k1 = 0.25 and ky = 0.2. Figure 3.48 shows the magnitude of simulated reflection
coefficient, S1; in dB for configuration D and G. As observed from circuit simula-
tion, configuration D provides two frequency notches at 6.52 GHz and 7.42 GHz

while configuration G corresponds to the complementary impedance profile with
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Figure 3.47: Lumped element equivalent model of the proposed multilay-
ered SRR loaded dual notched or dual narrow band CPW
fed ARMA for configuration D and G. Due to the symme-
try, the magnetic wall concept has been used and the circuit
corresponds to one half of the structure. Shunt inductance
L, representing the inductance of the copper strip between
signal line and ground plane connected by dotted lines, are

present in configuration G.
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Figure 3.48: Sy; characteristics of the proposed multifunctional antenna

for configurations D and G derived from lumped element

equivalent model.

narrowband operation at 6.55 GHz and 7.44 GHz respectively. Similar comple-
mentary response can also be observed for configuration B/E and C/F, where only
one tank circuit corresponding to either bottom or top SRR is to be considered.
Thus, proposed design concept is validated with lumped element based equivalent

circuit simulation.

Table 3.4: Functional boolean table of the square SRRs loaded CPW fed

slotted circular monopole antenna demonstrating seven antenna

configurations
Config- | Shunt | Top | Bottom Functionality
uration | strip | SRR SRR
A 0 0 0 UWB
B 0 0 1 Notched UWB (f1)
C 0 1 0 Notched UWB (f)
D 0 1 1 Notched UWB (f1, f2)
E 1 0 1 Narrowband (f)
F 1 1 0 Narrowband (f5)
G 1 1 1 Narrowband (f1, fo)
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The various antenna configurations derived from the same annular ring monopole
antenna, can be summarized as in Table 3.4, using Boolean representation. Here

‘0’ indicates absence of the elements and ‘1’ indicating presence of it.

3.4 Conclusion

A new design concept of a multi-functional antenna providing frequency notched
UWB operation and multiple narrow band configurations is presented. The design
concept has been validated using electromagnetic solver, circuit simulation and
practical measurements. The design technique is independent of the radiator and
can be extended to other antennas as demonstrated. Superstrate loading on the
feed section of the antenna to accommodate one extra pair of SRR also helps in
reducing the foot print of the antenna. Notch frequencies can be tailored by proper

choice of the SRRs dimension.

72



CHAPTER 4

Electronically and Mechanically Actuated

Multi-Functional Circular Monopole Antenna

4.1 Introduction

The multi-functional antennas response is demonstrated in the chapter 3 employ-
ing SRR and/or switches loaded in the feed region of the antenna. This is done
on two different families of printed antennas, i) printed monopole antenna and ii)
tapered slot antenna. Switches employed in these works are static copper switches
which are connected /disconnected between the signal line and two ground planes
to mimic its ON/OFF status. Though this method of realizing switches are ad-
equate for proof of concept experiment, real-time applications demand practical
switches to be controlled by some actuation signal. This chapter deals with this
practical realization of the printed multi-functional antenna using electronic and
mechanical means. Electronic reconfigurability is achieved by replacing the cop-
per switches with commercial PIN diodes. The state of the PIN diode (ON/OFF)
can be controlled electronically by providing the bias voltage. By employing the
PIN diode the functionality of the antenna can be modified from ultra-wideband
notched antenna to narrowband antenna. Mechanical reconfigurability is achieved
by sliding the superstrate printed with different SRR laterally in the feed section
with the help of motor and rack-pinion mechanism. The motor is programmed
with Arduino Uno microcontroller. The superstrate is loaded with SRRs of varying
sizes and its movement is precisely controlled to excite various resonances sequen-
tially. This in turn contributes to reconfigurability of the frequency notch of the
ultra-wideband antenna or the narrowband operating frequency. The details of

the above stated functionalities are discussed in length in the following sections.



4.2 Electronically Reconfigurable Multi-Functional

Antenna

4.2.1 Antenna Design and Fabrication

Here, a unique frequency reconfigurable capability that transforms a frequency
notched wideband antenna into a narrowband antenna where the narrowband fre-
quency complements the notch frequency, is achieved by electronic switching. A
single printed monopole antenna loaded with SRRs and PIN diodes on the feed
section provides this dual functionality. The frequency notch in the wideband
printed monopole antenna is caused by the SRRs which are magnetically coupled
with feeding CPW line and inhibit signal propagation around the SRR’s reso-
nance frequency |Martin et al. (2003); Siddiqui et al. (2014, 2015)]. With the
loading of PIN diodes on CPW and appropriate biasing, the frequency notched
wideband antenna can be reconfigured into a narrowband antenna operating at
the SRR’s resonance. The design is realized using a printed circular monopole
antenna having a wide impedance bandwidth. The printed monopole is fed by a
CPW transmission line loaded with a pair of SRRs and commercial PIN diodes. It
is further demonstrated that the notch frequency and the narrowband frequency
can be tuned by changing the physical dimension of the SRR geometry without
perturbing the radiator dimensions. Moreover, the inclusion of the SRRs and the
PIN diodes on the feed section of the antenna do not have any adverse impact on

the radiation performance of the antenna.

Figure 4.1 shows the schematic of the proposed filtenna. A circular monopole
having radius R is fed by a CPW consisting of ground planes having width, W,
and Wy, length, Lg and a signal line of width, S and length, Ly + ¢t. The signal
line and the ground planes are separated by a symmetric pair of slot gaps, s,.
The filtenna is printed on a substrate having thickness h and dielectric constant
€. Two square shaped split ring resonators having dimension, a.,;, which is half
the dimension of the side-length of the SRR, conductor thickness ¢, separation
between rings d and split gaps ¢g; and go as shown in figure 4.1(c), are printed on

the other side of the substrate with their centers coinciding with the slot lines of
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Figure 4.1: Schematic of SRR coupled PIN diode loaded filtenna (a) Top
view of CPW fed printed circular monopole connected to ex-
ternal bias tee with a pair of SRRs printed on the back side
and a pair of PIN diodes on the CPW slots. (b) Side View
showing the printed SRRs separated by h from the PIN diode
loaded CPW feed line. (c¢) Schematic of a unit cell of square
SRR, a pair of which is printed on the back side of the CPW
feed line and aligned with the PIN diodes.

the CPW feed. A pair of PIN diodes are placed on the slots of the CPW with
their positions coinciding with the axes passing through the center of the SRRs.
The CPW transmission line is loaded with PIN diodes which on different biasing
conditions (reverse and forward) would effectively open and short the signal line
with the ground planes. This, in turn provides frequency notched response and

its complementary narrow band response.

The prototype was fabricated on Taconic substrate having e, = 2.33, tan

0 = 0.0009 and thickness h = 1.575 mm. The circular monopole having radius
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R = 12.5 mm and fed with a CPW having ground plane length L, = 22.5 mm,
width W = 50 mm, signal line width S = 6 mm, slot gap s, = 0.3 mm and feed
gap t = 0.2 mm was etched on one side of the substrate. The slot gaps and the
signal line width were optimized to yield a line impedance close to 50 2. A pair of
SRRs having dimensions ae,; = 2.5 mm, ¢ = 0.35 mm, d = 0.6 mm and split gaps
g1 = g2 = 0.5 mm, were printed on the other side of the substrate with their axes
coinciding with the slot line in the CPW as shown in figure 4.2. A pair of silicon
PIN diodes (SMP 1145) were placed on the slots between the ground planes and
the signal line and aligned to the position of SRRs axes. As shown in figure 4.2(b),
the required DC bias to the diodes are provided using a Mini circuits 15542 bias

tee.

Figure 4.2: (a) Fabricated prototype of the proposed filtenna with a mag-
nified view of the PIN diodes accommodated between the sig-
nal line and ground planes of the CPW. SRRs are printed on
the opposite side of the CPW (b) Prototype connected to the

Mini Circuits bias Tee.
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4.2.2 Simulation and Measurement Results

The proposed SRR and PIN diode loaded filtenna is simulated using a commercial
electromagnetic simulator [ANSY'S (2015)]. In this simulation two different con-
figuration of the filtenna for ON and OFF state of the diodes are considered by
replacing the diodes with the corresponding equivalent circuits as shown in figure
4.3. The lumped circuit parameters, obtained from the manufacturer’s data sheet,
in diode ON condition assigned in the simulation were L, = 0.45 nH and R, = 202
and in diode OFF condition were L, = 0.45 nH and R, = 5 M2 and Cr = 0.14 {F.
The resultant HFSS model with lumped circuit parameters for both the cases are
simulated. Figure 4.4 shows the simulated and measured S;; plots of the proposed
filtenna for OFF status of the diode. The plot indicates wideband characteristic
from 2.5 GHz to 11 GHz with a sharp notch at 6.1 GHz and 6.01 GHz for simu-

lated and measured data, respectively. This notch corresponds to the resonance

v N ) R, O—m
G|
|
(a) (b)

Figure 4.3: Lumped equivalent circuit of the PIN diode in (a) ON and (b)
OFF state.

u -

s,, (dB)

2 3 4 5 6 7 8 9 10 M
Frequency (GHz)

Figure 4.4: Simulated and measured S;; of the SRR coupled PIN diode
loaded CPW fed printed circular monopole filtenna with
diodes in OFF condition.
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frequency of the SRR and can be varied by scaling the physical dimension of the
SRRs [Siddiqui et al. (2014)].

Figure 4.5 shows the simulated and measured S;; of the prototype filtenna
with the diode in ON condition. As revealed in the plot, with the diode in ON
condition, the filtenna yields a narrowband response centered at 6.12 GHz and 6.02
GHz for simulated and measured data and effectively complements the impedance
behaviour of the filtenna in diode OFF condition. Figures 4.4 and 4.5 reveal
the complementary nature of the antenna under diode OFF and ON conditions.
Filtenna with diode ON condition provides a narrow band response due to the
narrow band pass filter formed with the combination of SRRs and PIN diodes on
the slots of the CPW. On the other hand, with diode in OFF condition, the band
notch filtering of the SRRs contribute to frequency notched UWB response of the

antenna.
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Figure 4.5: Simulated and measured S;; of the SRR coupled PIN diode
loaded CPW fed printed circular monopole filtenna with
diodes in ON condition.

The biasing of the diodes is conducted through 5V D.C. supply connected
to the bias tee. The current flowing through the diodes in forward bias condi-
tion provides the DC-short between signal and ground planes of the CPW which
in turn reconfigures the notched wideband antenna into a narrowband antenna.
Figure 4.6 shows the measured maximum realized peak gain plotted against the
frequency of the prototype filtenna in diode OFF and ON conditions. In diode
OFF condition, the gain drops sharply at the notch frequency of 6.01 GHz pro-
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Figure 4.6: Measured realized peak gain of the SRR coupled PIN diode
loaded CPW fed printed circular monopole antenna with

diodes OFF and ON conditions.

hibiting radiation whereas for the rest of the frequencies the gain remains above 0
dBi. A complementary gain profile is yielded when the diode is switched ON and
the gain rises sharply to radiate at 6.02 GHz and drops off at either side of the
radiating frequency. The measured maximum gain value in diode ON condition

at the narrowband frequency 6.02 GHz was obtained as 3.59 dBi.

The measured normalized radiation patterns in two principal planes, the z-y-
plane (E-plane) and z-z-plane (H-plane), for the prototype in diodes OFF condi-
tion are shown in figure 4.7(a) and (b), respectively, for 3.8 GHz, 8 GHz and 9.4
GHz. The E-plane and H-plane at 6.02 GHz for diode ON condition are shown in
figure 4.7(c) and (d). The radiation patterns indicate axial null along y-axis ensur-
ing monopole type radiation for the z-y-plane with high cross polar discrimination.
The H-plane radiation yields an omni-directional pattern for the z-z-plane. The
simulated efficiency was obtained at 92% and 76% for diode OFF and diode ON

conditions, respectively.

The physical insight of the complementary nature of the antenna response can
be explained by observing the magnitude of the Poynting vector in diode ON and
diode OFF conditions as illustrated in figure 4.8. As shown in figure 4.8(a), with
the diode in OFF condition, the SRR prohibits propagation of electromagnetic
energy at its resonance frequency yielding a notched UWB response. With the

diode in ON condition, a complementary nature of the propagation is triggered
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Figure 4.7: Measured normalized E and H-plane radiation patterns of the
fabricated filtenna. (a) and (c)x-y plane (E-plane) in diode
OFF and ON conditions. (b) and (d) z-z plane (H-plane) in
diodes OFF and ON condition.

where electromagnetic energy over only a narrow frequency, at approximately the
SRRs resonance frequency is propagated. The rest of the energy is reflected back
to the input port as depicted in figure 4.8(b).

Figure 4.9 shows the simulated reflection coefficient of the proposed antenna for
different a.,; dimensions in diode ON and diode OFF conditions. Three different
Ger¢ dimensions of 2.3 mm, 2.5 mm and 2.7 mm yielded notch frequencies in
diode OFF condition at 5.45 GHz, 6.1 GHz and 6.65 GHz while with diode in
ON condition narrowband response centered at 5.5 GHz, 6.15 GHz and 6.7 GHz is
obtained. Figure 4.9 has an inset which shows the zoomed-in view of the notch and
narrowband frequencies from 5 GHz to 7 GHz to increase the legibility. The wide
variation of the notch and narrowband frequency using the proposed concept by
changing the SRR parameter and without altering the basic radiator dimension

is evident from the figure. Similar variation can also be achieved by changing
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Figure 4.8: Simulated contour plots of the magnitude of the Poynting vec-
tors through one of the CPW slots as a function of frequency.
(a) with diodes OFF condition and (b) with diodes ON con-

dition. (Plots are in uniform scale).
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Figure 4.9: Simulated S1; of the SRR coupled PIN diode loaded CPW fed
printed circular monopole filtenna with diodes OFF and ON
conditions for various a.,; values. Solid curves are for diode

OFF case and dotted curves are for diode ON case.
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the other parameters of the SRRs like ¢, d and g. The corresponding simulated
maximum realized gain as a function of frequency of SRRs with varying a,; is
shown in figure 4.10. The dip and peak in gain parameters in diode OFF and ON

conditions are evident from the plots.
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Figure 4.10: Simulated realized peak gain of the SRR coupled PIN diode
loaded CPW fed printed circular monopole filtenna with
diodes OFF and ON conditions for various a.,; values. Solid
curves are for diode OFF case and dotted curves are for diode

ON case.

4.3 Mechanically Reconfigurable Multi-Functional

Antenna

4.3.1 Antenna Design and Fabrication

In chapter 3, various antenna functionalities were demonstrated by loading a su-
perstrate in the feed region of the antenna on which an additional pair of SRRs
were printed. This SRR and/or another pair of static SRRs printed beneath the
substrate and a switch connected between the signal and ground line were utilized
in achieving the multi-functional antenna response. However, the notches/narrow
band response of the same antenna can be tuned by a combination of mechanical
and electronic means. Mechanical movement of superstrate printed with three

pairs of SRR of different dimensions in the feed region of the radiator can provide
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the desired tunablity of the antenna. The basic radiator is a popularly known
CMPA and is fed by CPW. Further, as discussed in previous section, loading the
shunt strip in the feed region of the antenna provides frequency notched UWB and
narrowband impedance characteristics. Two complementary frequency reconfig-
urable functionality, i) tunable notched UWB antenna and, ii) tunable narrowband
antenna, is demonstrated in this section. Mechanical movement of the superstrate
is realized using an indigenously designed rack and pinion arrangement and actu-
ated through a servo motor controlled by an Arduino Uno microcontroller. Align-
ment of the particular SRR pair’s center with that of the center of the slot lines of
the CPW, excites SRR resonance which in turn provides the frequency notch in
the UWB antenna. Thus, based on various positions of the superstrate, achieved
through suitably programming of the Arduino Uno microcontroller, the proposed

antenna can provide a tunable notch function.

The same antenna, when loaded with a pair of switches in the CPW slots
and similar mechanical movement of the SRR loaded superstrate is performed,
it results into a reconfigurable narrowband antenna under ON condition of the
switch. Thus, based on mechanical movement of the superstrate layer and status
of the switches (ON/OFF), proposed antenna can provide a dual reconfigurable
characteristics. In addition, design concept of the frequency notched /narrowband
operation can be extended to other planar UWB antennas. Since in this work
reconfiguring block is in the feed region, their placement, bias lines etc. has min-
imal impact on the radiation characteristics of the antenna. Proposed antenna is
a potential candidate as communicating antenna for cognitive radio applications,
where the notched UWB function can be used when the primary user is utiliz-
ing the spectrum and narrowband antenna in the complementary situation. An
illustration of the antenna functionality and reconfigurability is shown in the flow

chart of figure 4.11.

The overall antenna design consists of a CPW fed circular monopole and recon-
figurable elements in the form of PIN diodes and a moveable superstrate loaded
with SRRs of different dimensions in its feed region whose position is mechani-
cally controllable using a servo motor controlled by Arduino Uno microcontroller.
The antenna can provide two complementary characteristics, namely, reconfig-

urable frequency notched UWB operation and reconfigurable narrowband opera-
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Figure 4.11: Flowchart representation of the antenna configurations

achievable through the proposed antenna.

tion. The functional reconfigurability (Notched UWB /Narrowband) is obtained

by employing two switches in ON/OFF mode in the feed regions while frequency

reconfigurability in the corresponding state is provided by mechanical movement of

the superstrate on which SRR of varying dimensions are printed. The mechanical
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Geometrical layout of the proposed antenna (a) top view
along with the movable superstrate printed with SRR, (b)
side view of the antenna, (c) cross-sectional view with copper
strips (red wine colour) placed in the slots for narrowband

operation and (d) unit cell of the SRR.
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movement of the superstrate is precisely controlled with the indigenously designed
rack-pinion arrangement and commercial servo motor programmed by an Arduino
Uno microcontroller. Figure 4.12 shows the geometrical layout of the antenna. It
consists of a CPW fed CMPA with and without the switches to achieve the ba-
sic complementary functionalities. The radiating circular monopole has a radius
Ry, placed at a distance of ¢ from the CPW feed for proper impedance matching.
CPW feed comprises signal line of width S and ground planes of width W, = W,
and lengths Lg;. The antenna has length L and width W, and is printed on a sub-
strate of dielectric constant €,; and thickness hy. The square SRR consists of two
concentric rings with exterior sidearm length 2a..;, width, ¢;, inter-ring spacing,
d; and split gaps, g; placed on opposite sides of the rings. Figure 4.12(a) and (b)
shows the top and side view of the proposed antennas while figure 4.12(c) shows
the cross-sectional view of the antenna. Geometrical layout of a standalone SRR
is shown in figure 4.12(d). Three different sized SRRs are printed on a substrate
of dielectric constant €., thickness hy with dimension of length Lgo and width
W. The structure is modelled and simulated in a commercial EM solver [ANSY'S
(2015)|. Figure 4.13 shows the fabricated prototypes of the antenna, superstrate
printed with SRRs and the rack and pinion all designed and realized by in-house

fabrication facility.

The antenna design parameters are summarized in Table 4.1. The antenna
and the superstrate are printed on RT Duriod 5870 (€, = €, = 2.33 and tan
d = 0.0012) of thickness hy = hy = 1.575 mm.

Here, we utilized both ON/OFF switches and the mechanical movement to
achieve the dual reconfigurability. The servo motor is utilized to move the super-
strate and thereby providing the reconfigurability in the notch location /narrowband
operation depending on status of the switches (ON/OFF), respectively. In order
to achieve the rectilinear movement of the rectangular superstrate, we opted for
the gear support mechanism i.e., rack and pinion arrangements where the rota-
tional motion of the pinion would give rise to rectilinear motion of the rack. The
rack and pinion are 3D-printed using the ABS-plastic and are as shown in figure
4.13(c). To provide the mechanical movement, the superstrate is attached to the
rack and the pinion is placed on the spindle of the servo motor as shown in figure

4.14(a). The servo motor utilized is Towerpro SG90 commercial servo which can
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Figure 4.13: Fabricated prototype of (a) circular monopole antenna, (b)
circular monopole antenna with copper strips in the slots of
the feed region, (c) superstrate of the antenna with three
different pair of SRRs printed along with the rack and pinion

used for mechanical reconfigurability.

Table 4.1: Design paramters of the fabricated antenna and the superstrate

with SRRs. (Paramteric variables as shown in figure 4.12)

L |\ W | La | Le

Antenna
50 50 22 12.5
Design
Wl Wg S Sg
Parameters

22 | 22 5 0.5
t Lsg h1 h2
0.2 | 10 | 1.575 | 1.575

(All dimensions are in mm)

SRR # Gegt | C d g
Parameters SRR, 225105 0.3 0.5
(All dimensions | SRRy 1.9 05| 0.3 0.5
are in mm) SRR; 1.73 105 | 0.3 0.5

provide 180° rotation and has minimum footprint area. The motor is controlled

using Arduino Uno microcontroller which provides the control on the movement
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Figure 4.14: (a) Fabricated prototype of the antenna indicating the su-
perstrate placement, along with rack and pinion mounted on
servo motor for reconfigurability, (b) complete measurement
setup indicating the microcontroller and personal computer

to control the reconfigurability.

of the superstrate. The required 5 V DC supply of the motor, is provided by the
microcontroller and the microcontroller is powered through USB cable attached
to a personal computer and which provides the control code programmed in Ar-
duino. The overall setup is shown in figure 4.14(b). The software coding to control
the servo motor and thereby the rectilinear motion of the superstrate, is done in
Arduino. The superstrate position can be controlled by specifying the angle of
rotation of the motor (either discrete movement or continuous) so that one SRR
pair is aligned with the slots of the feeding section. The Arduino code is given in
appendix A and B. Initially SRR, is aligned to the slots; when angle is specified
superstrate moves to align SRRj3, then back to SRRy and then to SRR, as the

servo motor can move 90° in either direction.

4.3.2 Simulated and Measurement Results

Initially, to simplify the design process, the PIN diode’s OFF and ON state is mim-
icked using a copper strip, absence of strip representing OFF state and presence
as ON state. Absence of copper strip results in frequency notched UWB response
whereas, their existence yields a complementary narrowband response. Figure 4.15

shows the measured screenshot of the reflection coefficient (S;1) of CMPA loaded
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Figure 4.15: Measured S;; characteristics of the circular monopole antenna
loaded with SRR printed superstrate along the feeding mi-
crostrip line for SRR1 pair aligned along the slots. Antenna
parameters are as detailed in TABLE 4.1

with superstrate comprising of SRRs with the entire setup. Frequency notched
UWRB characteristics can be observed in the VNA’s display for a single case where
the SRRj is aligned to the slots of the feed section of antenna. With the aid of the
Arduino coding and the servo motor, the superstrate is moved laterally so that
different SRRs printed on it can be aligned resulting in three different frequency
notched UWB responses. Figure 4.16 shows the simulated and measured S;; of
CMPA for three different pair of SRRs alignment with respect to the slots of feed
section. The CMPA offers a wideband impedance characteristic from 2.6 GHz to
10.8 GHz [Siddiqui et al. (2014)]. The impedance characteristics of CMPA with
superstrate are similar to that of CMPA except for the notch, implying that the
superstrate loading has minimal impact on its impedance characteristics. Depend-
ing on the SRRs alignment the notch frequency is controlled. SRR;(i = 1, 2 and
3) yields a notch in UWB response at 6.66 GHz, 8.34 GHz and 9.85 GHz in mea-
surement against 6.5 GHz, 8.34 GHz and 9.55 GHz for simulation, respectively.
The notch frequency is function of the geometrical dimensions of the SRR and

can be tailored to the desired frequency by adjusting the SRR dimensions without
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affecting the antenna design. Theoretically, the resonance frequency of the SRR; (i

— 1, 2 and 3) is 6.67GHz, 8.69 GHz and 10.16 GHz.

When a pair of copper switches are placed between the slots of the feed sec-

tion directly below the SRR, the present antenna is transformed into narrowband
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Figure 4.16: Simulated and measured S;; characteristics of the circular
monopole antenna loaded with SRR printed superstrate along

the feeding microstrip line for different SRRs aligned along

the slots.
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Figure 4.17: Measured S;; characteristics of the circular monopole antenna
loaded with SRR printed superstrate along the feeding mi-
crostrip line for SRR, pair aligned along the slots. Antenna

parameters are as detailed in TABLE 4.1
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antenna with a complementary impedance characteristic. To realize this configu-
ration as shown in figure 4.13(b), copper strips, acting as closed switch (ON), are
added between the ground and signal plane of the CPW. An identical process, as
described for the reconfigurable notch case, is utilized to move the superstrate to
align different SRR pairs. Figure 4.17 shows the simulated and measured reflection
coefficient (S;1) of this narrowband configuration. Depending on the SRR-pairs
alignment with the slot lines, tunable narrowband operations are achieved. For
SRR; (i = 1, 2 and 3) the narrowband response at 6.69 GHz, 8.45 GHz and 9.89
GHz is obtained in measurement against 6.57 GHz, 8.34 GHz and 9.58 GHz for
simulation, respectively. It can be observed from figures 4.16 and 4.17 that the
obtained tunable notches and tunable narrowband response are complementary to

each other.

The measured normalized radiation patterns of the CMPA antenna for fre-

quency notched UWB response in x-y plane and y-z plane for two cases (SRR;

%0 ——f;=3.0GHz %
60 o f=58GHz 120 - 60
e N i N e A
150 / .‘:‘.‘ o .

e TR

(a) ®
% ——f;=4.6GHz 9%

—o—f=7.8GHz 120
o . —s—f3=10.2 GHz
150 /4 il i 150

Figure 4.18: Measured (a) E-plane (z-y) (b) H-plane (y-z) radiation pat-
terns for the fabricated circular monopole antenna loaded
with SRR printed superstrate for two different SRRs (SRR;
and SRR3) aligned along the slots for the frequency notched
UWB operation.
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and SRR3) are presented in figure 4.18. Figure 4.18(a) and (b) represents the
measured normalized E- and H-plane radiation pattern of the CMPA with SRR,
and SRR3 on superstrate aligned to slot at (3 GHz, 5.8 GHz and 8.6 GHz) and
(4.6 GHz, 7.8 GHz and 10.2 GHz), respectively. The antenna exhibits directional
pattern in E-plane (x-y plane) with axial nulls along y-axis and nearly omni-
directional pattern in H-plane (y-z plane). The pattern is consistent over the
operating bandwidth, and the co-pol to cross-pol discrimination is about 10-15
dB over its operating bandwidth. Figure 4.19 represents both measured nor-
malized E-Plane and H-plane radiation pattern of the CMPA with narrowband
response for SRR; and SRRj3 at 6.69 GHz and 9.89 GHz. The simulated radiation
efficiency computed as ratio of gain and directivity is plotted for both the config-
urations (frequency-notched UWB and narrowband) in figure 4.20. The radiation
efficiency is minimum at the notch frequency, confirming the presence of notch

and acceptable radiation performance at other frequencies.

Figure 4.19: Measured (a) E-plane (z-y) (b) H-plane (y-z) radiation pat-
terns for the fabricated circular monopole antenna loaded
with SRR printed superstrate and copper strip for two differ-
ent SRRs (SRR, and SRR;) aligned along the slots for the

narrowband operation.
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Figure 4.20: Simulated and measured efficiency of the proposed antenna
for (a) frequency notched UWB operation (b) narrowband
operation with the SRR, aligned across the slots of the feed

section.
4.3.3 Electronic Switch Actuated Reconfigurability

To demonstrate the antenna functionality change (from notched UWB to narrow-
band) in a more practical manner, the copper switches are replaced with the PIN
diode. To demonstrate the switching response, a silicon PIN diode (SMP1345-
040LF) is utilized. As design has to be carried out in both EM and circuit solver,
EM co-simulation platform of the CST Microwave studio is employed. The an-
tenna is modelled in the 3D layout and to incorporate the diode for schematic
simulation discrete port is placed at diode’s location. With this, the 3D layout,
look like as in figure 4.21(a), where ‘1’ indicates the excitation port for the antenna
and ‘2, ‘3’ indicate the discrete ports where diodes PIN are connected. Once the
3D layout simulation is executed, the schematic simulation window is employed
where the diodes are replaced by their equivalent circuit at terminal 2 and 3. The
resultant EM and circuit model is again simulated to achieve final response. The
PIN diode in OFF state is represented by a parallel RC circuit in series to inductor
with Ropr = 5 M, C = 0.14 fF and L = 0.45 nH and while in ON state it is
represented by a series RL circuit with values Roy = 2 2 and L = 0.45 nH as
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Figure 4.21: Simulation setup for PIN diode simulation in CST (a) port
definition waveport (1) and discrete ports (2 and 3) in order to
facilitate PIN diode connection in schematic (b) perspective
view of the structure (c¢) and (d) Schematic layout showing
PIN lumped element equivalent connected to antenna in OFF

and ON state respectively

shown in figure 4.21(c) and (d), respectively. The simulated reflection coefficient
for one set of SRR is shown in figure 4.22 for both the diode OFF and ON case

and confirms complementary antenna response.
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Figure 4.22: Simulated S;; characteristics of the circular monopole an-
tenna loaded with SRR printed superstrate along the feeding
microstrip line for SRR, aligned along the slots with the diode
OFF and ON condition.

4.4 Conclusion

A novel, but simple idea to design a multi-functional antenna with frequency
notched wideband response and a complementary narrowband response is pro-
posed and realized. The combination of the SRRs with different conditions of diode
bias yield the two complementary characteristics. The reconfigurability within the
desired characteristics (either frequency notched wideband or narrowband) is real-
ized by movement of the superstrate with the help of motor controlled by Arduino
Uno microcontroller. Prototypes were fabricated to validate the concept. Since
the notch and narrow band frequency is determined by the SRRs geometry, several
multi-dimensional SRRs can be used for multiple frequency notched or multiple

narrowband applications.
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CHAPTER 5

Bandwidth Controllable Cylindrical Ring

Dielectric Resonator Antenna

5.1 Introduction

The previous chapters of the thesis dealt with either the functional reconfigurable
and/or the shifting the notch or the narrowband response in a printed circular
monopole antenna. In this chapter, a mechanism to control the bandwidth of an
antenna is demonstrated. Since dielectric resonator antennas of special shapes
when excited by proper feeding mechanism, exhibits maximum bandwidth, a new
technique to control its bandwidth is investigated. Such integrated bandwidth
controllable technique, without using an external filter have potential applications
in scenarios where the bandwidth controllability is desired to control the required
signal-to-noise ratio of the over-all receiving system or to completely block the in-
terference from a known station/source. The dielectric resonator antenna (DRA),
originating from simple dielectric resonators (DRs) |Long et al. (1983)], has been
attracting the attention of antenna researchers over the last two decades for its sev-
eral appealing features and advantages. Various research groups have contributed
immensely in diverse aspects of DRA research, including i) the study of various
DRA shapes and geometries leading to enhanced operational bandwidth [Petosa
and Tttipiboon (2010); So et al. (2011)], ii) new excitation techniques identifying
new modes with different impedance and radiation properties [Guha et al. (2012,
2014a)|, iii) designs for lower cross-polarized radiation |Ryu and Kishk (2011)],
circular polarization [Huang et al. (1999); Zou et al. (2012)|, and polarization-
diversity applications [Zou and Fumeaux (2011)], iv) compact designs for compat-
ibility with wireless systems [Hady et al. (2009); Lan et al. (2003); Huitema et al.
(2011); Rao et al. (2005)], and v) design of active, tunable and reconfigurable va-
rieties [Petosa et al. (1995); Li et al. (1996); Leung and So (2005); Petosa (2007);
Ng and Leung (2006); Desjardins et al. (2012); Apperley and Okoniewski (2014);



Danesh et al. (2014)]. A significant fraction of DRA works reported to date also
focus on bandwidth-enhancement techniques |Lapierre et al. (2005); Guha et al.
(2009, 2014b); Tttipiboon et al. (1996); Mongia et al. (1994); Leung et al. (2003);
Kishk (2003); Kishk et al. (2002); Hsiao et al. (2002a); Buerkle et al. (2005); Es-
selle and Bird (2005); Hsiao et al. (2002b); Chang and Kiang (2007); Mitra et al.
(2009); Ghosh and Chakrabarty (2008)]. These techniques include modifying the
DR geometries [Guha et al. (2009, 2014b)|, lowering the effective Q factor by
various techniques [Ittipiboon et al. (1996); Mongia et al. (1994); Leung et al.
(2003)|, augmenting the DR element with additional parasitic elements |Kishk
(2003); Kishk et al. (2002); Hsiao et al. (2002a)| and by modifying the feeding
mechanism [Buerkle et al. (2005); Esselle and Bird (2005)], exploiting additional
resonances contributed by parasitic metallic elements loaded on top of the DR
[Hsiao et al. (2002b)]. Rectangular DR with partially coated metallic walls and
metal strip loading has been demonstrated to yield broadband response in [Mitra
et al. (2009); Ghosh and Chakrabarty (2008)], respectively. Although the major-
ity of DRA research of late has been focused on bandwidth enhancement, it is
equally desirable to control the bandwidth to suit specific applications, particu-
larly where collected noise power, and therefore SNR, must be managed. The use
of external filters to achieve bandwidth control increases the design complexity
of the antenna and built-in mechanisms for bandwidth control are, therefore, of

significant interest.

In this section, a broad range of tuning the upper cut-off frequency with a
tunable percentage bandwidth is demonstrated for a CRDR excited by a quarter-
wave monopole using two different configurations: 1) loading the top of the CRDR,
with an annular metallic cap of varying inner radius, as shown in figure 5.1(a),
and 2) loading the CRDR’s outer surface with a cylindrical metallic sleeve of
varying height shorted with the ground plane as shown in figure 5.1(b). The
choice to tune the upper side of the radiation bandwidth of the unloaded antenna
(monopole + CRDR) is due to the fact that lower cut-off frequency of such a hybrid
antenna is determined by the monopole’s fundamental resonance and as such, is
not controllable by mechanical /electrical tuning. The CRDR antenna in unloaded
condition is excited in the TMg;s mode by the central conductor of a commercial

50-€) probe acting as a quarter-wavelength monopole. Several new modes in such
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Monopole DRR Monopole DRR

(a) (®)

Figure 5.1: Top and cross-sectional view of (a) metallic-cap and (b)
metallic-sleeve loaded monopole-excited CRDR antenna on a

ground plane.

hybrid antennas have been reported in [Guha et al. (2014a)|; however, we have
selected the TMg;s mode for excitation, to demonstrate the proposed bandwidth
controllability. The proposed antenna is derived from a hybrid combination of a
CRDR excited by a quarter-wavelength-long vertical electric monopole exhibiting
a very wide bandwidth [Guha et al. (2014b)]. A quarter-wavelength monopole of
length [ mounted on a ground plane excites the CRDR of inner and outer radii
b and a, respectively, with height A having dielectric constant ¢,. This vertical
electric monopole excites the TMy;5 mode and provides the expected monopole

radiation pattern with a broadside null (with respect to the ground plane).
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5.2 Metallic-cap loaded bandwidth controllability

5.2.1 Antenna Design Topology

In the first configuration, as shown in figure 5.1(a), a parasitic annular metallic
cap with outer radius a (equal to that of the CRDR), inner radius R; and thickness
tn is loaded on the top of the CRDR, concentrically with the axis of the monopole
and CRDR. Here R; plays a very significant role in the performance of the antenna
and changes the upper cut-off frequency of the antenna without much effect on
its radiation characteristics. Detailed investigations of both types of loading of
the CRDR antennas show that the bandwidth of the antenna can be controlled
from 122% (for the unloaded case) to 81% for metallic-cap loading. This has
been experimentally verified with caps of various dimensions, providing excellent
frequency tuning without perturbing the radiation pattern and without sacrificing

the gain of the antennas.

Figure 5.2(a) and (b) shows the fabricated prototype of the proposed antenna

(a)

20

Metal Cap1 Cap2

Hegnnntpnn
A"l

TR , ©

Figure 5.2: Fabricated prototypes of (a) metallic cap loaded CRDR formed
by gluing CRDR to a ground plane consisting of vertical
monopole (b) metallic caps of various inner radii and (c) sleeve-

wrapped CRDR.
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with various caps for loading. The CRDR of outer and inner radii a = 4.4 mm,
b = 1.5 mm with height h = 4.4 mm consists of a polyethylene (PE) 0.26-volume-
fraction barium titanate composite providing a measured dielectric constant of
e, = 10.2, and is affixed to the ground plane using conducting glue. The vertical
monopole of length [ = 12 mm and radius r = 0.6375 mm is realized using the
pin of a commercial 50-¢) coaxial connector inserted through the ground plane
and adjusted to the required length. Four different metallic caps with fixed outer
radius @ = 4.4 mm and thickness t,, = 1 mm with varying inner radii R; = (1 mm,
1.25 mm, 1.5 mm, 2 mm), as shown in figure 5.2(b), are fabricated in a mechanical

workshop using copper sheeting.

The fabricated prototypes of the metallic-cap and metallic-sleeve loaded CRDR
antenna for different R; are thoroughly investigated both for impedance and ra-
diation characteristics. A square-shaped ground plane of 80 mm x 80 mm was
used for the measurements. Both configurations were simulated using a com-
mercial electromagnetic simulator [ANSYS (2015)] and validated with reflection
coefficient and radiation pattern measurements using a Keysight PNA-X N5224A
network analyzer and a fully calibrated near-field anechoic chamber. The radiation

patterns were obtained using a near-field open-ended waveguide probe (OEWG)
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Figure 5.3: Radiation pattern measurement set-up for the fabricated
CRDR mounted in the anechoic chamber with cables and

transmitting antenna.
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oriented in x-z plane which was used as the transmitting antenna while the CRDR
antenna was placed in the receive-mode. Figure 5.3 shows the radiation pattern
measurement setup. Since this paper focuses on bandwidth controllability and
the H-plane (2-y) pattern is omni-directional, the measurements were limited to
E-plane co-polarization measurements. To predict the effective bandwidth of the
loaded CRDR antenna with respect to the unloaded case, closed form equations

using curve-fitting technique are proposed.

5.2.2 Simulation and Measurement Results

The measured and simulated plots for the Sq; versus frequency without and with
metallic-cap loading for R; = (1 mm, 1.5 mm and 2 mm) are shown in figure 5.4(a)-
(d), respectively. As revealed from the figures, the measured and simulated data
show a very good general correspondence. For example, the measured and sim-

ulated Sy; for the unloaded CRDR shown in figure 5.4(a) reveals an impedance

Monopole + CRDR 5 Manupale+CRDR+Cap1

'
(2}
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\\‘ JM ‘\‘L \\ ;r
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"’:-20 . o 204
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-25 -251
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-'n. Monopole + CRDR + Cap 3 Monopole + CRDR + Cap 4
)
T -
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I
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© (d)
Figure 5.4: (Measured and simulated S;; parameters (a) CRDR alone (b)-

(d) CRDR with R; = 1 mm, 1.5 mm and 2 mm respectively.

Black and blue line represents simulation and measurement

respectively.
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bandwidth of approximately 122%, which is in close agreement to the 112% re-
ported in |Lapierre et al. (2005)| for a similar antenna. For metallic-cap-loaded
cases [figure 5.4(b)-(d)], the measured impedance bandwidth exhibits reasonably
good correspondence with the simulated data. The deviation between measured
and simulated results can be attributed to fabrication tolerances, unwanted air
gaps due to an imperfectly finished ground plane, and the glue affixing the metal-
lic caps and sleeves to the CRDR and the CRDR to the ground plane. When the
CRDR is loaded with a metallic cap the additional resonant LC tank circuit formed
between the parasitic metal and ground plane [Hsiao et al. (2002b)| modifies the
impedance matching on the higher side of the spectrum of the unloaded antenna
which is exploited to achieve the proposed bandwidth controllability. As shown in
figure 5.4(b)-(d) and summarized in Table 5.1, the percentage bandwidth of the
antenna can be controlled from 88%-118% for the annular metallic-cap loading
with different inner radii, R;. The corresponding simulated controllable band-
width is 81%-115%. With increasing R;, the inductance of the metallic-cap and
the capacitance with the ground plane decreases, thereby increasing the upper

cut-off frequency and percentage bandwidth of the proposed antenna. This qual-

Table 5.1: Summary of the simulated and measured bandwidths for dif-
ferent metallic cap loaded CRDR antenna demonstrating band-

width controllability. (Paramteric variables as in figure 5.1)

Antenna Type Tools | f; fu | % BW
Sim | 5.5 | 22.65 | 122
Meas | 5.36 | 22.04 | 122
With Metallic Cap Loading (on top of the CRDR)

Monopole + CRDR

Sim | 5.66 | 13.4 81
Meas | 5.36 | 13.88 88

Monopole + CRDR + Cap 1 (R; = 1 mm)

Sim | 54 | 14.8 93
Meas | 5.24 | 15.32 98
Sim | 54 | 15.94 99
Meas | 5.36 | 17.02 104
Sim | 5.51 | 20.62 116
Meas | 5.24 | 20.48 | 118

Monopole + CRDR + Cap 2 (R; = 1.25 mm)

Monopole + CRDR + Cap 3 (R; = 1.5 mm)

Monopole + CRDR + Cap 4 (R; = 2 mm)
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itative concept is validated for all studied cases of metallic caps as revealed from

the increasing upper-cutoff frequency with increasing R; reported in Table 5.1.

Figure 5.5 shows the measured and simulated impedance-bandwidth plot of
the proposed metallic-cap-loaded CRDR antenna against the cap inner radii (R;),
exhibiting a good correspondence. As revealed from the plot, the bandwidth of the
antenna can be smoothly controlled from 17.15 GHz (unloaded case) to 7.74 GHz
by varying the inner radius R; of the metallic cap. It should be noted that since
the monopole passes through the center of the cap, R; can’t be reduced below r,
providing a limitation on further reduction in bandwidth. Using a curve-fitting
technique, the bandwidth of the proposed cap-loaded antenna (BW¢y) can be ex-

pressed as

BWey, = BWyy, (3.29 — 6.1r; + 3.15r7) , for0.54 < r; < 0.77 (5.1)

where, r; = (a — r;)/a is the normalized cap width and BWy, is the bandwidth

of the unloaded antenna.

To shed more light on this phenomenon of upper cut-off frequency control-
lability, the electric field inside the dielectric material at different frequencies,

determined from the S;; plots, is obtained using simulation and compared with
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Figure 5.5: Simulated and measured bandwidth versus inner radius for
monopole-excited CRDR antenna with metallic-cap loading

for various cap inner radii R;.
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Figure 5.6: Simulated electric field distributions in the proposed band-
width controllable CRDR antenna with metallic cap (R; = 1
mm) loading at (a) 6.7 GHz (b) 10.5 GHz and (c¢) 16 GHz

that of the unloaded CRDR antenna. Figure 5.6 shows the simulated electric-field
profile at three different frequencies, f — 6.7 GHz, 10.5 GHz and 16 GHz, for the
metallic-cap-loaded CRDR antenna with R; = 1 mm. It can be observed that at
6.7 GHz and 10.5 GHz the electric-field vector maintains polarization purity cor-
responding to radiation from the antenna. On the other hand, at 16 GHz, which
is above the upper cut-off frequency of the antenna, the electric-field vector loses
its polarization purity. This can be attributed to the resonance of the LC tank
circuit formed by the metallic cap and the ground plane. Since the radiation of
the antenna at lower frequencies is not impacted by this resonance, the LC tank
circuit resonance sets an upper cut-off above which the antenna cannot be used.
This physical insight has been verified for the CRDR antenna as well as all cases
of the metallic-cap-loaded CRDR.

It can be noted that for the metallic-cap loaded configurations (Figure 5.6),
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the obtained electric-field polarization purity is annihilated at frequencies above
the cut-off frequency (at 16 GHz for Cap 1 loading, 18 GHz for Cap 2 loading,
19.5 GHz for Cap 3 loading and 22 GHz for Cap 4 loading) of the respective
configuration as seen from the oppositely oriented electric-field vectors when the
metallic caps are included. Above its upper cut-off frequency, these orientations
are due to the metallic boundary, which causes the oscillations of the received
power by the antenna. The electric-field vectors for the case without the metallic
caps (i.e., monopole + CRDR alone) at the same frequency maintain a polarization

purity (unidirectional electric field vectors) implying radiation from the antenna.

Comprehensive radiation-pattern measurements depicting the E-plane (x-z
plane) plots for all five cases of the proposed antenna with metallic cap loading is
reported in figure 5.7. For each case, the radiation patterns at three different fre-
quencies over the radiation band of the antenna (selected from the best-matched
frequencies as revealed from the S;;) are compared. It is to be noted that for
all cases the radiation pattern is monopole-type with a broadside null (with re-
spect to ground plane of the antenna) and shows excellent correspondence with
the simulated patterns. Figure 5.8 presents the maximum measured gain of the
unloaded CRDR and CRDR with metallic caps (for two cases) in z-z plane as
function of frequency. The plot reveals similar gains with and without metallic
caps for a frequency range up to 14 GHz, in which the CRDR loaded with Cap 1
yields a peak gain of 5.08 dBi at 14.4 GHz with a roll-off beyond that frequency.
The peak gain profile for the unloaded CRDR and CRDR with Cap 4 are almost
identical over the whole frequency range yielding a peak gain of 6.05 dBi at 14.9
GHz. The gain roll-off for the CRDR with Cap 1 is consistent with the impedance
bandwidth of the CRDR antenna, confirming that the metallic-cap loading estab-
lishes the bandwidth control functionality and may be optimized by designing the

properties of the metallic cap.
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Figure 5.7: Measured, simulated E-plane radiation patterns for the pro-
posed metallic cap-loaded CRDR antenna for various configu-
rations. (a)-(c) monopole and CRDR, (d)-(e) with Cap 1,(f)-
(h) with Cap 2, (i)-(k) with Cap 3, (1)-(n) with Cap 4. Blue
and black curves represent measured and simulated results,

respectively.
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Figure 5.8: Measured peak gain of the monopole-excited CRDR antenna

with and without metallic cap loading for various R;.

5.3 Metallic-Sleeve loaded bandwidth controllabil-
ity

In the second configuration, shown in figure 5.1(b), the outer surface of the CRDR
is wrapped by a metallic sleeve of radius a, width w and height h, and shorted
to antenna ground plane. Simple copper tape with proper width is cut and fixed
on the outer boundary of the CRDR to achieve different h, values. It has been
observed that varying h, while maintaining all other antenna design parameters
allows excellent bandwidth controllability. Detailed investigations of both types
of loading of the CRDR antennas show that the bandwidth of the antenna can be
controlled from 122% (for the unloaded case) to 26% for cylindrical sleeve loading.
Six different heights of the metallic sleeve h, = (0.8 mm, 1.4 mm, 2 mm, 2.4 mm,

2.8 mm and 4.4 mm) were investigated to explore the bandwidth controllability

of the metallic-sleeve-loaded CRDR.

The corresponding S;; data depicted in figure 5.9, shows excellent bandwidth
controllability over a wide spectrum when compared to the conventional monopole-
fed CRDR. Figure 5.9(a) plots the magnitude of the reflection coefficient of the
six cases of sleeve loading along with that of the unloaded case. It is revealed

that for increasing h, the upper cut-off frequency of the loaded antenna decreases
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Figure 5.9: Measured and simulated S;; of monopole excited CRDR an-
tenna with and without metallic sleeve loading for various
sleeve heights, h, (a)simulated for h, = 0, 0.8, 1.4, 2, 2.4,
2.8 and 4.4 mm (b)-(d) simulated and measured for h, =0,
2.4 and 4.4 mm, respectively. Solid and dotted lines indicate

simulation and measurement respectively

drastically from 22.6 GHz to 7.95 GHz whereas the variation of lower cut-off fre-
quency is much less, contributed by a small shift of the quarter-wave monopole
resonance due to the loaded configuration. The significant decrease of the upper
cut-off frequency and hence percentage bandwidth of the overall antenna is due to
the increased inductance of the metallic sleeve and mutual capacitance between
ground plane and metallic sleeve for increasing values of h,. Figures 5.9(b)-(d)
compare the measured and simulated S;; for h, = 0 mm, 2.4 mm and 4.4 mm,
respectively. The overall trend of the measured S;; matches that of the simulated
plots with some deviation on the higher-frequency side where the effect of fabrica-
tion tolerances becomes dominant. Table 5.2 summarizes the achieved percentage
bandwidths for various h, revealing smooth controllability from 122% (for h, =0
mm) to 26% (for h, = 4.4 mm) and intermediate values of 96% for h, — 0.8 mm,
84% for h, = 1.4 mm, 69% for h, = 2 mm, 61% for h, = 2.4 mm, 48% for h, — 2.8
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Table 5.2: Summary of the simulated and measured bandwidths for differ-
ent metallic sleeve loaded CRDR antenna demonstrating band-

width controllability. (Paramteric variables as in figure 5.1)

Antenna Type Tools | f; fu | % BW
Sim 9.9 | 22.65 122
Meas | 5.36 | 22.04 122

Monopole + CRDR

With Metallic Sleeve Loading (on outer surface of the CRDR)

Sim | 6.1 | 7.95 26

Monopole + CRDR + Sleeve 1 (h, = 4.4 mm)
Meas | 5.8 | 8.2 34

Monopole + CRDR + Sleeve 2 (h, = 2.8 mm) | Sim | 5.8 | 9.45 48
Sim | 5.75 | 10.75 61
Meas | 5.6 | 10.7 62

Monopole + CRDR + Sleeve 3 (h, = 2.4 mm)

Monopole + CRDR + Sleeve 4 (h, =2 mm) | Sim | 5.7 | 11.65 69
Monopole + CRDR + Sleeve 5 (h, = 1.4 mm) | Sim | 5.6 | 13.7 84
Monopole + CRDR + Sleeve 6 (h, = 0.8 mm) | Sim | 5.6 | 15.9 96

mm. The measured percentage bandwidth for three cases, h, = 0 mm, h, = 2.4
mm and h, — 4.4 mm are 34%, 62% and 122% against simulated values of 26%,
61% and 122%, respectively.
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Figure 5.10: Simulated and measured bandwidth versus sleeve height for
monopole-excited CRDR antenna with metallic-sleeve load-

ing for various sleeve heights h,.
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Figure 5.10 shows the measured and simulated impedance BW plots of the
proposed metallic-sleeve loaded CRDR antenna against sleeve height. As revealed
from the plot, the bandwidth of the CRDR monotonically decreases from 17.12
GHz (unloaded case) to 1.86 GHz sleeve loading. The measured and simulated
impedance BW demonstrate good correspondence. Using a curve-fitting tech-
nique, the bandwidth of the proposed metallic-sleeve-loaded antenna (BWgy) can

be expressed as,

BWsp, = BWyp, (1 — 3.6h; + 11 — 21k} + 19h7 — 6.3h7) for0 < h; < 4.4 (5.2)
where, h; = h,/h is the normalized sleeve height.

The measured and simulated E-plane radiation patterns for the metallic-sleeve
loaded CRDR configuration are shown in figure 5.11. These exhibit monopole-type
radiation characteristics identical to those of the previous configurations with peak
gains of around 3-5 dBi for three different prototypes as shown in the gain versus
frequency plot of figure 5.12, for three different prototypes. Similar to the metallic-
cap-loaded CRDR configuration, the gain of the metallic-sleeve-loaded CRDR
antenna is identical to that of the unloaded case up to the matching bandwidth

and rolls off beyond that.

180

Figure 5.11: Measured and simulated E-plane (z-z) radiation patterns for
metallic-sleeve loaded CRDR antenna for (a) for h, = 2.4
mm and (b) h, = 4.4 mm at 6.23 GHz. Solid and dotted line

represents simulation and measurement respectively.
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Figure 5.12: Measured peak gain of the monopole-excited CRDR antenna

with and without metallic-sleeve loading for various h,.

To have a more detailed insight into the proposed bandwidth-controllability
mechanism, the radiation quality factor, (),.q, of the antenna for the sleeve-loaded
CRDR configuration is studied against the frequency of operation. Considering a
unit input power of one watt, the conduction loss, ()., dielectric loss, Q4 and power
radiated, P,.,q at different frequencies are obtained using simulation to compute
(raq- The overall @), ignoring surface wave loss which is significantly low for the

DRA, is expressed as,

EnergyStored W, + W,
Q=w =w (5.3)
Energylosspersecond P.+ P+ P,

where W, and W,,, are stored electric and magnetic energy respectively while
P., P; and P,,4 indicate conduction, dielectric, and desired radiation loss, respec-
tively. The conduction-loss quality factor (Q).) and dielectric-loss quality factor

(Qaq) are given as,

Qo= it = e (5.4)
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The radiation quality factor @),.q is expressed as,

W8+Wm_QcPc_Qde

rad = =
Q ¢ “ Prad Prad Prad

(5.5)

To obtain Qe , P. (or Py) is calculated using

Pc+Pd:Pacc_Prad:(1_|F|2)-Pin_P7‘ad:(]—_|F|2)_P7‘ad (56)

where, | ' | is the reflection coefficient of the antenna, P,.. is the accepted
power of the antenna and P,.q is the normalized radiated power of the antenna
for , P, = 1 watt as the input power and directly available from CST.
Solving 5.5 and 5.6, we get,

o Qch 1- | I |2
Q”ad N Qc + Qd |: Prad a 1:| (57)

Figure 5.13 shows the plot of Q),.q against frequency for sleeve-loaded CRDRs

with h, = 1.4 mm, 2.4 mm and 4.4 mm, respectively. Tt can be observed from the

2000

1750

1500

1250

¥ 1000
G‘ -

750

500

250

4 8 12 16 20 24
Frequency (GHz)

Figure 5.13: Radiation quality factor (Q,.q) versus frequency of the pro-

posed monopole-excited CRDR antenna with metallic sleeve

loading for various h, of the sleeve.
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plot that above the antenna’s lower cut-off frequencies, (), .4 remains low until their
upper cut-off frequencies and over-shoots the optimum () value, set at Q),..q = 250,
indicating very low radiated power above this cut-off frequency. This shift of
upper cut-off frequency shifts towards the lower side with increasing sleeve height

indicates controllability of the bandwidth of the antenna.

5.4 Conclusion

A new technique employing metallic-cap and sleeve loading on a CRDR antenna
has been proposed to control its impedance bandwidth. Curve-fitted equations
proposed for the bandwidth control technique can be used as a design guideline
to achieve a desired impedance bandwidth. The proposed technique is simple to
implement from a design and fabrication standpoint, provides a wide frequency
range of control, and is achieved without significantly perturbing the radiation

characteristics of the antenna.
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CHAPTER 6

Conclusion

6.1 Conclusion

In this thesis, the multi-functional printed antennas and bandwidth controllable
dielectric resonator antennas has been investigated. Multi-functional antennas are
realized with combinatorial loading of SRR and shunt strips in the feed section of
the printed antenna. With axial magnetic field excitation of SRR, it inhibits the
signal propagation in the vicinity of the resonance frequency of the SRR leading to
band stop characteristics. Additionally, loading the SRR loaded transmission line
with shunt strip complements the functionality. These characteristics has been
exploited to realise the multi-functional antennas. The bandwidth controllable
dielectric resonator antenna is realized by mechanically loading the antenna with

metallic structures.

In chapter 2, the approach of inhibiting the signal propagation in the vicin-
ity of resonance frequency of SRR has been capitalized to realise multiband and
wideband bandstop filters. An additional tuning parameter, angular orientation of
inner ring 6, compared to conventional SRR is utilized to demonstrate the filters.
The theoretical calculation to calculate the resonance frequency of rotational SRR
is derived. These designs has been modelled and validated through theoretical
calculations, EM simulators, lumped element equivalent model and the measure-
ment. The filters modelled by loading the transmission line with SRR is further

utilised to realize ‘filtenna’ which is combination of filter and antenna.

In chapter 3, a multi-functional antenna is designed by loading the UWB
monopole antenna with SRRs and/or shunt strips on the feed region of the an-
tenna. To demonstrate the design flexibity, the technique of achieving multi-

functional characteristics is applied to two different radiators, namely, circular



monopole antenna and tapered slot antenna. In modelling the multi-functional
antenna with multiple notches the lateral dimension of the antenna increases to
accommodate multiple SRR and hence to maintain compactness a superstrate is
utilized thereby creating two surfaces available for SRR placement and reducing

the lateral dimensions.

The multi-functional antennas demonstrated in Chapter 3 are potential can-
didates as antennas for cognitive radio applications if the multi-functionality is
realized by proper switching. To achieve this dynamic reconfigurability, electrical
and mechanical techniques are employed on the antenna. chapter 4 deals with
this practical realization of multi-functionality in detail. The shunt strip is re-
placed by PIN diode, thereby providing the electronic reconfigurability with the
application of proper bias. The mechanical reconfigurability is further demon-
strated using motor controlled by microcontroller where the superstrate is moved

with respect to the antenna.

In chapter 5, the bandwidth of the dielectric resonator antenna is controlled
by loading the antenna with metallic structures. The higher cut-off frequency of
a popular hybrid dielectric resonator antenna is tuned using two different kinds
of parasitic loading on the antenna. Proposed technique is extremely effective in

controlling the bandwidth of the antenna over a wide-range.

6.2 Recommendations for Future Scope

1. A more accurate electromagnetic model for calculation of resonance fre-
quency of SRR can be developed. This is highly important as SRRs are
inherently high Q-structure which demands high accuracy in resonance fre-

quency calculation.

2. Study on the effect of the resonance frequency when incorporated in any

transmission line structure compared to isolated SRR can be a carried out.

3. Extending the current antenna topology for cognitive radio applications by

sensing the environment and responding accordingly to the requirements.
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4. The concept of tunability of the notch position or the narrowband can be
extended to antenna applications, where the tunability can be obtained by

means of varactor.

5. The tunability of the notch or the narrowband can be attained with the
help of RF-MEMS switches. The design of the antenna and the RFE-MEMS

switch can be of same substrate to alleviate the integration complexities.

6. Extensive study of the modes in the CRDR can be carried out to control the
bandwidth more efficiently.
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APPENDIX A

Discrete Motion of Servo Motor

#include <Servo.h>

Servo My3eEvo:

// create servo object to control a 3ervo

int wal;

S/ wvariable to read the wvalue from the analog pin

vioid setup()
{
Serial.begin(9600);
my3ervo.attach(9)r
// attaches the servoc on pin 9 to the servo cbject

void loop ()
{
Serial.println{"Where would you like to rotate the Servo to?™);
S/prompt user for po3ition
while (Serial.availakle (j==0)
{
f/wait for user input
}
val = Serial.parselnt();
S/ reads the wvalue of the potentiometer (value between 0 and 1023)
my3ervo.write (val);
S/ 3ets the servo position according to the scaled walue
delay (250) 2
S/ waits for the servo to get there



APPENDIX B

Continuous Motion of Servo

#include <Servo.h>
Servo MysServo;
// create servo object to control a servo
f/ a maximum of eight servo objects can be created
int pos = 0;
// wariable to store the servo position
vold setup()
{
myservo.attach({9);
// attaches the servo on pin 9 to the servo object
}
void loop()
{
for{pos = 90; pos >32; pos -= 5)
S/ goes from 0 degrees to 180 degrees
f/ in steps of 1 degree
{
my3ervo.write (pos);
// tell servo to go to position in variable 'pos!
delay (100} ;
// waits 15ms for the servo to reach the position
}
delay (3000)
for{pos =32; po3<=90; po3+=3)
ff goes from 180 degrees to 0 degrees
{
my3ervo.write (pos);
fF tell servo to go to position in wariabkle "pos?!
delay (100} ;
// waits 15ms for the servo to reach the position
}
delay (3000}
for{pos = 90; pos<le0d; pos+=3)
// goes from 180 degrees to 0 degrees

{
myservo.write (pos);
// tell servo to go to position in variable 'pos!
delay (100} ;
JF waits 15ms for the servo to reach the position
}

delay (3000);
for{pos = 160; pos>90; pos-=5)
// goes from 180 degrees to 0 degrees

{
myservo.write (po3);
// tell servo to go to position in variable 'pos!
delay (100} ;
kf waits 15ms for the servo to reach the position
}

delay (5000

Motor
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