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ABSTRACT

Planar technology has gained a lot of popularity since iteftion due to various advantages
it offered to the scientific world such as, light weight, canpsize, ease of fabrication and
integration, suitability of mass production and compédtipwith planar solid state devices.
However they also have certain drawbacks in terms of barttwfdrther miniaturization,
gain, efficiency, etc.

Metamataterials are introduced in the late 60s by a Russ$igsigist Victor Veselago [1],
which were further investigated by Pendely al.[2] and are an active area of research these
days. Metamaterials are the artificially engineered stinest that offer extraordinary electro-
magnetic properties not found in nature such as epsilontivegaedia (ENG), mu negative
media (MNG), double negative media (DNG), photonic bandgjayctures etc. They consist
of multiple unit cells whose dimensions are much smallenthg'4, whereAg is the wave-
length corresponding to the highest frequency of operatemachieve homogenization. It was
discovered that these materials alter the behaviour ofrel@agnetic waves in an unconven-
tional way leading to important phenomenon such as, relvefsnells Law, Doppler effect
and Vavilov-Cerenkov radiation.

Due to the extraordinary behaviour of metamaterials theyuaed to improve the proper-
ties of various planar devices and components which areissed earlier. They can be used
to improve antenna’s gain, directivity, bandwidth and sideer’s size, roll off, out of band
rejection levels and bandwidth. They are used for multipdgjdiency operation. They are
also being used for the development of super lenses, utirpdrfect absorbers, cloaks, high
sensitivity and high resolution sensors, phase compensetoThe main focus of this thesis

is on metamaterial based antennas, filters and absorbers.



Chapter 3 presents the design of a compact, low-profile aoaplwaveguide (CPW)-fed
metamaterial inspired dual band microstrip antenna for \MLapplication. To achieve the
goal a triangular split ring resonator (TSRR) is used alority &@n open ended stub. The
proposed antenna has a compact size of20mn¥ fabricated on an FR-4 epoxy substrate
with dielectric constantg=4.4). The antenna provides two distinct bands | from 2.418-2
GHz and Il from 4.7-6.04 GHz with reflection coefficient bettean -10 dB, covering the
entire WLAN (2.4/5.2/5.8 GHz) band spectrum. The perforoganf this metamaterial in-
spired antenna is also studied in terms of the radiatiorepgtefficiency, and realized gain.
The antenna is practically fabricated and tested to showl ggoeement with the simulated
results.

Chapter 4 is divided into four sections. The first sectiorspr¢s a compact, low-profile
Band Stop Filter (BSF) designed using Complimentary SpiitgRResonator (CSRR). An
equivalent circuit model is also presented along with thegpdified mathematical approach to
extract the parameters of the circuit model. This paper pisgents the effect of variation
in the dimensions of split rings on characteristics of BSe proposed BSF has a compact
size of 220 mn? designed on FR-4 substrate with dielectric constayté.3. The filter
provides complete suppression of the band at 2.4 GHz. Thgrdasd circuit analysis of this
metamaterial based filter is presented in terms of reflecoefficient, transmission coefficient
and impedance curve. The second section presents the deslgmalysis of a metamaterial
inspired Bandstop Filter (BSF) providing suppression efjfrency at 3 GHz. The overall
size of proposed BSF is &imx20mmx1.6mm Further,the extraction of lumped parameters
of the designed BSF using simulated results is presentedalitihtion of the results using
equivalent circuit simulation is also presented. The te&dtion presents a comparison based
study of microstrip transmission line based bandstop $ilteking different complementary
resonators on the ground plane. Six metamaterial res@aibdrcells have been investigated
from the literature. The dimensions are optimized to ogeahB8 GHz and then their compar-

ative analysis is performed based on various propertiestefsfisuch as insertion loss, 3 dB



bandwidth, quality factor (Q), shape factor, overall size cell size and group delay. There
are a number of metamaterial based resonators availabteratlire, so the objective of this
section of the chapter is to provide a comparative analysihat the user can point out the
best configuration required while designing the bandstegr fihat suits the desired specifi-
cation and also helps in developing the future ideas by tpkito account the advantages of
the available structures. The forth section presents a aotfow-profile, Band Pass Filter
(BPF) based on balanced Dual Composite Right/Left Hande@RRH) Transmission Line
(TL) is presented in this chapter. A balanced D-CRLH TL carubed to provide wideband
filter characteristics due to no frequency separation batvtlee RH and LH frequency bands.
The proposed D-CRLH TL is designed using U-shaped compleanesplit ring resonator
(UCSRR). The extraction of equivalent circuit model of ppepd UCSRR unit cell is also
performed. Further, the bandwidth of the proposed filtemisamced by using the concept
of electric and magnetic coupling between the slot linese ptoposed via less BPF has a
compact size of 1515 mn? designed on an FR-4 substrate with dielectric constgai4.3.
The design analysis of proposed bandpass filter is presenterns of reflection coefficient,
transmission coefficient, impedance curve, propagatiostemt and group delay.

Chapter 5 presents a novel resonant metamaterial absaodtibitig five resonant peaks
with absorptivity more than 90% in the range from S band to Endfor radar cross-section
reduction and other FCC-airborne applications. The gtreds designed on a low cost FR-4
substrate with 1 mm thickness which is equivalemi td7.75 where\ is the wavelength cor-
responding to maximum resonant frequency of absorptiomysty its ultrathin nature. The
fourfold symmetry of the design results in polarizationansitivity and provides an angular
stability up to 60 of incident angle. The multiband characteristics are oleiiby combin-
ing three different geometries in a single structure. Rarémce of the absorber is studied in
terms of absorptivity, material parameters, normalizedadance, polarization insensitivity
and oblique incidence. Finally, the design is fabricatec @0<200mnt FR-4 substrate and

measurements are performed. Further, the chapter alsenpsesclosed meander line shaped
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metamaterial absorber operating at 3.5 GHz WiIMAX band. Tiopased metamaterial ab-
sorber unit cell has a compact size of 33%0.11Ag design on an ultrathin FR-4 substrate
with thickness 0.01%,, whereAq is the wavelength corresponding to operating frequency.
The proposed absorber shows an absorptivity of 98.5 % ahtbeded frequency. The design
is evolved from a simple square loop to a symmetrical mealestructure whose dimen-
sions are optimized to operate at 3.5 GHz WiMAX band. An egjeint circuit model is also
defined to depict the electrical properties of the structdree proposed design also shows
insensitivity to polarization as well as change in incidangle of the wave over a wide-angle
(upto 60) for both TE and TM polarization. The proposed structure goad candidate for
radar cross section reduction of an antenna.

Chapter 6 demonstrates the use of metamaterial absorbey t@vBchieve high isolation
between two patch antennas in a 2-element MIMO system odpgrat 5.5 GHz resonant
frequency useful for WiIMAX application. The proposed flovgtraped MA, designed on a
9% 9mn? FR-4 substrate with 1 mm thickness, exhibits near unity radized impedance at
5.5 GHz with an absorptivity of 98.7 %. A 4 element array of & is arranged in the form
of a line in the middle of the two radiating patches in ordestippress the propagation of
surface current between them at the operating frequenaypgUilse proposed flower shaped
MA, an isolation of nearly 35 dB is achieved. The MIMO struetus studied in terms of
return loss, isolation, overall gain, radiation patterny&ope Correlation Coefficient (ECC),
Diversity Gain (DG), and Total Active Reflection Co-effictgfTARC) etc. The structure is

finally fabricated and measured to show good agreement hatkimulated results.
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CHAPTER 1

INTRODUCTION



1.1 INTRODUCTION

1.2 BASIC OVERVIEW

In past few decades, metamaterials have emerged as a newoltagh in the area of mi-
crowave communication engineering. Wide research is beanged out on metamaterials to
develop such microwave structures which can provide movarazed and efficient ways of
communication.

Most of the isotropic materials existing in nature have pesivalues of permittivity £)
and permeability i) greater than unity, so, they are considered as doubleiygDPS)
materials. These recently developed class of structutiesicaetamaterials are materials that
are typically engineered with novel or artificial structsirenade by unit cells of dimensions
much smaller than the wavelength. These unit cells are gieatly arranged and tend to
exhibit electromagnetic properties that are difficult ousual to be found in nature. Such
properties comprise of a simultaneous negative permgabiid permittivity that render into

a negative refractive index; since,

n=+/&r, (1.1)

where,g; and i, are relative permittivity and relative permeability of ni@th and n is refrac-
tive index. There are four possible combinations in the faip) i.e. (+, +), (-, +), (+, -), (-,
-), as shown in Fig. 1.1 The first three combinations are wadivkn conventional materials.
First one is Double positive structure (DPS), having pesitralue ofe and u, also called
right handed materials. Second quadrant gives epsilorntimed&NG) metamaterials having
permittivity less than zero and permeability more than Zera O, 4 > 0). Many plasmas dis-
play these characteristics in certain frequency rangésitiely long parallel wires arranged in
square matrix are also known to have this characteristicd dombination givegi-negative

(MNG) materials have permittivity greater than zero andpeEability less than zerce(> 0
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Figure 1.1: — u diagram

, U < 0). Some gyrotropic material presents these charactenstiertain frequency ranges.

Split ring structures also exhibit MNG behaviour. Fourthadrant shows materials having

simultaneously negative permittivity and negative perpilég called double negative struc-

tures (DNG), that are not available in nature. These aretalsoed as Left handed materials

(LHM), negative refractive index media (NRI) or backwardweanedia. Various ENG and

MNG structures can be combined to exhibit DNG behavioursTiype of structures offers a

wide scope of research in this area.

Metamaterials can be incorporated with conventional mvene devices such as antennas,

filters, absorbers, lenses, matching networks, or senggnovide exceptional improvement

in properties. Electromagnetic properties of metamdteexces can be engineered by chang-
ing the geometry of its unit cells. Subsequently, transioisis altered by adjusting the shape,
size, and configurations of the unit cells. This results intcd over material parameters
known as permittivity and magnetic permeability.

LH materials are called so because they followed a left-matedfor the wave propagation

instead of right-hand rule for the wave equation formed lgyEh(electric field), H (magnetic



field) andf (propagation constant) vectors. They are observed to haparallel Pointing
vector(S) and propagation constafi) @s shown in Fig. 1.2. This behaviour is opposite to
that of conventional or right handed materials (RHM) whiblews parallel direction of S and
beta Due to anti-parallel S anfi, LHM are observed to have backward wave propagation,

which is another unique property shown by metamaterials.

(a) (b)

Figure 1.2:(a) Right handed material (b) Left handed material

The above theory can be explained with the help of Maxwetjgation. Let us consider
loss-less medium in regions without sources. In case of Hghded (RH) mediung, u >0

and therefore,

B x E =+4wuH (1.2)

B xH=—weE (1.3)

which forms the familiar right-handed triad (E, B) shown in Fig. 1.2(a). Whereas, in

case of LH mediumg, u < 0, and therefore, sinde|=—¢ > 0 and|u|=—u >0,

B xE=—w|uH (1.4)

B xH=+w|elE (1.5)

which builds the left handed triad (E, I8) shown in Fig. 1.2(b). Since, phase velocity varies
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inversely withf3, given by,

Vp = w/f, (1.6)

Therefore, in LH medium, phase velocity is opposite to thd&H medium.

The values of permittivity and permeability in a materiad #iequency dependent. There
are various models available to describe the frequencynsspof permittivity and permeabil-
ity in a material, however, thieorentzmodel is one of the most popular ones. It is derived by
a description of the electron motion in terms of a driven, gachharmonic oscillator. With a
time harmonic incident electric field, the equation of motas free electron is given by:

d’x  dx qE

Z oyl 2y — 21—
a2 +th + WL X m (1.7)

where,x is the displacement caused by the incident electric fields the mass of electrow,

is the damping coefficient of the oscillations asglis the characteristic resonance frequency.
The first term of the Eq. 1.7 accounts for acceleration, sg¢erm accounts for dissipation
due to collisions or damping, the third term accounts fotarsg force and the term on the
right hand side accounts for driving electric force expaced by the electrons. For N number

of free electrons per unit volume with dipole momertx, the polarization is given as:
P=Np= Ngx (1.8)

Now, the equation for polarization is give as:

P dP

where, wy is the plasma frequency at which the density of electron gaslates, given



N¢?
Wp = om (1.10)

For a time harmonic incident electric field, the polarizati®also time harmonid® = Pye~ 1@,
Now the polarization is given by:

Ne?

(wf—wz—jwy)P:WE (1.11)

Comparing the above equation wih= gyx; E, wherey; is the relative susceptibility, we

get following expression for relative permittivity:

“ 1.12
W — WP — jwy (42

& =1+

Drude model andDebeymodel are the special cases of Lorentz model. In absence of

restoring forcew:.=0, and the Lorentz model reduces to Drude model:

“p (1.13)

Y P
& W2 + jwy

When the accelerating term is very smatlg + jwy) >> w?, the Lorentz model reduces to

Debey model.
wp/ wf

T jo(y/@d) (1-19)

& =1+

From the above equations only the Lorentz and Drude modalyietd negative permit-
tivity. Since, the Lorentz model is resonant in nature,@gs negative permittivity for a small
range of frequency whereas, Drude model yields negativaigtesity over a wide range of
frequencies.

Similarly, the magnetic response models are realized bydneesponding values in the



above expressions. The permeability function is given lipfong expression:

F ?

“’:1_w2—a4%+jwy (1.15)

Here F is the fractional volume of the unit cell aag, is the magnetic resonance frequency.

1.3 REALIZATION OF LEFT-HANDED METAMATERIALS

In 1967, a Russian physicist Viktor Veselago [1] came up withidea of*'Substances with
simultaneously negative values ®fand u”. 30 years later his theory was experimentally
demonstrated and the first left handed material was intrediuPendryet. al. demonstrated
that an array of wire strips causes negative permittivifyaj#d the split ring resonators exhibit

negative permeability [2]. Later on the two structures wembined to develop a LH media.

1.3.1 Negative permittivity in the medium using metal wire ggometry

From eqgn. 1.10, it is clear that the plasma frequency of rias$ers dependent upon the
number of free electrons which is of the order oP1@m 3 in case of metals. Therefore,
the plasma frequency lies in the visible and near UV regiatmefspectrum, below which the
effective permittivity is negative, resulting in a Drudepg/response. Pendey. al. proposed
method to reduce the plasma frequency to the far infraredear &Hz band by using periodic
sets of metallic wires [3]. Metallic wires reduce the depsit free electrons and increase the
effective electron mass, thus reducing the plasma frequéig. 1.3 shows the geometry for
the periodically placed wire strips and the variation of thal part of the electric permittivity
as a function of frequency.

The effective permittivity can be represented by a Drudiedtec function which varies as

a function of frequency and can be controlled by geometrieftire. The plasma frequency



(a) -I'If Ttb) //”f

h---"‘—‘ ./f : J‘lﬂ;‘sn. 2 2.5

Figure 1.3:(a)Geometry for a medium with metallic wire strips, (b) \@idn of real part of electric
permittivity as a function of frequency.

of the wire structure used in the designing of a compositerats given as:

271c?

Wp= a2ln(a/r)

(1.16)

Here r is the radius of the wire structure, a is the spacingéet the wire strip and c is

the speed of light in free space, i.ex B0® m/s.

1.3.2 Negative permeability in the medium using split ring esonators

At very high frequencies, there is no physical meaning of metig permeability, so we usu-
ally setu=1. Pendryet. al. demonstrated that a method to improve the magnetic response
of a material at high frequencies is to introduce curremywag loops that generate magnetic
dipole moment. Fig. 1.4 shows the sub-wavelength sized $pf resonators, made from
non-magnetic conducting sheets. It was found that when swabtures are periodically ar-
ranged and a time varying magnetic field is incident on themmiadly, a circulating current is
produced, generating a opposing magnetic flux. The eflegp@rmeability () of the split
ring resonator can be expressed using eqn 1.15.

The variation of the permeability for the split ring resavabver a range of frequency is

shown in the Fig. 1.5.
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Figure 1.4:Split Ring Resonator (SRR) Configurations. (a) Square splif resonator (b) Circular
split ring resonator

H eff

Figure 1.5:Variation of effective permeability as a function of freaqusg

1.4 ADVANTAGES AND APPLICATIONS

These days, demand of high performance systems is incgaasuarious domains like sens-
ing, satellite communication (Satcom) and telecommuimoaterospace and defence, optics
(terahertz and infrared), and medical instrumentationtakhaterials can be incorporated with
conventional devices and just manipulating their shapss, Sirientation, geometry and ar-
rangement enables them to change the behaviour of ele@r@tiawaves. This provide ben-

efits that are beyond the scope of conventional materials. dpplications of metamaterials



are described below, however, major focus is given to amigriiters and absorbers.

1.4.1 Metamaterial as Antennas

Metamaterial concepts are widely being used in designirgjlsize patch antennas with bet-
ter performance [4]. Use of metamaterial helps in improwviagous properties and drawbacks
of patch antennas, such as miniaturizing the antennagasicrg radiation efficiency, reducing
radiator size, improving antennas bandwidth and enablinljibpand operation. Metamateri-
als usually reduce the size of antenna to one-fifth of the lgageh by shifting the resonant
frequency to lower sides. Metamaterial coatings have beed to increase the directivity, en-
hance the radiation and matching properties of electyicatiall electric and magnetic dipole
antennas. Metamaterial can enhance the gain, bandwidtheturd loss of a patch antenna.
Metamaterial based antennas are also known to have reduge@dlmoupling when used as
an array employing multiple input multiple output (MIMO)stems.

Metamaterial, high-impedance ground planes can also ke tasenprove the axial ra-
tio and radiation efficiency performance of circularly patad low profile antennas. Using
metamaterials, both the forward and backward waves candakindeaky wave antennas to
increase the beam scanning range. Various metamatenggiransystems can be employed to
assist communication links, navigation systems, suaeté sensors, command and control

systems.

1.4.2 Metamaterial as filter

The metamaterials based filters are generally designedrabioing a host transmission line
with a resonant type metamaterial [5]. Such type of strectifers controllable propagation
characteristics. These structures may consist of eithey twvo or multiple sub-wavelength
resonator unit cells. A single cell can not be describes astammaterial medium, however, it
could be seen that the filtering characteristics observedae to the metamaterial properties

exhibited by the cell. Use of metamaterial in designingteesults in compact size, sharp
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roll off, high out of band rejection levels and multiple freency operation.

1.4.3 Metamaterial as Superlens

There is a diffraction limit in conventional optical matds because only the propagating
components are transmitted from a light source while thepropagating components, also
called the evanescent waves, are not transmitted. Higéxinghterials can be used to enhance
the resolution, however, there availability is limited. tdmaterials can be used to enhance the
refractive index, thus providing a route to the super leh$iak the capability to extensively
improve and also recover the evanescent waves that cayysw@ll scale information. This

help to achieve resolution beyond diffraction limits [6].

1.4.4 Metamaterial as Absorber

A metamaterial absorber manipulates the loss componemeaimaterials’ permittivity and
magnetic permeability, to absorb large amount of electgmetic radiations [7]. This is a
useful feature for radar cross section reduction, photeeti®en and solar photovoltaic ap-
plications. When a wave strikes on the surface of the absoitbaay be reflected, trans-
mitted, scattered or absorbed. If we assume negligibléesoay due to roughness, then the

absorbance (A0)) relationship can be given as:

Alw)=1-Rw)—T(w) (1.17)

Where, Rf) = Reflectance, obtained & 1| T(w) = Transmittance, obtained &3 ,|°> Now,

for the structure to absorb the EM wave completely, the riftee (R{)) and Transmittance
(T(w)) need to be zero. To get zerod), the bottom side of the structure is completely cov-
ered with copper, which prohibits further propagation @ wave. Now to get zero reflectance

the relative permittivity §) and permittivity (+) of the structure must be equal since the re-
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flectivity is given by following relation:

= (1 V&) /(14 V&) (1.18)

By altering the dimensions of the metamaterial unit celle @an suitably obtain equal
values of {;) and §;). When the values gfiy andg;, becomes equal, the input impedance of

the structure becomes equal to free space impedance i.Q, Sifice,

7= [Hokr (1.19)
Sogr

Therefore, impedance matching takes place between thegeee and the absorber structure

due to which wave does not reflect back from the surface ofraksoThus, to obtain a near-
perfect absorption, one expects to obtain impedance nmgtatondition in which case the

effective permittivity and permeability are required todmpial. However, such requirement
is not met by any of the available natural material, theefartificially engineered structures
also referred to as metamaterials are needed to be coriddseng metamaterials, one can
artificially alter the electromagnetic properties of thevesdby changing the characteristics of
the structure in terms of the macroscopic parameters syasérasttivity and permeability just

by manipulating the dimensions and size of the metamatemiaktells.

1.45 Metamaterial as cloaks

A cloak has the property to deflect the microwave beams suattthiky flow around a object
with minimum distortion, due to which it appear almost ashiére was nothing at all [8].
Metamaterials form the basis for attempt to builds a pratttoaking device. Cloaking can
be achieved by cancellation of the electric and magnetid fienerated by an object or by
guiding the electromagnet wave around the object which swgamsforming the coordinate
system in such a way that electromagnetic field inside thiowatloak will be zero which

results in disappearance of the area inside the shell.
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1.4.6 Metamaterial as sensor

Metamaterials enables the significant enhancement of Hwuteon as well as sensitivity of
the sensors [9]. Metamaterial sensors are used in biomedgréculture, etc. In agriculture,
the sensors are based on resonant material and to gaindegitgtivity they employ split ring

resonators (SRR) type structures.

1.4.7 Metamaterial as Phase compensator

Phase compensator [10] is an important application of matamals which can be constructed
by placing a DPS (double positive) slab followed by a DNG (alewnegative) slab. When the
wave passes through a DPS slab having positive phase sHifthen a DNG slab having

opposite phase, the resultant phase of the wave that exDM@ slab has the total phase

difference equal to zero.

1.5 OTHER TERMINOLOGIES RELATED TO METAMATERIALS

1.5.1 Backward waves

A complex signal is composed of two or more frequency comptsd he carrier wave travels
with the phase velocityp), whereas the envelope i.e. wave shape travels with groopite
(Vg). In dispersive medium, velocities of carrier and envelape different. Depending on
nature of dispersion waves can be forward wave or backwave wd medium has normal
dispersion i.evp andvy are in same direction called the forward wave. However, seaz
the anomalous dispersive mediuvg,andvy are in the opposite directions forming backward
wave. Thus, backward waves are simply a normal phenomemaboah occur with dispersive
propagation.

Fig. 1.6(a) and (b) show the transmission line equivalehferavard and backward sup-
porting waves respectively. Forward wave line, as showngn E.6(a) has series inductance

and shunt capacitance, but no resistive losses, due ta eiteeries resistance or a shunt
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Equivalent circuit models of right-handed and left-handed transmission lines

NIV

A~

(a) Pure right-handed transmission line

(b) Pure left-handed transmission line

Figure 1.6:(a) Forward wave supporting RH transmission line (b) Backlveave supporting LH trans-

mission line

conductance. It represents a low pass filter type LC line.eH&rjwL and Y=jwC. since,

y=]B=+VZY, B =w/LC. Whenw is plotted as a function g8, it is a straight line of

constant slope as shown in Fig.1.7(a).

vp=w/B =1/1/(LC) (1.20)
vg =dw/dB = w/B =1/+/(LC) (1.21)

sovp = Vg, representing forward wave.

Lih} i3 ]
Yp= vy v
B kL

(a) Forward wave (a) Backward wave

Dispersion Curves

Figure 1.7:Dispersion diagram (a) Forward wave line (b) Backward wawe |

Fig. 1.6(b) shows a backward wave supporting line. It is antpgss line consisting
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of series capacitance and shunt inductance. Here, @€1§nd Y=1/pL. since,y = | =

+vZY, B = 1/wv/LC. This gives the dispersion relation of backward wave sutippline.

Vp = w/B = w?\/(LC) (1.22)
Vg = dw/dB = —w?/(LC) (1.23)

Thus, phase and group velocity are in opposite directioath @ther i.evp = —vg. This kind

of waves are called backward waves. The dispersion relafidrackward wave supporting
line is plotted in the Fig.1.7 (b). The phase velocity is giviy the slope of the line from the
origin to a point on the dispersion curve, while the groupegy is given by the slope of a
tangent to the dispersion curve. If the dispersion curveonfstangents in the same direction
as the radius from the origin, then the phase and group Y&seaire in the same direction, and
all the waves are forward. If the slope of the tangents ar@sipg then there are backward

waves.

1.5.2 Electromagnetic band gap structures

The unloaded planar lines support the continuous spectfumawe motion; whereas the re-
actively loaded 1D periodic lines, also reactively load®ddriodic surfaces, exhibit discrete
spectrum of wave motion by means of alternate passband batdgphenomena. The stop-
band frequency region inhibits the wave propagation; theating the electromagnetic fre-
guency band - gap. So the periodic structures are calledeébe@nagnetic band - gap (EBG)
structures. These are also sometimes called as the phdai@mmic- gap (PBG) structures, us-
ing the terminology from optics. The periodic lines and aaefs, also known as the artificial
lines and artificial surfaces, support the Bloch wave pragiag. The EBG surface has the

following interesting features:

1. Creation of alternate passband - stopband in otherwisatincous RF spectrum that is

also useful for the development of filters and other comptmen
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2. Suppression of the surface - waves on the planar surfaoereation of the highimpedance
or artificial magnetic conductor i.e. AMC surfaces (AMC) mogrove the performances

of the planar antennas.

3. Supporting the slow - waves propagation. It is useful teettgp compact, i.e. miniatur-

ized, microwave devices.

4. Supporting the fast - waves propagation leading to Cheretype radiation. Itis useful

to design the leaky wave antenna.

5. Supporting backward waves propagation. It helps to devalansmission line base

metamaterials.

6. Creation of the frequency selective surfaces (FSS) ustittiantenna technology.

1.6 MOTIVATION

As the demand for advanced wireless communication has @@|dhe requirement of novel
highly efficient and miniaturized devices has increasedédreas like satellite communica-
tion, wireless telecommunication, spacecraft, aircraft €onventional devices offer various
challenges in terms of large size, low bandwidth, tediowgsaitation, etc. Different meth-
ods were used to overcome these challenges but the comewittmgompromise on other
properties like efficiency, gain, radiation performanaanplex designing etc.

Metamaterial are novel structure that work based on maaiimgl the electromagnetic
waves on the structure by changing the basic propertieseostitucture such as permittiv-
ity and permeabilityMetamaterial is an active area of research due to their excefpnal
properties beyond the scope of conventional structuresBy properly designing and opti-
mizing their size, geometry and dimension, they can provelgative values of permittivity
and permeability over a certain frequency range which iomatd in nature, thus, extending

the range of achievable effective permittivity and pernilégtvalues. Therefore, the use of
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metamaterials will broaden the use of a device to various agjzations and also open up

gates for new research objectives.

Use of metamaterials or 'artificial dielectric’ to overcotte drawbacks of conventional

structures is a wide area of researthey are an effective way to provide large bandwidth,

miniaturization, ease of fabrication and installation without compromising the efficiency

and gain of the device.Therefore, the present research is based on developingtiéinthg

such structures in improving the performance of convealidevices.

1.7

CHALLENGES IN DESIGN

Metamaterials are a basis for further miniaturizatiomérowave devices, with effi-

cient power and acceptable bandwidth.

Using metamaterials in design of antennas is an emergs®garch area. A lot of work
has been done in the past to improve the gain and efficiendyeaitenna using meta-

materials but at the cost of size so further improvementbeamade.

Self-tuning property of a meta-material can be utilizedathieve high-fidelity beam
steering and minimize side-lobe generation. This is @&itior the emerging technolo-

gies of portable communications technologies associatédmetamaterial.

Metamaterials can be researched upon many exciting coafigns such as tunable

reflectors, reconfigurable absorbers, superlenses etc.

Metamaterials can be used in modelling of filters with higjection level in the stop

band.

Extraction of lumped parameters and modelling of dewei!s the help of circuit pa-

rameters has been quite an issue and most of the literaflow fat and trial approach.

Use of metamaterials in achieving the so called “perfbsbgption” is an active area of

research.
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8. Demand for achieving multiple band operation in a singeick can be fulfilled using
proper modelling techniques. Scaling metamaterial uriié ¢c& quite useful to excite a

completely different resonating frequency..

9. Multiple metamaterial cells can be incorporated on thdtipie bends of a meandered

line antenna in order to achieve higher efficiency, radratesistance and bandwidth.

10. Metamaterials can be used to minimize the mutual cog@etween antennas when
used as antenna array in multiple input multiple outputesyst(MIMO). Lot of work
has been done in this area, however, use of metamateriabasdor mutual coupling

reduction have not been explored much.

1.8 RESEARCH PROBLEM STATEMENT

The major objectives of present research are listed below :

1. To perform an in-depth analysis of the theory and propgiiong with equivalent cir-

cuit models of novel metamaterial structures.

2. To perform a detailed analysis of various metamateniattires available in literature

and study their characteristics and the material propettaecement provided by them.

3. To realize and study different characteristics of novetamaterial based devices that
could be integrated within modern and future communicagisiems using suitable de-
sign tools such as High frequency structural simulator (§F& Computer simulation

Technology (CST) microwave studio.

4. To design highly efficient and miniaturized devices usimgtamaterials for optimum

operation in various wireless communication applications

5. Use of metamaterial absorbers for mutual coupling redadh MIMO antennas.
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6. To perform a comparative analysis of devices with andauitimetamaterials and check
for the improvement in properties of a metamaterial basetcdeavith respect to the

conventional device.

1.9 THESIS ORGANISATION

This thesis presents design and analysis of the metanidias@d microwave components i.e
antenna, filters and absorbers. The organisation of tresismmarized as follows.

In chapter one, introduction of the thesis is presenteds Ehapter gives a brief introduc-
tion to metamaterials and describes their basic theory efaijmn along with their areas of
application and advantages of using them. This chapterptsades a brief review of the
relevant work done by various researchers in the respeateas of application.

In chapter two, the latest work done in the areas of metambtesed antennas, filters
and absorbers is discussed.

In chapter three, a (CPW)-fed metamaterial inspired duadllmaicrostrip antenna is pre-
sented for WLAN application. A triangular split ring reseoa(TSRR) is used along with an
open ended stub to achieve the dual band characteristiesm&bamaterial characteristics of
the proposed TSRR are observed and it is shown that the dudldzhieved by the antenna is
due to the metamaterial characteristics of the TSRR. Thenaatis practically fabricated and
tested to show good agreement with the simulated results.

In chapter four, the design of two metmaterial based filterdiscussed. The first one
is a low-profile Band Stop Filter (BSF) designed using Compiitary Split Ring Resonator
(CSRR) on the ground plane and microstrip transmissiondimehe top. A methodology
for equivalent circuit extraction is also presented whishvalidated in further sections by
extracting equivalent circuits of other filters presentediterature. Moreover, a comparison
based study is also presented to help the user choose theuopttonfiguration for desired
specification. The second one is a Band Pass Filter (BPF}llmaskbalanced Dual Composite

Right/Left Handed (D-CRLH) Transmission Line (TL). A banidith enhancement technique
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is also discussed in this case.

In chapter five, design of a novel multiband metamateriabdies is presented and dis-
cussed. Multiple geometries are used within a compact dsroarfone within the other), each
geometry is either a single resonant structure or multimasb structure, that combinedly
resulted in a penta-band response. The structure is ultratid exhibits polarization inde-
pendence as well as wide-angle absorption. Further, a siolpted meander line shaped
metamaterial absorber is also presented operating at 35v@ilith is also analysed using
equivalent circuit.

In chapter six, the use of metamaterial absorber (MA) toeahhigh isolation between
two patch antennas in a 2-element MIMO system is presentbd.ahtennas as well as the
absorber structure are designed to operating at 5.5 GHaaastrequency useful for WiMAX
application.

In chapter seven, conclusions drawn from the simulatiopegrental and theoretical in-
vestigations are discussed. Some improvements that cgspbeable in the proposed antenna
designs are suggested as well as some recommendationsaoetwork that can be done

in the area is presented.

1.10 SUMMARY

This chapter begins with introduction of metamaterials.bstguently, it lays insight into
the evolution of metamaterials in the last decades. Furtiheelectromagnetic properties dis-
played by the absorbers are discussed and the advantagggdicdtions of the metamaterials
are illustrated. Brief emphasis is laid on the motivationha# present research work carried
out. Problem statement and thesis organization is predémtihe subsequent sections. To
sum up, this chapter highlights the research work carri¢dnatnis thesis, further a literature

review of the past work is carried out in the next chapter.
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Antennas, filters and absorbers are the most basic micros@wponents that form an
important part of any microwave system. Antennas and fikkeesthe basic components of
any communication system whereas, absorbers are necésisalgctromagnetic compatibil-
ity (EMC) and electromagnetic interference (EMI) probleri&erefore, present work deals
with understanding, analysing, and improving the propsrtif these components using meta-
materials. In this chapter a brief review of the work donehese areas in last few years is

presented.

2.1 ANTENNAS

There has been numerous advancements in this area sinoeéfgion. The most recent
advancement are discussed below on the basis of the typetafmraterial unit cell they have

utilized.

Epsilon negative metamateriakls< 0)

Epsilon negative (ENG) metamaterials are the materialg\ggwermittivity less than zero as
well as permeability more than zere £ 0, u > 0). Many plasmas display these characteris-
tics in certain frequency ranges. The first known structoae gaves-negative behavior is the
one having infinitely long parallel thin metal wires, conteztin square matrix form and are
embedded in a dielectric medium (Fig. 2.1(a)) [2]. Few yéatex in 2004 [11], complemen-
tary split ring resonators (CSRRs), shown in Fig 2.1(b)elaeen proven to exhibit negative
permittivity. Now, CSRR structures are being used for savapplications like mutual cou-
pling reduction [12], beam steering [4], size reduction, 14 and many more. Fig. 2.1(c)
shows a double CSRR-loaded antenna which can be used fopbsitive and negative beam
steering [4] minimize antenna size and improve bandwidtdmmementary split-ring res-
onators (given in Fig. 2.1(d)) is placed horizontally betwéhe bottom ground plane and the
top patch [14]. An interdigital capacitor on the top sideshswn in Fig 2.1(e), with a comple-

mentary split-ring resonator (CSRR) slot on the bottom gtbplane is presented in [15] for
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mode hybridization. It also provides 55% patch size reductis compared to a conventional
patch antenna. More recently, a slot combined complemesdit ring resonators (SC-SRR),
shown in Fig 2.1(f), offering-negative behavior is also introduced in [12] to minimize-mu
tual coupling between two elements of densely packed aatamay. The SC-SRR structure
is placed in middle of the two patches to reduce mutual cagphlith comparatively small

separation distance. Other techniques employing EBG foplatg suppression are affected

either by complicated fabrication process or by large ameseparation distance [16].

JOF |

®) (©

()] (e) (&)

Figure 2.1:Structures offering -negative behaviour.

Mu-negative metamaterialg (< 0)

p-negative (MNG) materials have permittivity greater thanozand permeability less than
zero € > 0, u < 0). Some gyrotropic material presents these characteirsttertain fre-
guency ranges. The firgt-negative metamaterial introduced was split ring resan@BR).
Due to the presence of artificial magnetic dipole momentsigeal by ring resonator, SRR
structure possesses a magnetic response despite thedadt dloes not include magnetic

conducting materials. Various SRR structures are predentfb, 17-21], used for different
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applications and property enhancement.

The SRR is a well known metamaterial unit structure; howesamventional planar SRRs
have a drawback of narrow resonance band and require largendion at low frequency. In
order to resolve this problem, a compact nested tri-dinmer@diSRR is presented in high-
permittivity low temperature co-fired ceramic (LTCC) medi18]. Fig. 2.2(a) shows the
tri-dimensional SRRs unit cell used for enhancement of.giiprovides an increase in gain
of antenna to 6.93 dBi from 5.37 dBi compared to conventiama&nna but with a compro-
mise on substrate losses also making the fabrication pgonese tedious. An alternative ap-
proach is introduced in [19] by employing composite mulind resonators where bandwidth
of MNG could be enhanced with easier fabrication approachave a comparative analysis
of different SRRs and found that co-directional SRR (Fi@(2)) is the best choice to reduce
mutual-coupling while taking into account different infrérg rotation angles. Another pla-
nar antenna is introduced in [17], which presents a row o BRRs (basic unit cell shown
in Fig. 2.2(c)) kind of structure, embedded on lower sectbmantenna. It provides about
1/3rd size reduction compared to conventional antenna tivélsame impedance bandwidth

characteristics.

Top view

e

Side view

(BN |

(a) () ©

() (e) ®

Figure 2.2:Various available SRR structures.
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SRR metamaterial also have filtering characteristics whahbe used to reduce surface
waves. In [5], an SRR, as shown in Fig. 2.2(d), is presentetidad reject filter application.
It was observed by Gupta et. al. [5], as the number of SRRea&sess; the rejection level in the
stop band of the filter also increases. Another applicatfgramar SRR structures is emerging
in THz frequencies [20]. Since, using simple dielectricsudite leads to shock waves at air
substrate inter-face, SRR metamaterials provide an aféeefay to direct the radiations from
surface to free space. By using SRRs-CS (cross-shapedjatebas shown in Fig. 2.2(e), the
gain enhancement of 6.24 dB as compared to 5.15 dB for thées8RR substrate is obtained
in [20]. SRRs can also exhibit circular polarization prdgerA modified square split ring
resonator (MSSRR) to show circular polarization is preseim [21]. MSSRR unit cell (Fig.
2.2(f)) composed of thin strips in which each of them produegative refraction index.

Other than SRRs, the complementary electric inductiveatpa (CELC) structure, which
is a dual counterpart of the electric inductive-capacitasonator (ELC), has been known to
deliver a resonant magnetic response i.e., negative magremeability in the proximity of
resonance [22]. [23] Demonstrates the complementary negdineé (CML), as shown in Fig.
2.3(a) as a typical CELC structure. It has very low crossaéion and quite high radiation
efficiency. Another CELC structure is demonstrated in [24jjch is a fractal based hilbert-
shaped complementary electric inductivecapacitive rasofHCELC), shown in Fig. 2.3(b).
It helps in reducing mutual coupling more than 9.7 dB. Alsslad-loaded ELC on the ground
plane (Fig. 2.3(c)) is presented in [25] to offer a peak eealigain of 2.63 dB and efficiency
of 86 %.

Double negative metamaterials<€ 0, u < 0)

Double negative indexed materials are having both pertyttand permeability less than zero
(¢ < 0,u < 0). This DNG class of materials is artificially tailored sttures. These materials
are not available in nature. The first experimental DNG stmgcconsists of thin wires and

SRRs, introduced by team UCSD (University of Californian 8aego) [26], as shown in Fig.
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(a) (b) ©

Figure 2.3:Different CELC structures.

2.4(a).

Mutual coupling between antennas can be reduced by using 8NiGtures in an antenna
array. The use of conventional metamaterial structureshie wire and SRR involves bulky
formations or multilayer structures. Such structures #feuwlt to miniaturize and less cost-
efficient, so a wire loaded spiral resonators (SR), showngnZ4(b) is introduced in [27] to
reduce mutual coupling in an efficient manner. Using thig,ttutual coupling of better than
-28 dB is achieved. Another disadvantage of SRR based mdtmhis that the structural
rotation influences the properties of these unit cells. THng&vback has been overcome by
cross type structures [28]. Further, Jerusalem Cross (d@jtsres have been represented as
replacement of SRR in [29]. Idea of JCs has been implemehteddgh 3<3 array of criss-
cross structure to enhance gain (achieved gain =4.61 dB)amdividth (improved by 86.66%

compared to conventional antenna) of antenna, shown ir2H4gc) [30].

‘;é".’;;:"}?; =G

Figure 2.4:SRR structures for reduction of mutual coupling.
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DNG structures can be used for antenna miniaturization dis Winiaturization of an-
tenna is done in [31], by partially loading metamateriabrinto an annular ring patch res-
onator, shown in Fig 2.5(a). It was demonstrated that thenas frequency can be made as
small as desired by adjusting the width of metamaterial.rifggconstruct a DNG metamate-
rial, modified split ring resonators (MSRRs) and metal stape used in [32], shown in Fig.
2.5(b). Physical dimensions reduction fromD.t® 0.17A and the bandwidth expansion to
17.56% are achieved through DNG filling.

Various other structures are also available for bandwidtireacement [33—35].The meta-
material unit cell made of meander lines (Fig. 2.5(c)) simgaboth permittivity and perme-
ability negative simultaneously is presented [33] prawidcompactness and improved band-
width of 600 MHz with 23.81% fractional bandwidth. A supeasé of double H-shaped
metamaterial structure (Fig. 2.5(d)) is also used for baddwenhancement [34] giving effi-
ciency improvement from 57.3% to 80.2% and bandwidth imprognt from 70 to 220 MHz.
A fishnet based metamaterial unit cell [35], shown in Fig(&).% another DNG unit cell used
for bandwidth improvement (8.2% bandwidth enhancement).

Most of the structures use either square or circular gegm#ise of triangular split ring
resonator (Fig. 2.5(f)) is quite rare which is presente®®,[in which the cantilever MEMS
switches are kept along the arms of the triangle to makesspiithen the switch is in ON
state it offers DNG behavior. Triangular structures areenammpact compared to the circular
and square geometries. These structures can be easilyedosige-by-side and have axial
symmetry.

Various DNG structures are developed by combining two sines having SNG behavior
independently [37-39]. One MSRR between two pairs of capace loaded strips (CLSs),
shown in Fig. 2.6(a), is demonstrated in [37]. Here, MSRRilgihresponse like magnetic
material and produces negative permittivity, while the Gb@ibits response like strong di-
electric and produces the negative permeability. Sinyild88] demonstrates the effect of

combining the use of capacitive gap on top substrate and G8RRe bottom ground plane
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Figure 2.5:Variants of DNG structures.

(Fig. 2.6(b)). The double-layered CSRRs provide negatemnfttivities, whereas, in the
longitudinal direction, capacitive gap exhibits the negapermeabilities, producing a DNG
structure. The structure provided continuous frequereyysing capabilities from backward
29 to forward 72. In [39], a novel DNG structure was developed by combinings8R,
offering negative permittivity, and CELC cells, offeringgmative permeability (Fig. 2.6(c)). It
provides band pass filter characteristics with good upped Is&irt performance.

This section discussed briefly the work done on metamateasdd antennas. Now, in the

coming section, the literature review of metamaterial ddsters is presented.

2.2 FILTERS

Microwave filter design is an important area of research filoenvery beginning of microwave
engineering. Basically, filters are divided into four catags: highpass, lowpass, bandpass,
and bandstop. Bandpass filters with low insertion lossesssential components of all kinds
of modern communication devices because of both their baledting an image and spurious

rejecting capability. Microwave Filters are passive, aart, reciprocal, linear device that are
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CSRRs Square metal cap

Single layer CELC

(©

Figure 2.6:DNG structures developed by combining SNG structures.

used to allow the transmission of a range of signal freqsnaihile rejecting the unwanted
frequencies, thus providing control over frequency respoifrilters are used to protect the re-
ceivers from interference with the signals outside therdddiand and to confine the radiation
from high-power transmitters within assigned frequencgyge To satisfy the specifications
of the modern communication system, designing of microvea millimeter-wave devices
requirement of accuracy and high-performance has inadease

Before discussing the advancement in metamaterial bated fitt us discuss various filter

metrics.

2.2.1 Filter Metrics:

This section describes the various parameters requiretkggning a Bandpass Filter, which

is as follows:

A) Insertion Loss: Insertion loss measures loss incurrednbgrtion of filter between

input/output ports which is represented mathematically as

Insertionlos¢édB) = 10log(RA;) (2.1)
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WhereR; is the power loss ratio which is the inverse of the filter tfangunction normal-
ized to the zero frequency value of gain. It measures the poedeiction due to impedance
mismatch. Within the filter passband, the insertion losse$ess than 3dB irrespective of the
order of filter in Butterworth filter whereas Insertion loss&e sensitive to passband ripples
in Chebyshev. Chebyshev insertion loss is less dramaticttr@Butterworth filter within the
passband.

b) Return Loss: It measures the relative amount of poweratefieby an input signal.
Mathematically,

(2.2)

VSWRF1
ReturnlosédB) = —10log [m]

where VSWR is the voltage standing wave ratio. In a perfestamission line, Return
Loss is infinite. In a perfectly reflective circuit, it is zera) Bandwidth: The width of the
passband expressed as the difference between lower arat hedgitive 3dB attenuation points.
d) Quality Factor: In a bandpass filter, loaded Q” is used fmdehe ratio of center frequency

to 3dB bandwidth expressed as

CenterFrequency

LoadedQ= 3 iBbandwidth

(2.3)

2.2.2 Metamaterial inspired filters

Metamaterial inspired filters generally consists of one orerthan one unit cells designed
on the top coupled along the sides of a microstrip transornisiéne, metamaterial loaded on
the TL as a defected microstrip transmission line (DML) oraadefected ground structure
(DGS). Various coplanar waveguide (CPW) configurationsheffilters have also been pro-
posed. These are analysed as a composite left/right hatddH) transmission line (TL),

since the unit cell loaded on the transmission line intreduan LC tank circuit either in series

or in shunt with the conventional right handed transmis§ioa
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Composite left/right handed (CRLH) metamaterial

Caloz and Itolet. al.[40] introduced the concept of metamaterial transmissiogs| (TL) in
2002. These TL metamaterials typically exhibit a LH bandoatdr frequencies and a right-
handed (RH) band at higher frequencies and are termed as dsgmRight/Left Handed
Transmission lines (CRLH TL). CRLH metamaterials are maregal form of metamateri-
als. The model for a loss-less CRLH transmission line (Tlshiewn in Fig 2.7. It consist of

a per-unit length impedance (m) constituted by RH per unit length inductarigg (H/m)

in series with LH times-unit length capacitanCe (F-m) followed by a per unit length ad-
mittance Y (S/m) constituting RH per unit length capaciwa@g (F/m) in parallel with a LH
times-unit length inductandg (H-m). Value of impedance Z and admittance Y are given in

2.4,

Z= j(wlr—1/wCL) (2.4)

Y = j(wCr—1/wly) (2.5)

If LH immittances are zero fo€. = « andL; = o, only RH immittances remain and the

'
[
b

v

Figure 2.7:Equivalent circuit model for the ideal CRLH TL

model reduces to conventional RH TL model. In contrast, ifiRirhittances are zero f@r =

0 andLgr = 0, only LH immittances remain and the model reduces to LH TldetoLH TL
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cannot exist physically because parasitic series indaetand shunt capacitance effect will
unavoidably occur due to current flowing in the metallizatmd voltage gradients developing

between metal patterns of the trace and ground plane.

Metamaterial coupled TL filter

Such type of filters consists of a transmission line on tophefsubstrate with one or more
metamaterial unit cells aligned on either or both the siddb@TL. [41] demonstrates a cut
band filter having SRRs etched on both the sides of the traassoniline to achieve stopband
response. Fig. 2.8(a) shows the filter configuration withstogpband response obtained by
the filter. It was found that on increasing the number of SRiRbath the sides, the sharpness
of the band increases. In [42], multiple hexagonal mushroesonators are placed on one
side of the transmission line to obtain dual-stopband aterstics (Fig. 2.8(b)). Further, to
achieve tunability, varactor diodes are introduced betvthe TL and SRR in [43], as shown
in Fig. 2.8(c). On increasing the capacitance of the varatitmle, the resonant frequency is
shifted from 4.17 GHz with a 10 dB bandwidth of 3.6% to 3.73 G#ith a 10 dB-bandwidth
of 14.4% also increasing the rejection level from 21 dB to B8 A dual-band bandpass filter
is constructed by loaded open loop resonators (OLR) [44F fEled line is grounded using
two via holes to convert the bandstop characteristics talpass response, shown in Fig.
2.8(d). Fig. 2.8 (e) shows single metamaterial unit celtethon one side of the TL to obtain
passband with high Q-factor [45]. The unit cell used js-anear zero metamaterial designed

using an interdigital hair-pin resonator and meanderline.

Defected Microstrip line

In these structures, one or more metamaterial unit cell$oaed in the middle of conven-
tional microstrip line. The unit cell is either connectedhe 50Q line or coupled to the line
from both sides. Fig. 2.9 shows various configurations ohdilters. In [46], Fanet. al

presented two electrically coupled SRRs, each fed by @ Hi@nsmission line to exhibit dual
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Figure 2.8:Metamaterial coupled TL filter

band bandpass filter characteristics. Af@eding structure is used to improve the selectivity
of the filter, shown in Fig. 2.9(a). A broadside coupled &ipplit-ring resonator, exhibiting
LHM characteristics is placed between twgy4 transmission lines to achieve bandpass filter
response, as shown in Fig. 2.9(b) [47]. The sekigsl TL was then replaced by an equivalent
T-shaped line for second harmonic reduction. Fig. 2.9(owsha wideband bandpass filter
with excellent band rejection levels [48]. The interdigdapacitor and the meander line forms
a series LC resonator whereas the open complementaryisglitasonator (OCSRR) forms
the parallel LC tank circuit. The parasitic capacitancésootuced by both the geometries re-
sult in two additional resonances, leading to a fractioaaldwidth of 94%. Another bandpass
filter is designed using a shorted spiral structure, showkign 2.9(d), which is an artificial
magnetic resonator [49]. A cascaded quadruplet of the eti@piiral structure is used which
resulted in 80% size reduction compared to the conventigpeh loop resonator. Fig. 2.9(e)
shows a CRLH-TL based bandpass filter [50]. A dielectric @dhtroduced at the bottom
surface, which caused frequency tuning based on the postithe slot with respect to the
CRLH-TL.

In [51] compact bandpass filter is realised using two metarr@tinspired resonator place

in between twolg/4 transmission lines (Fig. 2.9(f)). Such structure do nquie any match-
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Figure 2.9:Defected Microstrip line filter

ing network thus reducing the physical size of the structufgy. 2.9(g) shows grounded
spiral resonator to design compact, highly selective bassifiilter with high Q factor [52].
The reduced radiation losses and high Q factor are obtaisid) $pecific arrangement of
the proposed grounded spiral geometry. In [53], two edgelenludual triangular split ring
resonators are used to obtain the passband characteffistic2.9(h)) whereas in [54] a com-
bination of hair-pin, inter-digital capacitor, and meantiee resonators is used to realise a
bandpass filter (Fig. 2.9(i)). More recently, a widebanddpass filter is designed using split
circular rings and rectangular stub, as shown in Fig.2[9§). The split circular rings provide
series capacitance and a meander line along with a rectrgjub gives shunt inductance and

capacitance. This structure provides a fractional banthwti80.48%.

Defected Ground structure

In these filters, one or more metamaterial unit cells areegtacut of the ground plane, thus
calling it as a defected ground structure. In [56], Falcenealintroduced a complementary
split ring resonator (CSRR) which is a counter part of an SRRias proposed that a mi-
crostrip transmission line incorporated by CSRR on the gdqulane shows bandstop charac-
teristics, further, on loading the microstrip line with eajtive gaps, the bandstop behaviour
switches to bandpass one. Fig. 2.10(a) shows an SRR etched the ground plane, this

structure is termed as a complementary split ring resof@®8RR). In [57], the CSRR shown
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in Fig. 2.10(a) is placed on the bottom ground plane with ppstd impedance transmission
line on the top to realize a sharp cutoff low pass filter (LPFe CSRR’s negative-property
helps in improving the roll-off performance of the filter wiho ripples. It also provides high
selectivity of 32 dB/GHz and 16% smaller size compared tosrentional LPF. Another LPF
is realized by etching out a hilbert-shaped resonator (HRCiRom the ground plane instead
of a conventional CSRR, as shown in Fig. 2.10(b) [58]. Bygnéing the H-CRR with the
TL, a substantial increase in the selectivity was observed.fractal geometry leads to minia-
turization of size as compared to conventional CSRR. In,[b8ih SRR and CSRR are used
to achieve dual-band rejection characteristics. The SR&meductively coupled to the trans-
mission line on top of the substrate while the CSRR is used2&8 which is capacitively
coupled to the transmission line, shown in Fig. 2.10(c).. AdLO(d) presents a CRLH TL
using capacitively loaded transmission line on top and aptementary spiral resonator on
bottom [60]. This configuration yields high pass filter cleaeaistics. Fig. 2.10(e) shows the
top and bottom surfaces of an ultrawide band (UWB) bandphss With a highly selective
band notch [61]. Three complementary two turns spiral rasenCSR2) on the bottom are
responsible to generate the desired stop band characteriSach CSR has different dimen-
sion due to which they provide three different resonancdschwvidens the bandwidth and
enables sharp rejection skirt performance.

Various other DGS configurations have been investigateddardo improve the perfor-
mance of filters with compact dimensions. Such as, in [62praglementary moore curve
fractal-shaped spiral resonator has been presented (E@(fQ, which forms a CRLH TL and
provides 49% size reduction as compared to other geomelni¢83], the CSRR is fed with
parallel coupled feed line instead of the conventionaksecoupled line to design BPF (Fig.
2.10(g)), which lead to compact size and simpler designgatore compared to the conven-
tional CSRR BPFs. Further, a complementary electric LCrragw (CELC) is investigated
in [64], as shown in Fig. 2.10(h). The CELC is amegative type of unit cell, it is further

integrated with a short circuited stub which makes it an LKt gall, providing a bandpass
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Figure 2.10.Defected Ground structures

filter response. In [65], a pairs of Coupled CSRRs are useda the line instead of single
CSRR (Fig. 2.10(i)), due to which dual transmission zeresodoserved since, the use of two
different CSRRs lead to a dual-band ENG metamaterial tregssom line. Fig. 2.10(j) shows
the design of a wide bandstop filter [66], the CSRRs are agaed to improve the selectivity
and improve the stop band bandwidth of the filter by introdga@& transmission zero near the

passband.

Coplanar Waveguide Filters

Martin et al. in 2003 [67] introduced a coplanar waveguide Icoupled with SRRs and pe-
riodically loaded with narrow wires, as shown in Fig. 2.)1(&ahe SRRs provide negative
permeability and the narrow wires provide essential negatermittivity, thus making it an
LH medium which enables the left handed wave to propagateeavicinity of resonant fre-
guency. Various other configurations were also investiy&ter (Fig. 2.11). In [68], open
split ring resonators (OSRR) and complementary OSRRs &@ @is each side of the CPW
line, as shown in Fig. 2.11(b). This configuration providasgband with improved out-of-
band response. Fig. 2.11(c) shows another configuratidruties a combination of OSRR

and OCSRR [69] to design a CRLH TL. In this case, OSRR is calfethe microstrip
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and OCSRR is coupled to CPW and it was concluded that its pmediace comparable to the
CL-loaded approach. This idea was further extended to ofdend pass filter with 53%
bandwidth [70]. In [71], a combination of double series gapsd shunt strips are periodi-
cally loaded on the CPW line with SRR on the bottom (Fig. 2d))1( Double shunt strips
provide LH media whereas series gaps provide RH media. tiges excellent out-of-band

performance and better selectivity.
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Figure 2.11:Coplanar Waveguide Filters

Fig. 2.11(e) shows a CPW line loaded with two SRR providingatee permeability,
two wide shunt inductances (metallic strips) providing atege permittivity, two series ca-
pacitances (interdigital capacitors), and four shunt caéigaces (implemented through open-
ended stubs) which allow to control the left and right handaxds [72]. The structure forms
a compact balanced CRLH TL to provide wideband bandpass fésponse. [73] presents
a modified SRR bent to form a closed loop, shown in Fig. 2.11(His geometry provides
various advantages over conventional SRR such as disdlmaipacitance and inductance can
be calculated accurately using simple TL theory, it enatlesg of distributed elements sep-
arately and only one dimension is needed to be controlledrie the resonance frequency.
In [74] a =T generalised NRI TL is introduced. Fig. 2.11(g) shows a CHr based on

ther-T TL which exhibits triple bandpass characteristics wititydl dB insertion loss and 13
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dB attenuation in the stop band. Fig. 2.11h shows a receatlgldped CPW based dual-band
bandpass filter [75] which consist of a modified CSRR etchdadfiuhe CPW ground plane
and an interdigital capacitor loaded on the microstrip.lisach of the geometry is responsible
for one of the passbhands.

Through the above survey it can be concluded that metarat@&an be combined with
different configurations of the filters such as DGS, DML, CPWM/ according to the require-
ment of the users to fulfil given specifications. Further,hie hext section, the review of

different types of metamaterial based absorbers is predent

2.3 ABSORBERS

Electromagnetic absorbers are used to restrict the trasgmiand reflection of electromag-
netic wave from their surface within a certain frequencygenn They are widely used in
various applications such as radar cross section reduofi@amtennas, radome, EMI/EMC
applications, antenna side lobe reduction, sensing anshs&onventional electromagnetic
absorbers like Salisbury screen and Jaumann absorbetsce@nd bulky. Therefore meta-
material absorbers have been an active area of research pagt decade. They overcome
the disadvantages of conventional absorbers by providirathin thickness and near perfect
absorption. Metamaterial absorbers are generally two niéioeal metasurfaces consisting of
nxn array of unit cells whose impedance is matched to the fraeespmpedance by manipu-
lating the dimensions of unit cell. When the wave strikessiinéace of metamaterial absorber,
the electric and magnetic resonances takes place at aypartiange of frequency which leads
to absorption of wave at that frequency. Since the intradaaif first metamaterial based ab-
sorber in 2008 [7], various narroband, multiband and braadtabsorbers have been reported

in literature and investigated for polarization insendiiand wide angle absorption.
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2.3.1 Narrowband metamaterial absorber

Landy et. al. [7] introduced the first 'perfect metamateabsorber’ in 2008, shown in Fig.
2.12 (a). The structure consists of an Electric Ring Ressn&RR) on the top and a cut
wire on the bottom of an FR-4 substrate, providing an absatypbf 96% at 11.65 GHz. As
the wave strikes the surface of structure electric and ntagresonances takes place at the
11.65 GHz. Electric resonance occurs due to the strong icmupf incident electric field
on the structure in the form of dielectric losses and magnesonance occurs due to the
anti-parallel currents flowing on the top and bottom suracEthe structure, leading to a
circulating current. It was observed that this cut wire gesat the bottom leads to some
amount of transmission which could be avoided by laminatiregoottom surface completely
with copper. An electric-field-coupled-LC (ELC) resonatavith metal laminated ground
plane is introduced in [76], shown in Fig. 2.12(b). It was@fhed to have zero transmission
with minimum reflection and 96.7% absorptivity at 9.92 GHatér, various modifications of

ELC resonator were investigated for narrowband and multlapplications [77, 78].

Figure 2.12:Narrowband metamaterial absorbers

A square loop is the simplest geometry used for absorptidrosBet. al[79] presented
the analysis of an ultra thin square ring shaped metambadasarber using equivalent circuit

model with the help of coupled line theory. Furthermorejoias other geometries like flower
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shaped, ring and cross wire resonator, snowflake [80] andlmvet strips were also designed
(shown in Fig. 2.12(d-g)) where the absorptivity of moret88% was observed at 13.2 GHz,
2.76 GHz, 11.28 GHz and 3.42 GHz respectively. In addititihpfathem were reported to
show polarization insensitivity along with wide angle attsoce. Another four-fold geometry
was proposed in [81] to provide 99.6% absorptivity at thedency of 8.65 GHz, shown in
Fig. 2.12(h).

Metamaterial absorbers can be used for RCS reduction [$2r&Bsensing [9]. In [82]
a cross shaped resonator is used for monostatic and biR@&creduction of a waveguide
slot antenna, whereas in [83], dual square ring structunses for RCS reduction of circular

patch antenna.

2.3.2 Multiband metamaterial absorber

Since the conventional absorbers like Salisbury screerJanchann become thick and bulky
when they are required to perform absorption at multipleroatiband frequencies, therefore,
metamaterial absorbers are used which can help in absarniftgple frequencies within an
ultrathin thickness. This is the reason metamaterial ddeserhave gained extensive popular-
ity among the scientific community. Various techniques aeduto exhibit multi-frequency
absorption, such as use of multiple resonant structuresatecor rotated versions of the same
geometry, use of layered design, use of different resortenttares in single geometry that
resonate at different frequencies, use of multiple resostanctures and generation of higher
order modes. The first two techniques lead to increased bthe anit cell. Therefore, use of
different geometries in a single structure along with nmétiresonant structures is preferred
over other technique for multi-frequency absorption.

Fig. 2.13(a) shows a unit cell with different scaled versiohthe flower shaped structure
[84]. Each scaled version is operating at different freqyeso providing four absorption
peaks, however, the symmetry of the overall structure it IGherefore, these structures

are polarization sensitive. To avoid this, [85, 86] presemto different geometries placed
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alternatively (Fig. 2.13(b,c)). [85] provides dual banaudcteristics at 9.02 GHz and 11.85
GHz with absorptivity of 99.3% and 99.4% respectively. [@Bpvides triple band response
with absorption peaks at 5.22 GHz, 7.44 GHz, 9.96 GHz, andiBlGHz with absorptivities
of 97.1%, 91.3%, 98.3%, and 90.7%, respectively. In [87-98B}otated versions of the same
geometry is used to provide multiple absorption peaks (Rig.3(d, e, f)). It was observed
in [87] that electric and magnetic resonance arise at caelgldifferent frequency when the

ELC structure is rotated by 90

J‘

‘; II‘

[= i
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Figure 2.13:Unit cell with scaled versions of flower shape (a) Use of défe resonant structures (b,c),
Rotated versions of unit cell (d,e,f)

Use of multiple structures has the drawback of increasiegotferall size. Which was
reduced by using multiple scaled versions of a geometryimvitie same structure (smaller
one within the bidder one), as shown in Fig. 2.14. In suchs;as&ch scaled geometry res-
onate at different frequency, the smaller structure predwabsorption at higher frequency and

larger one at lower frequency. [90] and [91] presents thoeeentric circular rings and stars
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(Fig. 2.14(a,b)) respectively producing three differesdanant peaks. Whereas, in [92], two
scaled square geometries (Fig. 2.14(c)) were used whicltedsn dual band response. This
techniques helps in size reduction of unit cell which waseobsd in earlier cases, however,
it is difficult optimize the dimensions to avoid the mutualipting among the adjacent scaled

geometries. Therefore, multiple resonant structuresrareduced.

\ 2 i —_—
© )
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Figure 2.14:Scaled unit cells one within the other

Fig. 2.15 shows different multi-resonant structures irggle geometry exhibits absorption
at multiple frequencies. Fig.2.15(a) [93] presents a aridb absorber with absorption peaks
at 3.07GHz, 5.65GHz, and 8.11GHz with absorption rates739,899.98%, and 99.99%.
In [94] and [95], a spiral resonator (Fig. 2.15(b)) and a stilake structure (Fig. 2.15(c))
respectively are used to exhibit triple band response velsere[96], a Chinese coin shaped
structure (Fig. 2.15(d)) is used to achieve penta-bancoresp Another structure to deliver
penta-band response is investigated in [97], as shown in Ei@5(e). It was designed to
exhibit five absorption peaks at frequencies 3.52, 8.24,9.6.12, and 17.48 GHz with peak
absorptivity values of 96.1%, 97.4%, 91.9%, 99.5%, and @3 &spectively. A dual band
structure is presented in [98](Fig. 2.15(f)). These strtes definitely are responsible for
multiple absorption peaks within a compact unit cell dimenshowever, individual tuning of
each frequency is rather difficult.

In order to overcome this drawback, unit cells with combmrabf different geometries
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(d)

Figure 2.15Multi resonant structures

(one inside the other) are used, such that individual gegnetesponsible for each absorption
peak, thus enabling tuning of each frequency by manipdahe dimensions of correspond-
ing geometry. Fig. 2.16(a-e) shows some of these type oftsires reported in literature.

Fig. 2.16(a) also shows a combination of three geometrizdirig to the three absorption
peaks [99]. In [100], an ELC resonator is combined with fayware geometry (Fig. 2.16(b))

to exhibit three absorption peaks, one at 4.2 GHz which istdtiee ELC, the second peak at
7 GHz is due to the four square structure, and the third pes&sadue to coupling between the
two structures. [101, 102] presents dual band metamasd&drbers shown in Fig. 2.16(c,d)
respectively. [101] presents dual band response usingtenthin structure with a thickness

of Ap/126 at 9.5 GHz, offering neglegible degradation when &pjio a curved surface. Such
structures are prone to complexity once the number of aliearpeaks are required to be in-
creased, therefore, these structures can be combined witipl®a resonant structures, shown

in Fig. 2.16(f-j), with some trade off. Fig. 2.16(h) [103]@ks a combination of three ge-
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ometries conductive cross dipoles providing three absorgteaks, conductive cross dipoles
loaded with SRR and conductive cross dipoles rotated Byed6h providing one absorption

peaks, leading to a penta-band response.

1 1
111
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(d)

Figure 2.16:Unit cells with different resonant structures
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2.3.3 Broadband Absorbers

Broadband absorbers operate on a wide range of frequentikslate various broadband
absorbers have been proposed. Most popular techniquedarskeadband absorption in-
clude the use of multi-layered structures, use of multipded versions of same geometry on
one unit cell, use of lumped elements and multi resonanttsires. [104] presents a multi-
layerd structure (Fig. 2.17(a)). It consists of three défe loop type structures separated
by dielectric layers of Rogers and top layer is covered wafioh achieving more than 90%
absorptivity for a bandwidth of 12.63 GHz. [105] presentdigally stacked metal-dielectric
layers where each metallic patch is cross shaped (Fig. [2)w(th different dimensions to
achieve broadband response. Fig. 2.17(c) shows anotherethgtructure where each layer

consist of resistive sheets, enabling Ultra wide band (U\af&50rption [106]. However, the
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thickness of these structures is beyond the practical &ndtproper alignment of the layers is

also difficult which leads to the demand of ultra thin mongelad structures.

Figure 2.17Unit cells with multi-layered structures

In [107] multiple square patches with different dimensighiy. 2.18(a)) are used in a
unit cell such that the absorption peaks due to each georbktng together to result in a
broadband response. The thickness of this structure iSlofljnm. Another such approach to
provide enhanced absorption band is presented in [108];anthe unit cell comprises of 90
rotated versions of E-shaped geometry, shown in Fig. 2)1&@#ch rotated geometry results
in a different absorption peak but close to the each othsultiag in enhanced bandwidth. In
these structures the overall size of the unit cell increasassing limitation in practical appli-
cation. So to design compact size unit cells, lumped compsrage used. Fig. 2.18(c) shows
a double octagonal rings loaded with eight lumped resigmfit09]. The resistances used
on the structure manipulate the electric and magnetic fiettifierent frequencies causing a
broadband response and the thickness is 3 mm, but the seigpolarization sensitive. [110]
also shows design of another metamaterial broadband adydmabed on fractal geometry us-
ing lumped resistors (Fig. 2.18(d)). It provide®90% absorptivity for 4-8.12 GHz frequency
range and also offers polarization insensitivity by at apemse of 5 mm thickness. Various
other such structures have been reported [111-113]. Tlse§ti@ compact geometry com-
pared to the earlier case, however, the fabrication overhremeases due to mounting of the
lumped components. Further, multiple resonant strucasasfiown in Fig. 2.18(e,f) [114,115]

or scaled versions of same geometry (Fig. 2.18(g) [116]uaexl, one within the other, to
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design compact and ultra thin wideband absorbers.
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Figure 2.18:Unit cells with mono-layered structures

In this section different configurations of the metamatdsased absorbers is discussed
along with their advantages and disadvantages. In the gpohiapters different metamaterial

based microwave components are designed and analysed.
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CHAPTER 3

METAMATERIAL INSPIRED DUAL BAND
ANTENNA FOR WLAN APPLICATION

Contents of this chapter are published as:
Priyanka Garg and Priyanka Jain, “Design and Analysis of a Metamatersimred dual
band antenna for WLAN applicationiternational Journal of Microwave and Wireless Tech-

nologiesyol. 11, no. 4, pp. 351-358, 2019.



With emerging technology of wireless communication , mstrip antennas have gained
large interest due to their compact size, light weight, eddabrication and integration on
small scale electronic devices. Using microstrip planehtelogy also provides an efficient
way to achieve multiband operation on a single device whicteiry useful to access sev-
eral wireless services, such as, WLAN, WIMAX, LTE etc., whare widely used in wireless
communication devices . Various microstrip antennas aadable in literature that offer dual
band and triple band characteristics such as asymmetribdfesl antenna [117], H-shaped
slot antenna [118] . Defected ground structure (DGS) amterame also presented for dual
band application [119]. These conventional microstripeants offer several challenges in
terms of miniaturization, multiple frequency operatioandwidth enhancement, gain and ef-
ficiency improvement etc. This led to the emergence of adlficengineered structures called
metamaterials which exhibit exclusive electromagnetipprties that are not found in nature.
Such metamaterials can be utilised in planar technologwé&scome various challenges of
microstrip antennas.

Various authors have demonstrated the use of metamaterinar antennas for the pur-
pose of antenna miniaturization, multi-band operatiom gad bandwidth improvement. A
triple band monopole antenna is presented in [120], that sisgle cell metamaterial loading
along with DGS ground plane to achieve tri-band operatiogf. R21] presented a metama-
terial unit cell comprising an interdigital capacitor and@nplementary split-ring resonator
(CSRR) slot. This antenna offers wideband operation anh &fficiency up to 96 %. Fur-
ther, a metamaterial inspired patch antenna is presentedifdaturization [122]. To reduce
antenna size and improve bandwidth, a complementaryrapjtresonator (CSRR) is placed
horizontally between the bottom ground plane and the tophpaHowever, size reduction
after a certain limit led to reduction in radiation efficigrend fractional bandwidth which is
undesirable. A compact antenna with enhanced bandwidtlegepted in [123]. The size of
antenna is reduced by using an epsilon negative transmibs® (ENG TL). [124] also pre-

sented a metamaterial inspired antenna for GSM/UMTS/LTIEXW wireless communication
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systems. The antenna shows a bandwidth enhancement of 46y21%ing a resonant ring as
compared to conventional antenna. Recently, the use afdigtal capacitor is presented
in [125] to enhance bandwidth. By properly designing therdigital capacitor, Q-factor of
the resonant antenna can be reduced, thus, improving thusvidth.

Metamaterials are also used for mutual coupling reductioMIMO antennas such a
closely spaced metamaterial MIMO antenna with high isotais presented in [126]. A sim-
ple defected ground structure is used in between two anseiorianit the surface waves and
provide mutual coupling better than -45 dB.

Most of the structures found in the literature consist di@itcircular or square geometries,
using triangular geometry is quite rare. Triangular suitebffer relatively compact size and
easy side-by-side coupling. Therefore, in this chapter @ dand compact sized antenna
utilizing triangular double split ring resonator is presh The proposed antenna covers
entire spectrum of WLAN (Wireless Local Area Network) band$e operating bands for
this technology is assigned by IEEE 802.11 are 2.4 GHz(2484GHz), 5.2/5.8 GHz (5.15-
5.35 GHz/5.725-5.825 GHz). The proposed antenna operatéisecfollowing bands: 2.4-
2.48 GHz and 4.7-6.04 GHz, thus, offering dual band chariatites to cover WLAN bands.

Simulations are performed using ANSYS High frequency stmecsimulator (HFSS).

3.1 MATERIAL PARAMETER EXTRACTION

Fig 3.1 shows the schematic of proposed modified triangydhir ng resonator unit cell.
The proposed metamaterial unit cell is designed on FR-£&cliét substrate having dielectric
constant §&) = 4.4 and loss tangentand) = 0.02 with dimensions 1612x1.6 mne. The
structure comprises a double triangular split ring resamiadving splits on the opposite arms
and an open ended stub connected at a distance of 0.8 mm Ie@uter ring. The width of
each splitring is 0.9 mm with split gap of 1 mm. The averaggtkmf outer ring is 35.87 mm
and that of inner ring is 19.03 mm. In order to extract the mialt@arameters i.e, effective

permittivity (€), permeability (1), refractive index (n) and wave impedance (z), the stractur
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is placed inside a waveguide medium (Fig. 3.1). The wavegpaits are assigned along the
x-axis and excited by the electromagnetic wave along xetloe. The perfect electric (PEC)

and perfect magnetic (PMC) boundaries are assigned tosyaaxi z-axis respectively.

Figure 3.1:Simulation setup of proposed metamaterial unit cell.

Now, effective medium parameters are extracted from theulsited complex scattering
parameters using the modified Nicolson-Ross-Weir (NRWjtiahs presented in [127]. Tak-

ing two arbitrary variables given by following equations:

Vi=51+S11 (3.1)

Vo=51—-S11 (3.2)

Complex normalised wave impedance(z) can be obtained lowiolg equations:

N
(1- 811)2 - 5%1

Now, permeabilityf,), permittivity(e;)and refractive index(n) are obtained simply by us-

(3.3)
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ing the equations given below:

Hr

&

2 1-\,
= A1V, G4
21V
= kd 11V (3.5)
£=n/z (3.6)
U=nz (3.7)

Fig. 3.2 (a)-(c) shows the real part of extracted parameterpermeabilityf,), permittivity (s, )and
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Figure 3.2:Real part of permittivity (a), real part of permeability (land real part of refractive index

(c).

refractive index(n), as a function of frequency along witait respective values at the desired
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frequencies. From the Fig. 3.2 (a)and(b), it can be obseivaidnegative effective permit-
tivity and negative effective permeability are obtaine® &t GHz and 2.4 GHz respectively.
Thus, the structure shows single negative (SNG) behavibtireatwo desired resonant fre-
guencies. Table 3.1 gives the values of permittivity, pexioildy and refractive index at the
desired resonant frequencies.

Table 3.1:Real values o€, u,n.
Resonant frequency [GHz] | Re() | Re() | Re(n)

2.4 3.14 | -0.186 | -0.1765
5.45 -4.59 | 0.5746 | 0.3991

In the next section, the design and simulation results ofa dand antenna using the

proposed unit cell is discussed.

3.2 ANTENNA DESIGN AND SIMULATION APPROACH

The geometry and dimensions of the proposed dual-bandraantesing metamaterial inspired
triangular SRR are illustrated in Fig. 3.3. It is fabricategsing an FR-4 dielectric substrate
of thickness = 1.6 mm. The proposed antenna has a compaatfsigdy 20 mmx24 mm

or 0.163¢x0.196\y where, Ag is the lower resonant frequency of antenna i.e. 2.45 GHz.
We employ 50Q coplanar waveguide (CPW) and square ground plane to feedntie@na.
Thus, the proposed metamaterial inspired antenna usesedoiamgular split ring resonator,
an open circuited stub and square ground plane to exciteddnd operation at the desired
frequencies.

Table 3.2 gives the design parameters of proposed antemicéuse shown in Fig. 3.3.

The two resonant frequencies at 2.45 GHz and 5.45 GHz are\azhiwith the help of
the triangular SRR. Since, electrically small antenna®zaglisadvantage of poor impedance
matching, an open circuited stub is used in order to overdiseproblem. It also helps in
bandwidth enhancement of the antenna at higher frequeny. Béhe open circuited stub is

etched just below the triangular SRR, as shown in Fig. 3.3.
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Figure 3.3:Schematic configuration of the proposed dual band antenna.

Table 3.2:Design parameters of the proposed antenna

Parameters | Unit (mm) | Parameters | Unit (mm)
W 20 L 24
W1 15 Lpt 9.8
Wp2 9 Lp2 6.9
W3 13 Lp3 0.5
Wpg 2.25 Lpa 10.5
Wq1 8.5 Lot 8.5
d 0.9 h 1.6

Now, Fig.3.4 shows a step wise procedure to obtain the redfriequency band. It demon-
strates the effect of including triangular SRR and operudied stub on the reflection coef-
ficient of the antenna. The figure shows that in the case | wheehave a simple triangular
patch geometry, the band obtained with reflection coefficier 10 dB is beyond 5 GHz. The
frequency of operationff) of triangular patch in dominant mode of operation is goeerhy

following relation:
2c

 3left\/Freff

where c is the speed of light in vacuul,s¢ is the effective length of the patch which is

fr (3.8)

calculated as:
(3.9)

Leff =Wp1+

h
v/ Ereff
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Figure 3.4:Stepwise evolution procedure of the proposed antenna.

andeeetf is the effective dielectric constant of the substrate oletéiby following relation

sr-i—l_l_sr—l[ h]Tl
whereh is the hight of substrate amdis the width of the patch. Using the above equations, the
resonant frequency is obtained to be 6.9 GHz. As soon as tieotional triangular shape is
replaced with the metamaterial inspired single triangstdit ring geometry (case 1), the band
shifts towards lower side near 2.6 GHz. Further adding aratplit ring inside the previous
one (case lll) displays dual band characteristics. Twonasbfrequencies are obtained, one
at 2.45 GHz and other at 5.45 GHz, achieving structure minidtion by nearly 2.5 times.
But still the antenna does not show a good amount of impedaatehing. For improving the
impedance matching, an open circuited stub is etched jlsivtibe triangular SRR as shown
in Fig 3.4 (case IV). Itimproves the impedance bandwidthgltér frequency band. Thus, we
observe dual band characteristics with quite good impeslaratching covering entire WLAN
band.

Further, the simulated surface current distributions do&qd at the sample frequencies
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of 2.45 and 5.45 GHz, respectively as shown in Fig.3.5. Fragn 8.5 (a), one can find that

Figure 3.5:Simulated surface current distributions at (a) 2.45 GHz(@h&.45 GHz

strong surface currents concentrate on the outer ring dfiliggular SRR. Therefore, we can
conclude that the 2.45 GHz WLAN band resonance occurs mdusyto the outer ring of the
triangular SRR while the open circuited stub is respondiiémpedance matching at this
band. For the 5.45 GHz operation [see Fig. 3.5(b)], it candem shat the current density is
maximum on both the rings of triangular SRR, hence, thatipaasible for resonance at 5.45
GHz. Thus, from the current distribution it can be conclutieat the proposed antenna can
provide dual band operation covering the 2.4/5.2/5.8 GHZANL

In the next section, different simulated performance pa&tans such as impedance, reflec-

tion coefficient, radiation pattern, and gain are calcdde the proposed antenna.

3.3 RESULTS AND DISCUSSION

3.3.1 Impedance Performance

For a practical antenna system, it is required to have a tigitecoefficient better than -10
dB for the desired band operations. This implies acceptatmeunt of radiated power from
an antenna. Fig. 3.6 shows the simulated reflection coeffiokthe proposed metamaterial
antenna. It shows operates in the desired frequency bandgmgafrom 2.40-2.48 GHz with

27 dB return loss at resonant frequency 2.45 GHz and 4.7®H2Z with 36 dB return loss
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at resonant frequency 5.45 GHz, which covers the entire WIb&Nd spectrum (2.4/5.2/5.8

_\

GHz).

Frequency: 2.45
S11: -26.89

Frequency: 5.442
S11:-35.77

2 3 4 5 6
Frequency [GHZ]

Figure 3.6:Simulated S-Parameters against frequency for the dual datetina

3.3.2 Radiation Performance

The 2D simulated radiation characteristics in terms ofdivéty of the proposed antenna for
E-plane and H-plane at the two resonant frequencies i.& @& 5.45 GHz, are shown in
Fig 3.7. The E-plane corresponds to azimuth angte 0°, 90° for all values of@ (Fig. 3.7
(a),(b),(e),(f)) and H-plane corresponds to the valuelefaion anglef= of 0°, 90° (Fig.
3.7 (¢),(d),(9),(h))). The radiation is symmetric and bedtional in the main plane, however,
seems to be radiating in all directions in orthogonal plarteus, the proposed antenna gives
nearly omnidirectional radiation pattern. Also, the rdidia seems to nearly stable across the
frequency band.

Fig. 3.8 shows the simulated peak gain and total efficiencthimoperating bands. Results
show that 62.53 % efficiency at 2.45 GHz and 93.25 % efficiency.46 GHz is achieved.
The gain observed is 3.129 dBi to 1.435 dBi for 2.4-2.48 GHzadband 2.319 dBi to 2.907
dBi for 4.7-6.04 GHz band. Thus, a good amount of gain and hagation efficiency have

been achieved at the two frequency bands of the metamatesjated antenna.

56



9=0°

9=90°

0=0°

0=90°

(a) Frequency=2.45 GHz
0

Main lobe magnitude=4.24 dB
Main lobe direction=270°

(b) Frequency=2.45 GHz

Main lobe magnitude=1.34 dB
Main lobe direction=185°

(c)Frequency=2.45 GHz

ECY

Main lobe magnitude=0.558 dB
Main lobe direction=0°

(d) Frequency=2.45 GHz
0

Main lobe magnitude=4.31 dB
Main lobe direction=185°

(e) Frequency=5.45 GHz
o

Main lobe magnitude=3.45 dB
Main lobe direction=195°

(f) Frequency=5.45 GHz

Main lobe magnitude=3.38 dB
Main lobe direction=175°

(g9) Frequency=5.45 GHz

Main lobe magnitude=2.267 dB
Main lobe direction=0°

(h) Frequency=5.45 GHz

180

Main lobe magnitude=0.839 dB
Main lobe direction=175°

Figure 3.7.The simulated radiation pattern at frequencies 2.45 GHZl§x)(c), (d) and 5.45 GHz (e),
®. (9). (h)

3.3.3 Performance Comparison

Various metamterial unit cells have been proposed in litkeesfor miniaturization of antenna.
Table 3.3 Gives a brief performance comparison of the pregpastenna with other previously
reported metamaterial based antennas along with theecéasp unit cell configuration. It can
be seen that, as compared to most of the well known configmsatuch as interdigital capac-
itor with CSRR, meander line, defected ground structure $R@esonant ring and modified
electric coupled resonator (M-ECL), the proposed unit pedivides smaller size of the sub-
strate along with dual band response.

Table 3.4 gives a performance comparison of proposed me&taalanspired antenna with
previously proposed dual band antennas covering WLAN baedteum in terms of various
antenna properties. From the table 3.3 and 3.4 we can canthad the proposed antenna
offers comparatively large amount of return loss and smadl along with wide impedance
bandwidth at the higher frequency band. However, gain cdnrieer improved at the higher
order band.

Finally, the proposed antenna is fabricated on @2 24mmx 1.6mmFR-4 substrate and
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Figure 3.8:Efficiency and gain plots of the metamaterial antenna

Table 3.3:Performance comparison of the proposed antenna with atperted antennas.

Reference Size Metamaterial Unit Cell Operating
(mmxmm) Bands (GHz)
[121] 40x 35 Interdigital capacitor 3.67-3.93
and CSRR
[123] 40x40 Meander line 5.1-6
[126] 23.6x26 Defected ground structure 5.75-5.84
[124] 50%x 30 Resonant ring 1.67-2.51
[125] 20x32.2 Interdigital capacitor 0.75, 2.16
[128] 45x40 Modified electric coupled| 1.30, 2.40-2.93
resonator
Proposed 20x24 Triangular split ring 2.4-2.48,4.7-6.04
resonator

measurements are performed. The measured results arestiddn the next section.

3.4 EXPERIMENTAL RESULTS AND DISCUSSION

Measurements of various parameters of the antenna suctuaslass, VSWR and impedance
bandwidth are done using Keysight N9914A vector networkyeres. Fig. 3.9 shows the fab-
ricated prototype of the proposed antenna. Fig. 3.10 shbersnapshots of the measured
reflection coefficient$;) and VSWR on the Keysight N9914A vector network analyzey. Fi
3.11 shows the measured and simulated return loss (dB)atbastics of the proposed an-
tenna simultaneously. Both the measured and simulatetigesatch fairly well. From Fig.

3.11 it is clear that the antenna shows the measured bardefid60 MHz (2.34-2.50 GHz)
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Table 3.4:.Comparative analysis of proposed antenna and previouslyoped antennas operating on

WLAN band
Reference | Overall Size (mn?) Operating bands(GHz) Return loss (dB) | Peak Gain(dBi) | Impedence bandwidth
[129] 20x35 2.45,5.5 25, 32 1.7,3.2 -
[130] 60x70 2.410 2.49 (2.45),5.5110 6.8 (5.94 28, 30 2.36, 6.08 90 MHz, 1.26 GHz
[131] 30%x33 2.56,5.2 30, 20 - 14 and 8.5%
[132] 60x45 2.31t0 2.53 (2.45),5.05t0 6.31 (5.3 18.3, 23.2 2.55, 3.65 230 MHz, 1.26 GHz
[133] 50x50 2.45,5.14 25.9,22.6 -3.5,6.6 135, 583 MHz
[134] 40x30 2.3910 2.5 (2.44), 5 t0 6.06 (5.5) 25,30 1.66, 4.8 -
[135] 20x40 2.37t02.41(2.4),5.752t05.88 (5.8) 16.1,12.1 04,16 40, 128 MHz
Proposed 20x24 2.4-2.48 (2.45), 4.7-6.04 (5.45) 27, 36 2.277,1.964 80 MHz, 1.34 GHz

at lower frequency band and 1.97 GHz (4.45-6.42 GHz) at ufsypguency band covering the

desired WLAN frequency spectrum.

Figure 3.9:Fabricated prototype of antenna.
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Figure 3.10Measurement of (a) Return loss (b) VSWR on Keysight N9914&omenetwork analyzer.
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Figure 3.11Measured and simulated Return loss.
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3.5 SUMMARY

A metamaterial inspired, CPW-fed antenna has been desigibeidated and tested. Dual
band characteristics have been observed at 2.45 GHz and3@4Soperating frequencies
with a gain of 1.9 dBi to 2.41 dBi and 2.2 dBi to 2.5 dBi respeely. The two bands are
originated from the metamaterial used in the antenna domgitsvo triangular split rings and
impedance matching is achieved using open circuited stelarlil omnidirectional radiation
patterns are observed at both frequencies. The experihrestdts have a good agreement
with the simulated results. Thus the proposed antenna sig#hd/5.2/5.8 GHz WLAN bands
which offers wide range of application in wireless commatign systems.

In this chapter after studying a metamaterial inspired, &@Bd\Vdual band microstrip an-

tenna for miniaturization, in coming chapter metamatdrésed filters are studied.

61



CHAPTER 4

METAMATERIAL BASED FILTERS

Contents of this chapter are published as:
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2. Priyanka Garg and Priyanka Jain, “Extraction of equivalent circuit paedens of metamaterial-
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4.1 COMPLIMENTARY SPLIT RING RESONATOR BACKED MICROSTRIP T RANS-
MISSION LINE USING EQUIVALENT CIRCUIT MODEL

Filters form an essential element in various RF , microwange@her communication system
for either accepting or rejecting a band of frequency. Btopl$ilters are used in various
applications for suppressing undesired frequency bandsods band stop filters have been
proposed using planar technology. Most of the band stopdilee realised by etching slots
on the structure. [136] presented a broad band-stop filiagyseriodic L-shaped stubs with
defected ground plane for X-band applications. These tiefge realised by etching slots in
the ground plane. [137] proposed a band stop filter with detemirostrip structure (DMS)
by etching M-shaped slots on the microstrip. Slot shape @reldetermine the stopband
characteristics of the filter.

Although, utilizing planar technology, at some point thesiga suffer from the draw-
back of large dimensions. Use of metamaterials in such daseproven to exhibit excep-
tional reduction in dimensions. Metamaterials are artifigiengineered structures that pro-
vide extraordinary characteristics such as negative pivity (€) and permeabilityf). Split
ring resonators (SRR) have been shown to exhibit negatirregability around resonant fre-
guency [138]. Complementary Split Ring Resonator (CSR&®)hé counter image of SRR
which shows negative permittivity for a particular band @quencies [139]. CSRR etched
on the ground plane at the back of a microstrip line is a wetivikm technique to realise fil-
ters. [140] presented a CSRR based high pass filter utili€islpaped coupling. An Open
Complementary Split Ring Resonator (OCSRR) with 80 % foal bandwidth at central
frequency 5 GHz is designed by [141]. A wideband bandpass flith CSRR loaded mi-
crostrip transmission line is presented by [142] utilizEgplution Strategy (ES) method for
parameter optimization..

In this chapter a compact sized bandstop filter utilizing @amentary Split Ring Res-
onator (CSRR) is proposed. The proposed filter is designsdppress 2.4 GHz frequency

band. The main objective is to demonstrate a methodologgdtaction of suitable equiva-
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Figure 4.1:(a)Top microstrip line (b) CSRR etched bottom ground plane.

lent circuit arrangement based on simulated results of e fie. transmission coefficient
and impedance curve, in order to study the electrical belawf the design. [143] presented
the extraction of equivalent circuit model, however using methodology presented in this
paper, we have found that the number of lumped elements @webte reduced further. A
stepwise simplified mathematical approach for parameteaetion of the equivalent circuit
is also presented. All the design and circuit simulatiomsprformed using Computer Sim-
ulation Tomography Microwave Studio [144] and Computer @ation Tomography Design

Studio [145]. Finally the design is fabricated and measured

4.1.1 Design and Circuit Simulation Approach

Fig.4.1 illustrates the geometry and dimensions of the gged bandstop filter with a 50-
microstrip line on top side and CSRR etched on the bottommgtqulane. It is designed
using FR-4 dielectric substrate with relative permitinat 4.3, and thickness = 1.6 mm. The
proposed BSF has a compact size of only 27 x28 mm. The dimensions of microstrip line
are chosen to deliver 5Q-characteristic impedance.

The design parameters of proposed bandstop filter are gseh=20mm, W=27mm,
w=3.1mm, py=5mm, §,=2.85mm, g=0.6mm, s=0.7mm and d=0.75mm. In an SRR, each

ring can be modelled as an inductor and the gap between the cem be modelled as ca-
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pacitor. CSRR, being the dual of SRR, shows complementéegtef/here the inductance is
substituted by capacitance of the disk and the gap capaeitansubstituted by inductance
between the slotted rings [146].

The circuit equivalent of the proposed BSF can be realizeasinyg the transmission coef-
ficient (1) and impedance characteristics, shown in Fig. 4.3(a) agpd4=8(b) respectively,
obtained after design simulation. Since, the impedanceecsinows inductive effect below
resonant frequency and capacitive effect above it, so i€lkided that the circuit must con-
tain a parallel resonant circuit. Furth&y, curve, as shown in Fig. 4.3(a), shows negative
insertion loss (IL), given by,

IL = 100910/ Spa(f)? (4.1)

Thus, the circuit equivalent of the simulated bandstoprfitea series connected parallel
resonant circuit. The proposed bandstop filter shows maxitransmission at 1.771 GHz
and minimum transmission at 2.401 GHz. This can be illustr#trough the power flow plot
shown in Fig. 4.2. Fig. 4.2 (a) shows that the filter allows po#low from port 1 to port 2
at 1.771 GHz whereas in case of 2.4 GHz, as shown in Fig. 4,2&3t of the power flow
is restricted around the resonator. Therefore, we can sayréguency band at the vicinity of
2.4 GHz is prohibited to pass through the filter.

Fig. 4.4 shows the equivalent circuit obtained on the bassgnaulated results.

Considerf; be the maximum transmission frequendy,be the minimum transmission
frequency ands be the frequency at which insertion loss is 3 dB such that f3 < fo. fais
obtained at the intersection of reflection and transmissoaificientS;; andSy1 respectively,
since,

S+ [Sa? =1 (4.2)

and at the intersection poir 1 = S$1. Thus,S;1=1/v/2 or 3 dB insertion loss.
The stepwise parameter extraction method, consideringitbeit to be lossless, is sum-

marized below:
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Figure 4.2:Power flow at (a)1.771 GHz (b)2.4 GHz.
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Figure 4.3:(a) Transmission coefficient obtained by design simulat{d) Impedance curve obtained
by design simulation
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Figure 4.4:Equivalent circuit of the proposed Bandstop filter.

1. Atthe resonance condition of the parallel LC circuit ig.Sy1 leads to zero. This gives

the equation fo€, in terms ofL; and frequencyfs.

2. At the resonance condition of the whole tank circuitfi.eS;1 leads to zero. This gives

the relation forL1 in terms ofL, and frequencie$,, fo.

3. Finally, at 3 dB insertion loss with frequendy, the third relation forL, in terms of

frequencyf,, fo andfsis obtained.

The S-parameter matrix of the series connected parallees@Gmator is given by,

Yo 2Y
[S:| | Yo+2Y  Yo+2Y

X Yo
Yo+2Y  Yo+2Y

whereYo=1/Zy, Z is the characteristics impedance of the line which i<béand Y is the
input admittance of the LC circuit. The mathematical apphd@r parameter extraction using

above steps is summarized below:

1. TakingS; = 0. Considering only parallel LC circuit{,C,)), the input admittance is

expressed as,
1— w?L,C
y_ Wi

. 4.
Twls (4.3)
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From the S-parameter matrix,

1-wL,C
oo 2 2[5 .
1 pu— p— =
Yo+2Y %}
Yo+2 [ japly
1—w?liC1=0
On solving above equation, we obtain,
1
Ci=——_
YT a2l
. EquatingS; to zero,
Yo Z

S 0

Yo+ 2Y Z+27Z

Considering the input impedance of overall tank circuit,

japly

=" <" tiwlL
1—0)22L1C1+Ja)2 2

Substituting value of Z from eqn. 4.8 to eqn 4.7, we obtain,

japly

— 4+ jwpl,=0
1—0)5L1C1+JCO22

On solving, we get,

L1+Ly—wfliloCi =0

substituting value o€; form eqn. 4.6,

wagzO

Li+lo——

o
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Solving forL;,
f2
L1 =Ly {f—lz — 1] (4.12)
2

3. Now, the condition for 3 dB insertion loss is given as,

X 22 1

1S21] =i Zi2Z " 2 (4.13)
27, 1

-7 (4.14)

. 2
jasL H 2
\/ [ o stLz] 473

Now, on substituting the value &k from egn (4.6) in above egn. and solving, we get,

27, (1—5) = w3 [L1+L2 <1—f—32)} (4.15)

2 5
Substituting the value df; from eqn. (4.12) in above eqgn. and solving, we obtain,

L, Doli2- 1)

="t 57 4.16
(2= 12) (4.16)

In the next section, the S-parameter response of the fiketliacussed and circuit param-

eters are obtained.

4.1.2 Results and Discussion

From the results obtained after simulating the BSF desiggetf; = 1.771 GHz,f, = 2.401
GHz, f3 = 2.217 GHz. Substituting all these values in Eqn. (4.614%.(4.16), we obtain

the values of circuit parameteks, C1, L, as 1.563 nH, 2.81 pF and -3.429 nH respectively.

Using the values of.1,Cy, Ly, the equivalent circuit of BSF is designed and simulated in

CST microwave studio and results are obtained. Fig. 4.5 shbe/simulated reflection and
transmission coefficient of the CSRR based BPF comparatitieat of its circuit equivalent.

Also, the Fig. 4.7(a) and Fig. 4.7(b) simultaneously shdvesitnpedance curve of simulated
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Figure 4.6:(a) Parametric analysis of (&), (b) d (c) g.

design and circuit. Little mismatch in the impedance may be td presence of losses in the
design. Both the results show that the circuit is a close@ppration of the proposed BSF.
Now, it is important to note that the value of inductahgas a negative quantity. It can be

explained as the presence of an equivalent capacitanc€;6E\ 7]).

XL =—jol (4.17)
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q 1.771000 ( 50.951688, 0.586884 ) Ohm Gi 1.771000 ( 50.000000, -0.029546 ) Ohm
Gﬁ 2.401000 ( 50.241913, 432.041930 ) Ohm G} 2.401000 ( 50.000000, 53674.288954 ) Ohm

(a) (b)

Figure 4.7:Impedance curve obtained by (a) design simulation, (buitisimulation

where negative sign indicates the negative nature of iratheet ,.

jo ()
Thus,
Cre o (4.19)
2= szz ’

Since, there are two resonance phenomenon observed in slgndene is the parallel
resonance occurring & and other is the weak series resonance occurring at longrdrey
f1. At fp, resonance is due to the parallel resonant circyiandC;. At lower frequency,
the parallel resonant circuit behaves as an inductorL.sayConnectingC, in series withL1
gives the weak series resonancdatFrom eqn. 4.19C, at frequencyf, is obtained as 2.35
pF. The simulated results after replacing the negativedtathcel , by the equivalent positive
capacitanc€; is shown in Fig. 4.8.

Further, a parametric analysis of most significant dimarsie presented in the next sec-

tion.
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Figure 4.8 Transmission coefficient obtained by design and circuiugation after replacing inductor
L, shown in Fig. 4.4 by capacit@y(solid lines show design simulated S-parameters and
dashed lines show circuit simulated S-parameters)

4.1.3 Parametric Analysis

Three dimensions are selected for parametric analysigxmabit major variation in the char-
acteristics of BSF. First one is the radius of the split ringig. 4.6(a) shows the variation in
rout keeping the dimensions s, d and g unchanged. It was obsdraeddr,, is increased
from 4 mm to 6 mm, the resonant frequency shifts towards |®icks.

Second dimension for parametric analysis is the distantvedes the two rings (d). Fig.
4.6(b) shows variation in d keeping other parameters urgdgnAs the parameter d is in-
creased from 0.25 mm to 1.25 mm, the frequency again shiftsmer values.

Finally, variation in the split gap (g) is performed. Fig6&) shows, as the split gap of
the rings is increased from 0.2 mm to 1.8 mm, the frequendysstawards higher values.
Thus, suitable dimensions of the CSRR can be selected tindbi desired resonant fre-

guency as per the required specification. Finally the fikdabricated on FR-4 substrate and

measurements are performed.
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4.1.4 Experimental Results and Discussion

Fig. 4.9 shows the fabricated bandstop filter showing mtamgansmission line on top and
CSRR etched on the bottom ground plane. Keysight N9914Aoveetwork analyzer is used
to carry out the measurements of various parameters of tnedded CSRR based bandstop
filter(BSF) such as reflection coefficient, transmissionfft@ent and 3-dB bandwidth. Fig.
4.10 shows the S-parameters as observed on the Keysigh#3&Ltor network analyzer.
Fig. 4.11 simultaneously shows the measured, design sietlidand circuit simulated values
of S-parameters of the proposed BSF. The measured resoliss sh 3-dB stopband from
2.113 GHz to 3.088 GHz giving a 3-dB bandwidth 0.975 GHz. Theuorence of ripples
in the measured results may be due cable losses. The meassutts match well with the

simulated results.

Figure 4.10:Snapshots of results on Keysight N9914A vector networkyaeal (a) Return loss (b)
Insertion loss
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Figure 4.11:Measured and simulated S-parameters of proposed BSF

4.1.5 Summary

A complementary split ring resonator based bandstop filsrideen designed and simulated.
A stop band at the vicinity of 2.4 GHz is obtained. Based onsiheulated results, the cir-
cuit arrangement is defined to be a series connected pamdi@hant circuit followed by a
series connected inductor. Simplified mathematical agprasdescribed in detail to obtain
the lumped circuit parameters. Only three lumped companarm@ used to define the circuit
model, thus reducing the circuit complexity. Further mgoarametric variation of the split
rings is analysed which displays frequency tuning capabdy varying the dimensions of
split rings. Finally, the filter is fabricated and measuregtow fair agreement with the sim-
ulated results. The proposed bandstop filter shows goodr Ipags band performance. The
high frequency pass band shows large reflections which maym®ved further.

Here, a complementary split ring resonator based bandstepi§ successfully analysed
and demonstrated. A detailed methodology for equivalemuiti extraction is also given
which is further validated in the next section by utilizingao extract the equivalent circuit

of another bandstop filter presented in literature.
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4.2 EXTRACTION OF EQUIVALENT CIRCUIT PARAMETERS OF METAMAT  E-
RIAL BASED BANDSTOP FILTER

This section of the chapter presents the design and analyaismetamaterial inspired Band-
stop Filter (BSF) providing suppression of frequency at 3GHhe overall size of proposed
BSF is 20nmx 20mmx 1.6mm Further,the extraction of lumped parameters of the design
BSF using simulated results is presented and validatiohefrésults using equivalent cir-
cuit simulation is also presented. The analysis is perfdromng transmission coefficient,
reflection coefficient and impedance curve.

The objective of present work is the parameter extractiothefcircuit of an Open Slot
Split Ring Resonator (OSSRR). OSSRR was designed by Kasthiket al. in [148] and it
was observed that OSSRR offers lower resonant frequencpa@u to the CSRR of similar
dimensions. The work proposed in this section provides &neion by utilizing OSSRR to
operate at 3 GHz, further study of electrical behaviour ofSBR by extraction of equiva-
lent circuit model. The simulated transmission coefficiand impedance curve are used to
determine the lumped equivalent circuit and a mathematncalel is described in detail for
the extraction of circuit parameters (as discussed in teeigus section). The design is fur-
ther validated using circuit simulation results. The eglewt circuit extraction is important
to study the electrical behavior of the planar design in otdeprovide ease of integration
with any external electrical circuit. All the design andctiit simulations are carried out us-
ing Computer simulation Technology (CST) Microwave stu@ws) [144] and CST design

studio [149] respectively.

4.2.1 Design and circuit simulation

The proposed bandstop filter is designed using a 1.6mm tHitk Bubstrate (r=4.4) with
dimensions 268 20mn?. The substrate consists of a 8Dmicrostrip line on the top and an
Open Slot Split Ring Resonator (OSSRR) on the bottom. Figj2 4hows the design of the

proposed band stop filter along with the port assignments.
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Figure 4.12Design of proposed bandstop filter (light grey color showsrb@rostrip line on top and
dark grey color shows OSSRR on bottom of substrate).
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Figure 4.13:Simulated transmission coefficient and impedance curvéeptoposed bandstop filter
design.

The bandstop filter is designed and simulated in CST micreveaudio and results are
obtained. Fig. 4.13(a) shows the simulated transmissiefficeent. The Fig. 4.13(a) shows
that bandstop filter shows resonance at 3.024GHz, thusrperfg complete suppression of
frequency at 3.024GHz. From the impedance curve, showngn#4il3(b), it was observed
that the BSF shows inductive effect below the resonant grqy and capacitive effect above
it. Thus, the equivalent circuit must contain a parallebremt circuit. Since, the insertion
loss is negative, shown in Fig. 4.13(a), we conclude thaktpievalent circuit of proposed
BSF is a series connected parallel resonator.

The resultant series connect parallel resonant circuahgement, assuming no losses, is
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shown in Fig. 4.14. The values of L (inductor) and C (capagiobtained using following

L

Input —— C Output

%

O O

Figure 4.14:Equivalent circuit of the proposed Bandstop filter.

procedure:

1. Atthe resonant frequency, s&y |S1|=0.

2. Atthe intersection ofSy1| and|S1|, say at f1,S1|=1/1/2 (Since,|S11|%+|S1/?=1).
For a series connected parallel resonator, S-parametexnsagiven as,

Yo 2Y
[S:| I Yot+2Y  Yo+2Y

XY Yo
Yo+2Y  Yo+2Y

Using condition 1]S4|=0,

2= Y02+Y2Y - zizgzo =0 (4.20)
From the circuit shown in Fig. 4.14, we obtain,
Z= % (4.21)
Putting in eq. 4.20, we get,
C= céL - 4n21f22L (4-22)

Now, using condition 2,S1|=1/1/2,
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27y 1

= — 4.23
(1-wfLC)?
On solving above equation using eq. 4.22, we obtain,
Z [, f2
L=—5|1-—= 4.24
-3 @29

The equivalent circuit parameters are obtained in the resttan.

4.2.2 Results and Discussion

After the design simulations performed on CST Microwaved&iuit was obtained that the
intersection oflS;1| and |Sy1| occurs at frequency;=2.88 GHz and resonance Bt =3.024
GHz is observed. Using eq. 4.22 and 4.24, we obtain the vdluendC as 0.5 nH and 5.549
pF respectively. The equivalent circuit is designed andukated in CST design studio. The
transmission and reflection coefficient obtained aftergieand circuit simulations are shown
in Fig. 4.15 and 4.16 respectively. Design and circuit sated impedance curves are also
shown in Fig. 4.17 simultaneously. Fig. 4.15 and 4.16 shawiar results. Little deviation in
the impedance may be due to substrate losses. Thus, we deribhat the equivalent circuit is

a close approximation of the proposed Open Slot Split RirgpRator (OSSRR) based BSF.

4.2.3 Summary

Open Slot Split Ring Resonator (OSSRR) based bandstop ligteibeen designed and an-
alyzed using equivalent circuit model. The BSF was desigonemperate at 3.024 GHz. A
methodology based on the simulated design transmissidficteret and impedance curve to
select an appropriate circuit model for the BSF was alsordest. It was found that the

proposed BSF could be represented as series connecteltlpasdnator. The LC lumped
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parameters were obtained using suitable mathematical ImBdeher, the circuit equivalent
was simulated and results obtained were comparable torthdagied design results. Thus, the
obtained circuit could closely approximate the design.

Further, the next section presents a comparative studyrimfugatransmission line based
bandstop filters present in literature having defected mpi@iructure. The equivalent circuit

approach is also validated in the coming section.
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4.3 COMPARATIVE ANALYSIS OF TRANSMISSION LINE BASED BANDST OP
FILTERS USING DIFFERENT METAMATERIAL UNIT CELLS OPERATING
AT 3 GHzZ

The present work is a comparison based study of microsaistnission line based bandstop
filters taking different complementary resonators on tleugd plane. Six metamaterial res-
onators unit cells have been investigated from the liteeatlihe dimensions are optimized to
operate at 3 GHz and then their comparative analysis is meeit based on various properties
of filters such as insertion loss, 3 dB bandwidth, qualityda€Q), shape factor, overall size,
unit cell size and group delay. There are a number of metarabbased resonators available
in literature, so the objective of this section of the chajst¢o provide a comparative analysis
so that the user can point out the best configuration requitale designing the bandstop
filter that suits the desired specification and also helpguelbping the future ideas by taking
into account the advantages of the available structurdg¢h@ldesigning and simulations are
performed on Computer Simulation Technology Microwavel@t(CST-MW) In this section,
firstly the design of basic microstrip line and different avaaterial unit cells is discussed fol-
lowed by the design of filter using the microstrip line andteeils along with their equivalent

circuits. Finally, a comparative analysis is presente@tas the significant filter parameters.

4.3.1 Design and simulation approach
Basic microstrip transmission line design

A 50-Q microstrip transmission line is designed on the top of ardFRibstrate with thickness
(h) = 1.6 mm, dielectric constant) = 4.4 and loss tangent (ta) = 0.025 with bottom
ground plane. Width\W4) of the line is calculated by takingg=50 Q and physical lengthL{)

is subjected upon proper impedance matching. Fig. 4.18 shiogvschematic of designed

transmission line.

81



y
A 4

Figure 4.18:(a) Side view of the transmission line (b) Top view of transsion line

Metamaterial unit cells

Fig. 4.19 shows the configuration of metamaterial unit ciiég have been investigated to
exhibit filtering characteristics. Each of the unit celloimized to resonate at 3 GHz and
provide negative effective permittivity or permeability looth in the vicinity of its resonant
frequency. Fig 4.19(a) and Fig 4.19(b) shows two types offdementary electric inductive-
capacitive (CELC) resonator, both of them are charactetigesingle-negative magnetic mo-
ment. CELC in Fig 4.19(a) is denoted as CELC-I [150] and th&tig. 4.19(b) as CELC-
[1 [151]. Fig. 4.19(c) shows an open slot split rig resond@BSRR) [152] which is formed by
two connected concentric square slots having openings atime side, it tend to exhibit elec-
tric resonance. Fig. 4.19 (d) depicts a Complementary $pinhgle Resonator (CSTR) [153]
which exhibit simultaneous negative permittivity and peahility, thus showing both elec-
tric and magnetic resonances. Fig 4.19 (e) and Fig. 4.1%@Ws the well known and most
utilised single split ring resonator (SSRR) [154] and dewplit ring resonator (DSRR) [155]

respectively. Both of them exhibit negative permittivigar resonance.

4.3.2 Design and simulation of metamaterial based filters

Metamaterial resonators are etched on the ground planengath the 5 transmission line

in order to exhibit filtering characteristics. The lengthtrainsmission line, as stated earlier, is
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Figure 4.19(a) CELC-I (b)CELC-II (c)OSSRR (d)CSTR (€)SSRR ()DSRR

optimized to provide proper impedance matching and so teeathstructure dimensions.

CELC-I based bandstop filter

Fig. 4.20(a) shows the schematic of the CELC-I based bapdiier. Fig. 4.20(b-e) shows the
simulated impedance curve, reflection coefficieh), transmission coefficien&;), phase
in degrees and group delay. Results shows that the filteatgseat the resonant frequency
3 GHz. Along with 3 GHz, one more weak transmission zero caoldserved at 5.67 GHz
which can be optimised further according to desired spetifins. Impedance curve shows
that the schematic is capacitive below the resonant fre;yuand inductive above it so we
can say that the equivalent circuit of the designed filtertbase a shunt connected series
resonator as shown in Fig 4.21. Phase response shows thaldz Hhase changes from
positive to negative exhibiting negative phase delay, Wiscthe property of metamaterial.
Results (Fig. 4.20(d)) also show a group time delay of -O28848Now, the values of lumped

circuit parameters i.d.; andC; can be obtained by employing following procedure:

1. Atthe resonant frequency, s&y, |S1|=0.
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Figure 4.20:.CELC-I based bandstop filter
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Figure 4.21:Equivalent circuit of the CELC-I bandstop filter.

2. Atthe intersection ofS;1| and|S1|, say atfy, |S1|=1/4/2.
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The S-parameter matrix of the shunt connected series resasgiven by,

Y7 2
gl = o 2Y%
[ } 2 Y

Y% 2%

with Y being the admittance of series resonance circuitZwb0Q. On using the condition

1, as stated above,

2
S| = ’2+YZO’ =0 (4.25)
where Y is given by eqn. 4.26
y=— (4.26)
J(,{)Ll‘f‘ JCy

Now, putting the value of Y from eqgn. 4.26 in eqn. 4.25 for fregcyf;, we obtain,

1

4= —
LT artg

(4.27)

and on using condition 2, we obtain following equation®@rin terms off; and fa:

1 f\ 2
C,= —— [1— <f—1) ] (4.28)

From the S-parameter results shown in Fig. 4.20(c), it iméothat f1=3 GHz andf,=2.37

GHz. Therefore, using eqn. (4.27) and (4.28) we obthir2.79 nH andC;=1.01 pF. The
equivalent circuit is designed and simulated in CST Desigdis. Fig. 4.22 shows the simu-
lated S-parameters of the extracted circuit model whicltisse approximation to the design.
Fig. 4.23 demonstrates the power flow in the BSF at 3 GHz and 4. GHly. 4.23 (a)
shows that at 3 GHz, most of the power flow is prohibited todftdkxom port 1 to 2, thus
enabling stop band at 3 GHz, whereas at 4 GHz the power flolowed between the ports,

as shown in Fig 4.23 (b), enabling passband at 4 GHz.
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Figure 4.23:Power flow at (a)3 GHz (b)4 GHz

CELC-Il based bandstop filter

Fig. 4.24 (a-e) depicts the schematic and simulated restiltse CELC-II resonator based
bandstop filter. Reflection and transmission coefficienvesyr shown in Fig. 4.24(c) proves
that it exhibit a transmission zero at 3 GHz, however, therfifiso provides a stop band at
higher frequenciesX5.5 GHz), which is not desirable in present case. It alsoiges/two
reflection zeros at 3.53 GHz and 4.53 GHz showing excellesghmnd characteristics. The
impedance curve shows the similar behaviour as in the cabe@#ELC-1 so its equivalent

circuit will also be a shunt connected series resonator amdbe extracted in the similar
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fashion as explained in the previous section. Further, &s&yd is exhibiting a negative phase

delay and a group delay time of -1.156 ns.
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Figure 4.24.CELC-II based bandstop filter

OSSRR based bandstop filter

Fig. 4.25 (a-e) depicts the schematic and simulated restiltise OSSRR based bandstop

filter showing only one transmission zero at 3 GHz. Howeuehas a narrow bandwidth
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of 0.272 GHz comparative to other configurations (discusat). The equivalent circuit

of OSSRR based BSF consist of series connected parallelatsp since, the impedance

curve (Fig. 4.25(b)) shows inductive nature below and ciéipamature above the resonant

frequency. However, there is a reflection zero existing atlover frequency 2.12 GHz, in

order to incorporate it, a capacitor is added in series wi¢hltC tank circuit, as depicted in

Fig. 4.26. Fig. 4.25(d) and (e) also shows negative phasg @eld group delay time of -9.97

ns. The values of lumped circuit parameters as shown in F&§ dre obtained by following

ns
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Figure 4.25:0SSRR based bandstop filter
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Figure 4.26:Equivalent circuit of OSSRR based bandstop filter.

the same procedure as mentioned in previous section. Tlatieqdor obtainind-; andC; is

given as follows:

1
- AmPfAL,

D f2)?
S, [1‘(?1) ]

C

(4.29)

(4.30)

At lower frequencies, this circuit LC parallel circuit wbkehave like an inductor whose equiv-

alent value at 2.12 GHz (lower reflection zero) is -1.23 nHthgovalue of capacitor added in

series with -1.23 i.eC; is given by 4.57 pF. Fig. 4.27 shows the simulated S-parasefe

the extracted equivalent circuit model of SSRR based bapditer.
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Figure 4.27:0SSRR BSF circuit simulation
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SSRR based bandstop filter

Fig. 4.28 (a) shows the schematic of the designed bandsteptaving compact overall di-
mensions (22 20mn¥) as compared to aforementioned filters. This is one of the mtdised

configurations. The equivalent circuit of this configuratiwould be a series connected paral-
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Figure 4.28:SSRR based filter

lel resonator, as depicted from impedance curve shown in&&8(b). The S-parameters, in
Fig. 4.28(c), shows a transmission zero at 3 GHz with wide ddBdwidth and a reflection
zero at 2.31 GHz providing excellent lower pass band charatts. Because of the reflec-

tion zero, a weak series resonance is also observed at 2.2IvBidh is excited in the circuit

90



by adding an inductor in series with the LC tank circuit. Ficiecuit obtained is shown in Fig.
4.29 and the equivalent lumped parameters calculated@ngato the procedure mentioned
above are given by,,=1.42 nH,C;=1.98 pF, and.,=-3.49 nH.

Ly

— 0000 — L,

Input — G100 Output
| |
N

O O

Figure 4.29:Equivalent circuit of the SSRR based bandstop filter.

Fig. 4.30 shows the simulated S-parameters of the extragenalent circuit model of

SSRR based bandstop filter.
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Figure 4.30:SSRR BSF circuit simulation

DSRR based bandstop filter

Fig. 4.31 (a) shows the schematic of the designed bandstep fihe simulated results shown
in Fig. 4.31 (a-e) are similar to that of a SSRR. Double slig§g$ are introduced in order
to improve the capacitive and inductive coupling. A douldtging resonator is similar

to a single spit ring resonator if the mutual coupling is we#kthe gap between the rings
is small or in other words, if the dimensions of two rings allea@st same, the double SRR
resonates at the frequency close to single SRR but with higireent density resulting into

larger magnetic moment [156].
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Figure 4.31.DSRR based bandstop filter

The equivalent circuit of DSRR based bandstop filter is alsdlar to SSRR based band-
stop filter, however, the extracted lumped parameters aen@sl 1=1.608 nH,C;=1.75 pF,

andL,=-4.28 nH. Fig. 4.32 shows the simulated S-parameters o&xtracted equivalent

circuit model.

CSTR based bandstop filter

Geometrical configuration of CSTR based bandstop filter sdiinulated results are illus-

trated in Fig. 4.33. The S-parameter response (Fig. 4.88ows that the filter is resonating
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Figure 4.32DSRR BSF circuit simulation

at 3 GHz along with two reflection zeros, one above the stod baf.43 GHz and one below
it at 2.49 GHz, providing excellent out of band performank@wever, at high frequencies,
filter performance is distorted and the overall optimizeshelsion of the filter is also large
(38x20mn¥). Impedance curve shown in Fig. 4.33(b) depicts that thévatgnt circuit of

the BSF is a shunt connected series resonator which can tetext in the similar way as
described above. Phase response in this case is also aveegéitie along with a group delay

time of -0.088 ns.

4.3.3 Comparative Analysis

A brief comparative analysis of all the bandstop filters desed above is given in the Table

4.1. The comparison is done based on different filter perémee parameters such as:

e Insertion loss (dB): It is measured as the ratio of signal groglelivered to the output

terminal versus the signal power at input terminal.

e 3-dB bandwidth (GHz): It is the band of frequencies betwdentialf power points,

measured at the cross section of reflection coefficggtand transmission coefficiel®).

e Quality factor (Q): It is the ratio of energy stored in restmmao the energy supplied

to it per cycle to keep signal amplitude constant at resofragiency ;). It can be
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Figure 4.33:.CSTR based bandstop filter
obtained using following mathematical definition.

fr

~ Bandwidth (4.31)

Q

e Shape factor: Itis a term used to quantify the steepness lb¢iesfrolloff. Shape factor
is the ratio of bandwidth measured using two different atédion values. In our case

we have calculated shape factor for 14/3 dB attenuation.

e Group Delay (ns): It can be defined as negative of change isephdth respect to
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change in frequency. Group delas) can be mathematically defined as follows:

T(w)=——"-—> (4.32)

Negative group delay implies phase lead of the signal wipeet to frequency.

Table 4.1:Performance comparison table

Unitcell | Insertion | 3-dB Bandwidth Q-factor Shape factor Overall Unit cell Group
loss (dB) (GHz) (fr/Bandwidth) (14/3dB) size nt) size n?) | delay (ns)
CELC-I -15.06 1.62 1.85 0.125 26x14 7x12.3 -0.548
CELC-II -14.24 1.45 2.06 0.045 30x28 14x21.5 -1.156
OSSRR -20.24 0.272 11.02 0.238 26x14 8.75¢<3.83 -9.97
CSTR -17.75 0.55 5.45 0.467 38x20 15.75¢15.75 -0.088
SSRR -28.045 1.09 2.75 0.128 22x208.4<8.4 -10.08
DSRR -29.56 1.68 1.78 0.086 22x208.4<8.4 -14.322

4.3.4 Summary

Different metamaterial unit cells have been investigated aptimised to operate at 3 GHz
frequency. Their performance as a bandstop filter is stuljedtching out a metamaterial
unit cell from the ground plane of the substrate havingtb@ansmission line on the top.
Extraction of equivalent circuits was also performed amdbis found that the method provided
close approximate equivalent circuit models of the BSFsalyi a comparative analysis is
presented in terms of various performance parameters diftéresuch as insertion loss, 3 dB
bandwidth, quality factor (Q), shape factor, overall sizeit cell size and group delay. The
comparative study is advantageous for the user in ordetdotdbe best suitable configuration
for a desired application.

In the previous sections, the filters do not offer signifidaeridwidth, also, the dispersion
characteristics have not been studied. In the next sediowyel complementary U shaped

resonator based bandstop filter is proposed for widebantpe.
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4.4 BANDPASS FILTER USING DUAL COMPOSITE RIGHT/LEFT HANDED (D-
CRLH) TRANSMISSION LINE SHOWING BANDWIDTH ENHANCEMENT

A compact, low-profile, Band Pass Filter (BPF) based on le@d®ual Composite Right/Left
Handed (D-CRLH) Transmission Line (TL) is presented in tapter. A balanced D-CRLH
TL can be used to provide wideband filter characteristicstdu® frequency separation be-
tween the RH and LH frequency bands. The proposed D-CRLH Tdeggned using U-
shaped complementary split ring resonator (UCSRR). Theetkdn of equivalent circuit
model of proposed UCSRR unit cell is also performed. Furtther bandwidth of the pro-
posed filter is enhanced by using the concept of electric aaghetic coupling between the
slot lines. The proposed via less BPF has a compact size »135nn? designed on an
FR-4 substrate with dielectric constam)E4.3. The design analysis of proposed bandpass
filter is presented in terms of reflection coefficient, trarssion coefficient, impedance curve,
propagation constant and group delay.

Bandpass filters play an important role in various types diorérequency (RF) and mi-
crowave systems in order to accept a particular band of &ecjas. With recent advancement
in wireless communication technology, requirement of higgfficient, miniaturised and low
cost bandpass filter is also increasing. Several approdawesbeen investigated till date to
design high performance filters. Amongst them microstrght®logy offers the advantage of
compact dimensions, easy integration with circuit elemastwell as self tuning capabilities.

Most of the filters are realised by etching slots either ongtwind plane or on the mi-
crostrip line termed as Defected ground structure (DGS)fécted microstrip line (DML)
respectively. In [157], CSRRs were etched on the micro$itigoto achieve low pass charac-
teristics. Bonache et. al designed bandpass filter by ejdDBRR on the ground plane and
interdigital capacitor on the microstip line to operate oib&hd [158]. To provide further
cost reduction and miniaturization, multifunctional tbteafilters are of great interest these
days. A SRR based tunable bandpass filter is presented ihrfd&i&ed using varactor diode

loaded coplanar waveguide line (CPW). [14] also presemtaliie band pass filter based on
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capacitive loaded lines.

Caloz and Itoret. al.[40] introduced the concept of metamaterial transmissioasl (TL)
in 2002. These TL metamaterials typically exhibit a LH bahlbaer frequencies and a right-
handed (RH) band at higher frequencies and are termed as @atmRight/Left Handed
Transmission lines (CRLH TL). Mirroring to conventional CR behaviour, a novel meta-
material with LC parallel-tank impedance and LC seriestammittance, termed Dual-CRLH
TL (D-CRLH) was proposed in 2006 [160]. Posaddsal.[161] proved that the new struc-
ture results in larger bandwidth and lower losses comparedrventional CRLH TL. While,
an unbalanced D-CRLH TL can be used to design dual band fikghshigh rejection be-
tween the pass bands [162], a balanced D-CRLH TL can be us#sbign a filter with wide
transmission bandwidth and low losses [163]. In the case®CGRLH TL, the right handed
passband (at lower frequency) is followed by the left hangessband (at higher frequency)
without any frequency separation between them.

To the authors knowledge, few state of the art has been blatlzat utilize D-CRLH TL as
a balanced TL to design bandpass filters. In [163] Belenguel. have designed a balanced
dual-CRLH TL just by modifying the well known Split ring resator (SRR) to show wider
transmission bandwidth. In [164], Carmb. al. have extended the same work by enhancing
the design to provide reconfigurable bandwidth and propagaharacteristics. The present
work deals with improving the design complexity as well as plassband bandwidth within a
compact structure.

In this chapter a compact sized balanced D-CRLH TL based haid@ bandpass filter
utilizing U-shaped Complementary Split Ring Resonator 8RR) is proposed. The chap-
ter starts with extraction of the material parameters andvatent circuit parameters of the
proposed USRR, followed by designing and analysis of D-CRIlHbandpass filter. The
proposed design is a yia less, D-CRLH TL based wideband lzemsdfiter designed to pro-
vide a 3 dB passband from 2.44 GHz to 5.58 GHz which furthemésgased from 1.43 GHz

to 5.56 GHz on cutting a slot between the two U-shaped resmh&details are discussed in

97



later sections). This chapter demonstrates the bandwidthreement techniques using the
concept of electric and magnetic coupling between sloslirdl the design simulations are

performed using Computer Simulation Tomography (CST) Miave Studio.

4.4.1 Design and Simulation Approach
Extraction of material parameters of UCSRR

The design of proposed bandpass filter is based on U-shapeplementary split ring res-
onator (UCSRR) which exhibits negative refractive indeamiés resonant frequency. This
type of structure provides 18@otational symmetry, thus avoiding cross polarization also
resulting in smaller electrical size as compared to conwaat CSRR [165]. The extraction
of material parameters is performed using time domain s@i€ST Microwave studio. The
initial dimensions of the UCSRR are taken to be accordingéstib-wavelength rule of meta-
material i.e. less thah /4. As the centre frequency is nearly 4 GHz for the intendeditzan
the major dimension of the UCSRR is chosen to be 11.5 mm whkioptimized further. The
UCSRR is designed on a FR-4 substrate with relative pekntytts 4.3, and thickness = 1.6
mm, followed by assigning appropriate boundaries. Thecsire is designed along XY plane
where electric boundary is assigned to x-axis, magnetiathary to y-axis and z-axis is used
to assign ports (direction of propagation). Fig. 4.34 iilates the geometry and port assign-
ment of UCSRR unit cell. Now, effective medium parameteesaxtracted from the scattering
parameters using the modified NicolsonRossWeir (NRW)imratpresented in [166]. Taking

two arbitrary variables given by following equations:

Vi=51+S11 (4.33)

Vo=91—-S11 (4.34)
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Figure 4.34:Geometry of UCSRR unit cell showing boundary assignment

Complex normalised wave impedance(z) can be obtained lowinlg equations:

_ 1+Sll %1 4.35
z= \/ 5%1 (4.35)

Now, permeability,), permittivity(s;)and refractive index(n) are obtained simply by:

2 1-V;
M = KTV, (4.36)

2 1-V
£=n/z (4.38)
U=nz (4.39)

where k is the free space propagation constant dmslthe unit cell dimension. Fig 4.35 and
Fig. 4.36 respectively shows the real and imaginary patt@fixtracted material parameters.
It can be observed that the proposed U-CSRR exhibits negegsl effective permittivity
and permeability in the common frequency range 4.3 GHz td®#42, and positive value of
imaginary permittivity and permeability for the same rangkis results in negative refractive

index which means that the proposed unit cell behaves aslzalefled material (LHM) in the
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Figure 4.35Real part of extracted material parameters.
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Figure 4.361maginary part of the extracted material parameters.

frequency range 4.3 GHz t0 5.2 GHz. Now, in the next sectlomdesign of a bandpass filter

using the above proposed UCSRR unit cell is presented

Design of D-CRLH TL Bandpass filter

Proposed D-CRLH TL based wideband bandpass filter is degignen FR-4 dielectric sub-
strate having compact dimensionsx1Bx 1.6 mn?. In [56], Falconeet. al presented that
a microstrip transmission line incorporated by CSRR on tieaiigd plane shows bandstop
characteristics, further, on loading the microstrip lindhwcapacitive gaps, the bandstop be-

haviour switches to bandpass one. Thus, the proposedseuat BPF consists of a 50-
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microstrip line with capacitive gap on top side and U-sha@&RR etched on the bottom

ground plane. The dimensions of microstrip line are choseteliver 50Q characteristic

impedance. Fig.4.37 illustrates the geometry and dimessid the proposed bandpass fil-

ter. The slot, shown in Fig. 4.37(c) is introduced betweenttto U-shaped slots to improve

the impedance bandwidth of the filter (discussed in SectignTable 4.2 gives the design

parameters of proposed bandpass filter shown in Fig. 4.37.

¥
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Figure 4.371{a)Top capacitively loaded microstrip line (b) UCSRR etthettom ground plane with-
out slot (c) with vertical slot.

Table 4.2:Design parameters of the proposed BPF

Parameters | Unit (mm) | Parameters | Unit (mm)
L 15 w 15
lp1 3 Wp1 0.3
Ip2 14 Wp2 0.8
lg1 6.5 Wg1 105
g 0.5 d 0.5

In the next section, the S-parameter response of the prdgittee along with the equiv-

alent circuit analysis is illustrated. Further, a bandWidhhancement approach is presented

followed by dispersion characteristics which displaysdhal-CRLH behaviour of the filter.

Finally, the design synthesis equations are given based@myetric analysis.

4.4.2 Results and Discussion

Fig. 4.38 shows the S-parameters of the proposed BPF. lida®wa 3 dB passband from

2.44 GHz to 5.58 GHz with a resonant frequency at 4 GHz. Alao, transmission zeros
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can be observed, one in the lower stopband and other in ther spgpband region, therefore,

increasing the selectivity of filter and providing good adtband rejection level.
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Figure 4.38:S-parameters of the proposed BPF without slot

Extraction of equivalent circuit of proposed filter

The equivalent circuit extraction is important to study #tectrical behaviour of the planar
design in order to provide ease of integration with any ewbkelectrical circuit. In a split ring
resonator (SRR), each ring can be modelled as an inductaharghp between the rings can
be modelled as capacitor. CSRR, being the dual of SRR, shomplementary effect where
the inductance is substituted by capacitance of the diskl@dap capacitance is substituted
by inductance between the slotted rings [165]. The propdsseiijn consists of U-shaped slots
that can be modelled as an equivalent capacigr Whereas the copper between slots where
the current flows can be represented as induttdr The capacitively loaded transmission line
on the top of the substrate can be modelled as a series camhinban inductorl(,) followed

by a gap capacitoQg) and an inductorl( ). The equivalent circuit model of proposed filter is
shown in Fig. 4.39.

Here, the UCSRR equivaleht andC; are divided into two LC tank circuits joined by
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Figure 4.39:Equivalent circuit of the proposed UCSRR filter.

a weak inductance between the upper and lower halves of thetwste (L). The parasitic
capacitance€;y andCcq are due to the coupling of line with the ground and capaciiap
with the middle portion of the bottom structure respectivel'he parameters are obtained
using the procedure described in [163]. The approximateession for the capacitance

is give by:

Cc = (aavg—1/2)Cpul (4.40)

whereagq is the average length of the U-shaped structure by consgléras a rectangular
ring, t is the gap between the edges of the U-shaped structur&€gnds the distributed

capacitance per unit length and is obtained as:

NG

Cpul = V==
pul coZo

(4.41)

where g and ¢y are the effective permittivity of the medium and velocity lgfht in free
space andj is the characteristic impedance of the CPW limgandZy are obtained using

the equations give in [167]. Now, the approximate expresfo the inductancel() is give
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by [167]:

Le= %baTvg {In (b%g) —2] (4.42)
wherebayg is the length of the line between the U-shaped slots whoskrtbss is represented
asgin the Fig. 4.37. The circuit is designed in Advanced Desigst&n (ADS). The parame-
ters are optimised to match the simulation results as showigi4.38. . The optimised value
of parameters are:;=2.195 nHCy=0.625 pFC;3=0.33 pFCcg=1.124 pFL=1.1 nH,L.=1.88
nH, C.=1.39 pF.

The out-of-band rejection level of the filter can be furthaproved by using a periodic
arrangement of the single element. Fig. 4.40 indicates{p@ 8meter response obtained after

using two and three elements of the filter, showing improugelod-band rejection level as the

number of elements are increased.
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Figure 4.40:Simulated S-parameters obtained after periodic arrangeafi¢he filter

Bandwidth enhancement

Now, the separatiofg’ between the two U-shaped slots is varied in order to obsdmwe t

coupling behaviour between the two adjacent slots. It wasended that on reducing the
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separation distancg’ between the two lateral slots, the passband bandwidth gfrtsieosed
filter is increased i.e. the lower cut-off frequency shiftermtowards the lower side and the
higher cut-off frequency shifts more towards the higheesas illustrated in Fig. 4.41. Also,
one can say that the separation between the two transm&sioa on the lower and upper
stop bands increases with decrease in the distance betiweénd lateral slots which is due

to increase in the inductance between them.

S-Parameters (dB)
)
o

Frequency [GHz]

Figure 4.41:Parametric analysis of the separation between the two Peshslots i.e. g

Furthermore, when a vertical slot is introduced betweeriodateral slots, the direction
of propagation of current changes, as depicted in Fig. 4sp2cifically at 1.5 GHz (Fig.
4.42(c,d)). Initially (Fig. 4.42(c)), the current enteretport 1 and is equally distributed on
the upper and lower half of the left U-shaped slot and is nlotad to propagate further.
Whereas, after the introduction of a vertical slot (Fig. 4d}), the current changes its path
and concentrates on the lower half of the structure. Thes&s® in concentration of current
between the two lateral slots indicate an increase in @ffertductance due to which the lower
cutoff frequency shifts towards lower frequency side, timeseasing the passband bandwidth
of the filter. Fig. 4.43 shows the simulated S-parameterkefitter after cutting the slot. The

effective length I(¢ ) of the path followed by the current at 1.5 GHz (Fig. 4.42@hh be
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Figure 4.42:Surface current density plot at the bottom surface of pregditer with slot and without
slot respectively at 3.75 GHz ((a), (b)) and at 1.5 GHz (@)) (

calculated as,
Left=lg1/2+ 3wgt + lg1 +wg1/4 = 43.87mm (4.43)
Now, the frequency can be calculated as,

f ~ 1.58GHz (4.44)

c
 2leff/E&

The theoretically obtained value is close to the simulatdde: Thus, the concept is validated.
So, now the effect of increase in effective inductance cao la¢ incorporated in the equiv-
alent circuit model to demonstrate bandwidth enhancenasrghown in Fig. 4.44. The value
of inductancd.. obtained after tuning is 5.066 nH. So we conclude that thelwatth of the
proposed wideband filter can be increased further just bypeding the two U-shaped slots
with a vertical slot. Using this technique, the 10 dB passhainthe filter now includes the
2.4 GHz WLAN band also which was earlier confined to 3.5 GHz Wiband and 5.2 GHz

WLAN band. Therefore, this results in the miniaturizatidrtee structure by two times with
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Figure 4.44:S-parameters of the proposed BPF with slot

respect to the lowest 10 dB cutoff frequency.
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Figure 4.45Dispersion Diagram of bandpass filter without slot (Sol)iand with slot (Dashed line)
Dispersion characteristics

Fig. 4.45 shows the dispersion diagram of proposed widebandpass filter with and without
vertical slot. The propagation factor here is éxghere I=15 mm is the period of the structure
andy=a + | is the complex propagation constant in the direction of pgaion given by

egn (4.45) [168].

(4.45)

1 ot ((1+511)(1— S22) + S1251 + (52) (1 — S11) (1+ S2) +812521>

y= 7 cos 15,

Fig. 4.45 shows that the slopdd/dp) of dispersion curve is negative in region 1. This
means that the wave has anti-parallel phase veloggydnd group velocity\y) in this re-
gion. Whereas, region 2 shows positive slope of dispersimvecexhibiting parallel, and
vyg. Therefore the proposed D-CRLH TL supports backward wakesrgode) in region 1
(above the resonant frequency) and forward wave in regidre®\y the resonant frequency).
A smooth transition is observed between the two regionseatrinsition frequency approx-
imately 4.2 GHz in both cases, thus, it is said to be a balabc&@RLH TL. Further, the

filter characteristics are also studied in terms of groupyels shown in Fig. 4.46. Proposed
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Figure 4.47Nariation with respect to (aj (b) Wy (C) lg1.

bandpass filter exhibits a maximum delay time of 0.63 ns irptss band.

Design synthesis and parametric analysis

The parametric analysis is done and design synthesis eqsaire presented with respect to
the most significant dimensions of the filter (shown in Figt74.in order to help the designer
choose the optimal dimensions for the filter to synthesizdtex fivith given specifications.
On increasing from 0.2 mm to 0.7 mm and keeping all the other dimensionstenihsthe
transmission zeros shift away from each other increasi@agperating bandwidth of the filter,
as shown in Fig. 4.47 (a). Further, increasigigrom 5.5 mm to 8 mm again results in similar
shift of transmission zeros (shown in Fig. 4.47 (c)) whereasvaryingwg: from 10.5 mm to

12.5 mm, both the transmission zeros shift towards the ujppguency side.
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Table 4.3 indicates the synthesis equations of the filteere/fy, fo, f3 and f4 indicate
the frequency at first transmission zero, first 3-dB cut ag,and 3-dB cut off and second
transmission zero respectively. Using the equations ginemable 4.3, one can obtain the
dimensions of the filter according to given frequency of atien, however, minute tuning is

required to be done.

Table 4.3:Synthesis Equations based on parametric analysis

Parameters Values (mm) Synthesis equations
g 02 (03| 05 |07 - - | 0.55f1+0.96f,+1.985f3-2.75f4+3.236
Wg1 105 | 11 | 115 12 | 125 - 2.99f1-0.62f»+1.29f3+1.185f4-19.327
lg1 5.5 6 6.5 7 7.5 | 8 | -4.97f1-1.86f,-2.97f3+1.011f4,+25.386

4.4.3 Comparison with previously proposed BPF

Use of metamaterials based structures in planar technplayyde exceptional properties that
are generally beyond the scope of conventional structéte®mparative study is performed
which shows better performance of the proposed metambbasad bandstop filter as com-
pared to previously proposed metmataterial based BPF dasvabnventional bandstop filters

available in literature, given in Table. 4.4. The companitable shows that the proposed de-

Table 4.4.Comparative analysis of proposed BPF with previously psegomones

Reference Size 3-dB Fractional Insertion Center
(in terms of Ag) | Bandwidth (GHz) Bandwidth ( %) loss (dB) Frequency ( GHz)
[169] 0.12x<0.22 > 2.64 80.48 0.35 3.25
[170] 0.3x0.1 2.5 55 1.2 4.2
[171] 0.26x0.30 - 3.5 2.3 2.45
[172] 0.48x0.24 1.33 60 0.6 2.05
Proposed BPF 0.15x0.15 4.4 125.7 0.45 3.25

sign provides wider band and compact sized filter as compar¢ioe previously proposed

ones. Now the measured results are presented in the nextrsect
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Figure 4.481{a) Measured and simulated S-parameters of proposed fiitleowt slot. (b) Measured
and simulated S-parameters of proposed filter after bartwichancement.

4.4.4 Experimental Results and Discussion

Both the designs are finally fabricated and results are medsising Keysight N9914A vec-
tor network analyser. Fig. 4.48(a) and Fig. 4.48(b) shovwesnteasured and simulated S-
parameters of the proposed filter before and after applyiagpaindwidth enhancement tech-
nique respectively. Simulated and measured results seamattth fairly well. The measured
3-dB passband bandwidth of the proposed filter is 3.29 GHgingnfrom 2.33 GHz to 5.62
GHz which is increased to 4.4 GHz (1.3 GHz to 5.7 GHz) aftedyapg the bandwidth en-
hancement technique i.e. joining the two U-shaped slotdddyreg out a vertical slot between

them.

4,45 Summary

A dual composite right/left handed transmission line bdssttpass filter with high stopband
rejection level has been designed and simulated. Two closegled U-shaped resonators
are used to fulfil the purpose. A slot is further introducetiuaen the two U-shaped slots to
increase the bandwidth on account of change in the direcfidlow of current and increase

in effective inductance of the design. The filter provided dB3pass band from 2.44 GHz
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to 5.58 GHz which further increased from 1.43 GHz to 5.56 GHemthe vertical slot was
placed resulting in miniaturization of the structure byridés. The propagation characteristics
of the filter have been studied that demonstrated the duahbet! CRLH line behaviour of the
filter. Very small amount of group time delay (0.63 ns) is pded by the filter in the passband
region. Also, a high return loss of 37.5 dB is achieved at @mesgand resonant frequency.

In the present design bandwidth enhancement of the banfilpeass successfully achieved.
The most recent application of metamaterial is in the desgyof absorbers so in the next

chapter, design of metamaterial absorbers is proposed.
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CHAPTER 5

METAMATERIAL ABSORBERS

Contents of this chapter are published as:

1. Priyanka Garg and Priyanka Jain, “Novel ultrathin penta-band metamatakisorber”,
AEU - International Journal of Electronics and Communica,vol. 116, p. 153063,

2020.

2. Priyanka Garg and Priyanka Jain, “Analysis of a novel metamaterial absousing
equivalent circuit model operating at 3.5 GHz", presentetEEE International Con-

ference on Computational Electromagnetics (ICCEM-203)gapore, 2020.



5.1 NOVEL ULTRATHIN PENTA-BAND METAMATERIAL ABSORBER

5.1.1 Introduction

Electromagnetic absorbers are used to inhibit any reflecind transmission of radiations
[173]. Such structures have widespread applications imtba of radar cross section (RCS)
reduction [174], antenna side lobe reduction [175], préearof health hazards by absorbing
radiations at particular frequencies and other wirelessmanication applications. Conven-
tional microwave absorbers are limited to certain applicet due to their thickness [176],

bulkiness and constant value of permittivity and perméataind frequency ranges. There-
fore, in recent years, due to the extraordinary properti@setamaterials [177], metamaterial
(MTM) based absorbers have drawn the attention of many resgaoups [178].

Landyet al., presented one of the first metamaterial based absorber gtarivhterial ab-
sorbers can be made compact and ultrathin due to their subleveyth nature [179-181].
They can provide near unity absorption over different festpy ranges. Multiple scaled
versions of same geometry [182, 183] or different geometjd84, 185] can be combined
to provide multiband and broadband [179] characteristi8sveral metamaterial based ab-
sorbers have been proposed till date for different frequdyands such as microwave, tera-
hertz [182, 183], mm for different applications such as rgd86], solar cell, photodetector,
electromagnetic interference (EMI)/ electromagnetic patibility(EMC) applications [187]
etc. Metamaterial absorbers have been extensively igatetl for improving their character-
istics in terms of polarization sensitivity, oblique inertte, bandwidth enhancement and size
reduction.

Although, extensive research has been done on metamaiesiabers but achieving multi-
band characteristics with high absorptivity using singimpact size structure is still rare and
requires large area [186]. The paper presents a novelhiliratetamaterial absorber with
compact size unit cell of dimensions 200x1mn?. The structure exhibit resonance at five

distinct frequencies lying in S-, C-, X- and Ku-bands wittsaiption peaks at 3.35 GHz, 5.1
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GHz, 9.5 GHz, 11.55 GHz and 16.9 GHz providing absorptivitp®.59%, 95.49%, 97.5%,
99.25% and 93.89% respectively. Five bands with full widthaf maxima (FWHM) band-
width of 110 MHz (3.3-3.41 GHz), 210 MHz (4.98-5.19 GHz), 3Ubiz (9.32-9.63 GHz),
340 MHz (11.37-11.71 GHz) and 440 MHz (16.68-17.12 GHz) aldeved by integrating
three compact geometries on the same structure. Finadyutiit cell is arranged periodi-
cally in the form of a 2-D array of size 220 and fabricated on an FR-4 substrate of size
200x200mn? with complete copper lamination on the back side, thereafteasurements
are performed inside anechoic chamber. All the design andlations are done using Ansys
High frequency structure simulator (HFSS) [188].

In the following section, the design evolution of the progebsbsorber structure is illus-

trated.

5.1.2 Design and Simulation Approach

The unit cell of the proposed metamaterial absorber is design a low cost FR-4 dielectric
substrate with dielectric-constarg; ) of 4.4 and loss-tangend) of 0.02. The thickness of
the substrate is 1 mm which corresponda tb7.75 where\ is the wavelength corresponding
to the maximum resonant frequency of absorption. Top of thestsate consists of metallic
patch with copperd = 5.8 x 10’S/m) laminated ground plane on the bottom. The top layer
is a combination of three geometries i.e. outer square rmdgdle circular split ring with a
square ring attached inside and an inner square ring sholasgn |, Il and Il respectively
in Fig. 5.1. All the three geometries exhibit resonancesftdrdnt frequencies (as shown in
Fig. 5.2). The top view of proposed unit cell configuratiosl®wn in Fig. 5.1 Design IV. The
optimized geometrical dimensions of the final structureivemg in Table 5.1. The absorber
unit cell has a compact dimension of 0Ab%0.11Ag, whereAg is the lowest absorption peak
wavelength.

The unit cell is simulated under periodic boundary condgidy applying master-slave

boundaries in Ansys HFSS as shown in Fig. 5.3. The unit celksted using floquet ports
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Figure 5.2:Simulated absorptivity of three structures, Case | (-Slitid), Case Il (—dashed line) and
Case Il (.-dot dashed line).

providing electric and magnetic field along x and y axis angppgation vector (k) along z

axis. The absorptivity AQ) is obtained using Eq. 5.1
A(w) = 1—[Su(w)* - [Sa(w)[? (5.1)

Where, |S11(w)|? and|S1(w)|? represents the reflectivity and transitivity respectiveih

respect to frequencg. Considering, the bottom of the substrate is completelyezbaith
copper having thickness of 0.8 which is greater than the skin depth of copper at all the
absorption frequencies, so further propagation of wavessicted which indicates zero trans-

mission, thus|S1(w)[?=0. Therefore, Eq. 5.1 reduces to

A(w) = 1—|Si(w)? (5.2)
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Table 5.1:Design parameters of the proposed unit cell

Parameters | Unit (mm) | Parameters | Unit (mm)
w 10 L 10
a 9.6 k 0.3
b 5.8 | 0.35
c 5 m 0.25
g 0.5 n 0.15
r 4.3

Figure 5.3:Simulation set up of unit cell in HFSS.

Thus, in order to obtain near unity absorption, Reflectedgrdwom the unit cell has to be
minimized. The origination of all the five absorption peaksvell discussed in the following

sections.

Case I: Outer square ring

Fig. 5.1(Design I) shows the unit cell comprising only theesisquare ring. The optimised
dimensions of the ring are given in Table 5.1. The structsiiduminated by a normal incident
electromagnetic wave and absorptivity is obtained as shiowfig. 5.2 (-solid lines). It

is observed that this simple square geometry providesgtesonance with absorptivity of
98.25% at 3.5 GHz belonging to S-band along with a weak highger resonance at 15.65

GHz belonging to Ku-band.
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Figure 5.4:Current density plot on top and bottom surfaces of Case laatiitat 3.35 GHz.

The current density plot for both top and bottom surfaceg@ated in Fig. 5.4(a) and (b)
respectively. It is observed that left and right edges ofstipgare ring provide surface current
which is anti-parallel to the current at the bottom coppefame. This generates circulation
current perpendicular to the applied magnetic field (hariabdirection), thus producing mag-

netic excitation in the design.

Case II: Circular split ring with square ring attached imsid

The middle portion of final geometry comprises of a thin squarg attached inside a circular
ring loaded with four symmetrical splits, shown in Fig. ®&6ign 1l). The dimensions are
given in Table 5.1. This unit cell is also simulated using@aic boundaries and absorptivity
is obtained as a function of frequency shown in Fig. 5.2(shea line). Three absorption
peaks are obtained at 5.4 GHz, 12.8 GHz and 17.15 GHz belptgi@- and Ku-bands, with
absorptivity 96.11%, 89.63% and 77.88% respectively.

Fig. 5.5 shows the surface current density plot on both tapkaitom plane for all the
three absorption peaks. Anti-parallel current densityvieen top and bottom plane can be
observed here also. It is also seen that different portibtiseodesign are responsible for res-
onance at different frequencies. At 5.4 GHz, concentratiocurrent is more on the left and
right arm of the inner connected square ring, whereas atGR8and 17.15 GHz, concentra-

tion of current is more on the corners and top bottom armsectsely.
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Figure 5.5:Current density plot on top and bottom surfaces of Case tlagtli at (a) 5.4 GHz, (b) 12.8
GHz, (¢) 17.15 GHz..

Case llI: Inner square ring

Fig. 5.1(Design lll) shows a small square ring geometry fgliog absorption peak at 9.4
GHz lying in the X-band with absorptivity 88.34%. Fig. 5.&inates the current density
distribution on top and bottom surface at the resonant grqy It also shows anti-parallel

current densities, thus showing magnetic resonance.
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Figure 5.6:Current density plot on top and bottom surfaces of Case Itlagll at 9.4 GHz..
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Figure 5.7:Absorptivity of final unit cell geometry (Case V).

Case IV: Proposed final structure

Fig. 5.1(Design IV) shows the final structure of proposedametterial absorber which is
obtained by integration of the three simple geometriesudised earlier. The optimised di-
mensions are given in Table 5.1. The design is simulatedjysnodic boundary conditions
and absorptivity is obtained using S-parameters, as showigi 5.7. It shows absorptivity
greater than 90% for five different frequencies, lowest gimgglin S-band, second lying in C-
band, third lying in X-band and highest two lying in Ku-barithe enhancement in absorption
along with slight variation in the resonance peaks of thd fieametry (shown in Fig. 5.7) as
compared to the individual geometries (Fig. 5.2) is due éottutual coupling between them.
The structure in Fig. 5.8 shows the surface current densityhfe five peak absorption
frequencies. It can be seen that different regions of thegded structure are being excited
by different frequencies. At 3.35 GHz, the current denstyniaximum on the outer square
ring (Fig. 5.8(a)), at 5.1 GHz, it is maximum on the squarg attached to the split ring (Fig.
5.8(b)), whereas at 9.5 GHz, it is on the inner square ring.(BbL8(c)). At 11.55 GHz and
16.9 GHz, most of the current density is concentrated on tigellsngeometry i.e. the split
ring with square ring attached inside (Fig. 5.8(d),(e))efgfore, the whole discussion for the
integrated geometry fairly compliments the discussionerfadindividual geometries earlier.

Fig. 5.9 shows the electric field distribution of the final gesiry. It shows that the induced
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Figure 5.9:Electric field distribution plot of the proposed unit cellthe absorption frequencies.
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electric field is highly concentrated along the directioinaident electric field (vertical direc-
tion in Fig. 5.9). This gives rise to electric excitation hretdesign. Thus the combination of
electric and magnetic excitations result in strong magredtsorption at 3.35 GHz, 5.1 GHz,
9.5 GHz, 11.55 GHz and 16.9 GHz. Furthermore, an importasgation can be made from
the surface current and electric field distribution plot @91GHz that the current loops are
not prominent in the direction perpendicular to incidengmetic field (horizontal direction),
however, a strong electric field do exist in the directionrafident electric field (vertical di-
rection). Therefore, it can be concluded that the absaotptat 16.9 GHz is observed as a
result of electric coupling between the two geometriesdirsguare ring and outer circular
split ring) of Design Il of Fig. 5.1.

The next section discusses the equivalent circuit of thé dinsorber geometry in order to

study the electrical behaviour of the structure.

5.1.3 Equivalent circuit analysis

To further analyse the absorption characteristics of tlp@sed metamaterial structure, an
equivalent circuit model is presented in Fig. 5.10. Eaclomasce can be modelled as an
equivalent RLC network based on the current density showfign 5.8, which is connected
in parallel with a transmission line section indicatingldatric losses, terminated to ground.
Due to the presence of copper laminated ground plane, tbeitcis analysed as a single port
network. The presence of current on the structure is madieleinductor whereas the gaps
are modelled as capacitors. The resistances represensteslin the structure [189].

The network_1, R indicates the equivalent model for the Case | which exhthi#dowest
resonant frequency i.e 3.35 GHE; is the equivalent inductance arising due to the current
propagating in the square ring by two paths, in the direaticapplied electric field, as shown
in Fig. 5.8(a). The capacitance between the two unit ceflisesented b§;. The network in
the dotted box represent the RLC equivalent for the middéergry i.e Case Il. The middle

geometry is responsible for absorption at three distinekpe.e. 5.1 GHz, 11.55 GHz and
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Figure 5.10:Equivalent circuit of the proposed metamaterial absorber.

16.9 GHz, which is depicted from the current density plotig. /5.8. From the Fig. 5.8(b)

it can be observed that the current first originates from titercsplit ring then enters the left
and right arm of the square ring and then again enters the splie ring. In this case the
current follows an uninterrupted path so it can be represkas an inductdr,. Now, at 11.55
GHz, the conduction current flows in the outer ring followsddisplacement current due to
the gap and then again the conduction current due to the atheafuter ring (Fig. 5.8(d)).
This results in an LC equivalent.g2 andCy4. C; is the capacitance between the middle and
outer geometry. The inductanteg is due to the current in the square ring of middle geometry
at 16.9 GHz (Fig. 5.8(e)). Further, at 9.5 GHz, the curremtasiinant on the inner square
i.e. Case lll (Fig. 5.8(c)), which is represented as the atalucel ;. The capacitanc€s is
due to the coupling between inner and middle geometry. Kirthk circuit is simulated using

Advanced Design System (ADS) and the parameters are ogtihoiging curve fitting tool.
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5.1.4 Results and Discussion

The final structure is simulated and results are obtainegl (5i7). The simulated FWHM

bandwidth, peak absorption frequencies along with the rptisdy obtained is indicated in

Table 5.2.
Table 5.2:Simulated result of Proposed Unit cell
Peak Absorption | Absorptivity FWHM Frequency
frequncy (GHz) (%) Bandwidth Band
3.35 99.59 110 MHz (3.3-3.41 GHz) S-band
5.1 95.49 210 MHz (4.98-5.19 GHz) C-band
9.5 97.5 310 MHz (9.32-9.63 GHz) X-band
11.55 99.25 340 MHz (11.37-11.71 GHz Ku-band
16.9 93.89 440 MHz (16.68-17.12 GHz Ku-band

The equivalent circuit parameters obtained using curvadittool in ADS are given in
table 5.3 and the response obtained after circuit simulaticchown in Fig. 5.11. It can be
seen that the reflection coefficient obtained due to ciramukation matches well with the

structure response.

Table 5.3:Equivalent Circuit Parameters.

Resistance Q)

Capacitance (fF)

Inductance (nH)

R1=40
R>=50
R3=11.5
R4=5.8
Rs=12

C,=182.17

C»=165.02

C3=130.71
C4=360
Cc=280

L1=13.63
L»,=11.8
L3=3.03
L4=1.15
Ls=5.75

To validate the operation of the proposed metamaterialrabsanaterial parameter such
as effective permittivity £&¢¢), effective permeability i{e ) and normalised impedance are
also studied. Furthermore, the effect of changing the @alion and angle of incident wave
on the structure is also discussed in the following sectiéingally, a comparative analysis is

given with previously reported absorbers.

124



s,, [dB]

-20 ' —MA structure:
= =Circuit

2 4 6 8 10 12 14 16 18
Frequency [GHZz]

Figure 5.11Reflection coefficient response due to circuit and desigmuilsition.

Extraction of Material Parameters

Metasurfaces are better described in terms of surface [titsitites, therefore, electricyes)
and magnetic susceptibilitieg s are obtained using the simulated reflection coeffici€ni)(
givenin Eq. 5.3, 5.4. Since, there exists a relation betwgefor xms andees s (Or e ) [190]
S0, using the values of susceptibilities ixas and xns effective material parameters i.& ¢

and ¢t are obtained (Eq. 5.5,5.6).

2] S11-1

Xes= 1t i 5o (5.3)
s = 14+ 21 2 (5.
forf = 1+XFeS (5.5)
Hetf = 1+XT”‘S (5.6)

Fig. 5.12(a) and 5.12(b) shows the variation of real and imay part ofeesf and ety
respectively with respect to frequency. Table 5.4 shows/dtees of each parameter at the
absorption peaks and it is observed that the valuess gfand e ¢ 1 is nearly equal which is
the condition for a nearly perfect absorber. The reflegti{R) from a medium for a normally

incident electromagnetic wave is given by Eq. 5.7.
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Figure 5.121(a) Variation of (a) real value and (b) imaginary value oeeffve permittivity and perme-
ability with respect to frequency.

2
Heff—nN
Heff+N

(5.7)

where, nis the refractive index of medium givenplet €. Whenee st andpies ¢ are equal,
reflectivity (R) is ideally zero.
Further, normalized impedance of the absorber is also aed)ypased on the relation given

in Eg. 5.8 [191]
Z(w) — o

= Z(w) o

(5.8)

Since, to have minimum reflections i8.; = 0, the inputimpedance of the structure should be
matched to impedance of free spageg)( Fig. 5.13(a) and (b) respectively show that the real
value of normalized input impedance for all the five absorppeaks is nearly equivalent to
1 and imaginary part is close to 0, as given in Table. 5.4, tiugining minimum reflections

and maximum absorptivity.

Table 5.4:Values of retrieved parameters with respect to absorpteakp

Frequency | Re(ers) | Re(err) | Im(&err) | IM(flerr) | Re@nor) | IM(Znor)
(GHz)
3.35 1.025 0.9676 2.507 3.241 1.143 | -0.0206
5.1 1.625 0.818 1.499 1.992 1.057 -0.35
9.5 1.324 0.745 1.086 0.854 0.86 -0.19
11.55 1.121 0.903 0.918 0.732 0.88 -0.108
16.9 1.108 0.959 0.916 0.344 0.62 -0.07
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Figure 5.14.Simulated absorptivity response of structure under (ajowuar polarization angles

(b)oblique incidence for TE polarization (c) oblique ineitte for TM polarization .

Analysis for different polarization angles and obliqueidtance

The structure is investigated for different angles of pakgron (@), as shown in Fig. 5.14(a).
Due to the four-fold symmetry of the structure, the studyasried out only up to 45 of
polarization angle. It was observed that the absorptiviittamed for all the angles is almost
similar to the normal incidence case. Therefore, it can ba f@at the suggested metamaterial
absorber is insensitive to polarization.

Practically, electromagnetic waves are obliquely inctiaenthe absorber so it is necessary
that the designed structure is investigated for differegies of incidencef]) of the EM wave
for both TE and TM polarization. For TE polarization, theatte field vector is kept fixed and
the magnetic field vector is rotated from @ 60° whereas, in case of TM polarization reverse

approach is followed. The results shown in Fig. 5.14(b) ardd ) illustrated that varying
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the angle of incidence from°Qo 60° for both TE and TM polarization does not effect the
resonant frequencies significantly. However, absorgtiahds to reduce at higher frequency

bands due to increased mismatch with the free space.

Compatrative Analysis

Table 5.5 gives a comparative analysis of the proposed nattaial based absorbers with
other previously reported metamaterial absorbers. Thegsed absorber provides high ab-
sorptivity over five different frequencies using a comparhple and symmetrical geometrical

configuration.

5.1.5 Experimental Results and Discussion

Finally, the proposed metamaterial absorber is fabricamea200< 200x Imn? FR-4 substrate
consisting of 220 array of periodically arranged unit cells with copper ilaated on the
bottom side. The fabricated prototype is shown in Fig. 5B measurements are carried
out inside the anechoic chamber using Anritsu MS2038C vedtwork analyser which was
initially calibrated using full 2-port calibration methodThe free space reflection method
was used to obtain the reflection coefficient of the fabritatieucture. Fig. 5.16 shows the
experimental setup to carry out the measurement. The megaaiabsorber sample is fixed
on a Styrofoam box inside a microwave anechoic chamber. Tavo Antennas capable to
generate 1-18 GHz linearly polarized wave, one operatingpgasmitter and other as receiver,
are placed in front of the absorber. The distance (d) betvee¢ennas and sample is kept

approximately 1.5 m to meet the far-field condition, giverely 5.9.

2
d> % (5.9)

whereA is the shortest operating wavelength and D is the diagongtheof the antennas.

The transmitting horn impinges the electromagnetic wavktha receiving horn captures the
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Table 5.5:Comparative analysis of proposed absorber with previopisiposed ones

6T

Ref. Unit cell size | Unit cell size corresponding | No. of Frequency of Peak Absorptivity (%) FWHM (MHz)
(mn¥) to lowest frequency Qo) bands absorption peaks (GHz)

[187] 12x12x1 0.136x0.136x0.011 Four 3.4,8.23,9.89, 11.80 97.02, 94.07,91.72, 98.2 160, 280, 300, 520

[181] 8x8x0.8 0.11x0.11x0.011 Three 4.19,9.34,11.84 99.67, 9948, 99.42 170, 350, 480

[184] 10x10x1 0.122¢0.122<0.0122 Four 3.68, 8.58, 10.17, 14.93 96.15, 99.17, 99.75, 98.75 -

[185] 23x23x1 - Four 3.91,5.16, 7.10,9.16 99.35, 98.04, 99.85, 99.78 -

[186] 14x14x1 0.159x0.159x<0.011 Five 3.4,8.34,9.46, 14.44,16.52 98.6, 96.6, 90.1, 97.8, 93.1 -

[192] 13.8x13.8x1 0.2024x0.2024<0.0147 Three 4.4,6.2,14.2 95.13, 97.41, 97.36 -

[193] 9.87x8.82x1 0.19x0.17x0.019 Three 5.8,9.52,11.97 96, 99, 95 -

[194] 24x24x1.6 0.68x0.68x0.045 Three 8.6,10.2,11.95 100, 93 and 83 -
Proposed 10x10x1 0.11x0.11x0.011 Five 3.35,5.1,9.5, 11.55, 16.9| 99.59, 95.49, 97.5, 99.25, 93.89 110, 210, 310, 340, 44(




reflections from the absorber sample. The scattering pdessnare observed on the Anritsu

MS2038C vector network analyser connected to the pair af hotennas. The reflections

Figure 5.151(a) Fabricated sample of proposed structure with its eathpprtion shown in (b).

) i o Transmitter
Metamaterial Absorber

N

Receiver

Figure 5.16:Experimental environment for measurement of proposedrabso

obtained from the absorber are subtracted from the reflectibtained from copper sheet
with the size same as that of the proposed absorber keepipgsition inside the anechoic
chamber unchanged. This is done in order to measure thd esfleations from the absorber
by cancelling the effect of scattering losses, diffraclimsses, edge reflections, etc.

Fig. 5.17 shows the measured reflections from the backgraapper sheet and the ab-
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sorber along with the actual reflections obtained from treppsed structure. Finally, the
comparison of measured and simulated absorptivity is shiowkig 5.18. The absorption
peaks are fairly matched, however, incorporating out ofdoamsmatches which are arising
due to fabrication limitations and cable losses. The mismet more prominent at the higher
frequencies which is due to the losses of horn antennas osetelasurement.

The structure shows measured absorption peaks at 3.75 G3& GHz, 9.5 GHz, 12.2
GHz and 16.8 GHz with absorptivity of 94.75%, 92.76%, 95.43%.86 %, and 96.86 %
respectively. The measured FWHM bandwidth at the five opeydtequencies are 126 MHz
(3.66-3.786 GHz), 170 MHz (4.903-5.073 GHz), 489 MHz (920893 GHz), 1.05 GHz
(11.92-12.97 GHz), and 520 MHz (16.5-17.02 GHz).
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Figure 5.17:Measured reflections from the proposed metamaterial absorb

5.1.6 Summary

The proposed ultra thin metamaterial based absorber ¢xtubnta-band behaviour despite
the compact geometry of the unit cell. The penta-band obthare as a result of the three
simple geometries combined on a single<l®mn? FR-4 substrate. The dimensions of each
geometry are optimised in order to obtain nearly perfectedgmce matching and provide
absorptivity greater than 90% for five bands lying in foufetiént microwave bands i.e. S,

C, X, Ku-band. The structure provides simulated absorppeaks at 3.35 GHz, 5.1 GHz,
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Figure 5.18Measured and simulated absorptivity of proposed metamb#drsorber.

9.5 GHz, 11.55 GHz and 16.9 GHz with absorptivity 99.59%49%, 97.5%, 99.25% and
93.89% respectively. Further more, the four-fold symmetrhe structure enable polarization
insensitivity and high absorption over different angle méidence of electromagnetic wave
for TE and TM polarization. The measured results shows alisorpeaks at 3.75 GHz, 4.98
GHz, 9.5 GHz, 12.2 GHz and 16.8 GHz with absorptivity of 944/®2.76%, 95.43%, 99.86
%, and 96.86 % respectively. A mismatch between measurediendated results at high
frequencies was mainly observed due losses in horn antdtedar cross section reduction
can be done through the proposed metamaterial absorber, idtan be used in other FCC-
defined airborne applications.

The next section presents a simpler metamaterial absogoengfry i.e. a closed meander

line shaped metamaterial absorber operating at 3.5 GHz.

5.2 DESIGN AND ANALYSIS OF METAMATRIAL ABSORBER AT 3.5 GHZ US -
ING EQUIVALENT CIRCUIT MODEL

This section of the chapter demonstrates a closed meandestinped metamaterial absorber
operation at 3.5 GHz WIMAX band. The proposed metamatehabeber unit cell has a

compact size of 0.1 x0.11Ag design on an ultrathin FR-4 substrate with thickness 0,18
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where Aq is the wavelength corresponding to operating frequencye fitoposed absorber
shows an absorptivity of 98.5 % at the intended frequencye désign is evolved from a
simple square loop to a symmetrical meander line structim@se dimensions are optimized
to operate at 3.5 GHz WIMAX band. An equivalent circuit mogehlso defined to depict
the electrical properties of the structure. The proposesigdealso shows insensitivity to
polarization as well as change in incident angle of the was a wide-angle (upto 6) for

both TE and TM polarization. The proposed structure is a guutlidate for radar cross

section reduction of an antenna.

5.2.1 Design and Simulation Approach

The proposed meander line shaped metamaterial absortesiggdd on a 1.6 mm thick FR-4
substrate, having dielectric-constast)(of 4.4 and loss-tangen®d) of 0.02, with unit cell
dimensions of 10mm10mm, as shown in Fig. 5.19. The top of the substrate consists

the closed meander line shape and bottom is completely &edrwith copper. The design

(@)

Figure 5.19:Top view (a) and side view (b) of the proposed unit cell.

parameters are given in table. 5.6.
The unit cell is simulated under periodic boundary condgidy applying master-slave
boundaries in Ansys HFSS. The unit cell is excited using #bgurts providing electric and

magnetic field along x and y axis and propagation vector 0@k axis.
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Table 5.6:Design parameters of proposed unit cell
Parameters | W L Wy Wo W3 I lo t1 tr t3 h

Unit (mm) 10| 10| 1.25| 1.025| 21 | 21 | 2.7 | 0.425| 0.35| 0.2 | 1.6

The absorptivity Af) is obtained using Eq. 5.10

A(w) = 1—|S11(w)]? - [Spr(w)[? (5.10)

Where, |S11(w)|? and|S1(w)|? represents the reflectivity and transitivity respectiveih
respect to frequency. Considering, the bottom of the substrate is completelyezbaith
copper having thickness of 0.8 which is greater than the skin depth of copper at all the
absorption frequencies, so further propagation of wavessicted which indicates zero trans-

mission, thus|S1(w)|?=0. Therefore, Eq. 5.10 reduces to

A(w) = 1—|Si1(w)[? (5.11)

Thus, in order to obtain near unity absorption, Reflectedgrdwom the unit cell has to be
minimized. To minimize the reflections, the impedance matglof the free space with the

structure is required. Since [127],

Z(w) —No

= Z(w) o

(5.12)

where,Zw is the inputimpedance if the absorber apds the free space impedance. Fig. 5.20
depicts the stepwise evolution of the proposed unit celle Tase | is a simple rectangular
geometry which resulted in a weak absorption at 3.85 GHz. ,Mavase Il a meander line
structure is created with 4 vertical lines on each arm of gwtangle within the same area.
This resulted in an increase in the absorptivity howeveerating frequency is shifted to 4
GHz. Further increasing the number of vertical lines (Caégethe absorption frequency is

shifted to lower side at 3.5 GHz, due to increase in effedeveyth of the path covered by
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Figure 5.20:Stepwise evolution of the proposed unit cell.

surface current. The absorptivity obtained for this cas@6i86. Finally, on adding a small
rectangular loop in the middle of the geometry resulted anease in absorptivity to 98.5 %
due to improved electromagnetic coupling. The final geoymesulted in the miniaturization

of structure by 1.2 times.

5.2.2 Results and Discussion

The final meander line structure is simulated using peribdigndary conditions and results
are obtained, shown in Fig. 5.20. The absorptivity obtaiisefl8.5 % at 3.5 GHz. Fig.
5.21 shows the normalized impedance of the structure. Satce5 GHz, the normalized
impedance of the structure is close to unity, the reflectfom® the structure are minimized,
as per egn. 5.12, giving near perfect absorption. Now, foiepeimpedance matching it is
required that the material parameters i.e. relative péxkityt( &) and permeability ;) of the
structure must be equal, since,

Hr
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Figure 5.21:Normalized impedance of the proposed unit cell.

Therefore, ify; is nearly equal t@;, the input impedance of the structure matches to the free
space impedance and the reflections are minimized. Fig. h@®s the extracted material
parameters of the proposed absorber and it is foundtf=l.001 ands,=0.68 which are

nearly equal, obtaining good amount of impedance matching.

10 T :
3 —re(e)

..... im((-:)

5t e iy mre(u)
TN = i)

3 3.2 3.4 3.6 3.8 4
Frequency [GHZz]

(b)

Figure 5.22:Material parameters of the proposed unit cell.

Fig. 5.23 shows the surface current distribution at 3.5 Giiop and bottom of the struc-
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Figure 5.24:E-field distribution of the proposed unit cell.

ture. It can be observed that the net direction of propagati@urrent on the upper and lower
part of the geometry is from positive y axis to negative y aasl on the bottom, it is from

negative y to positive y axis. Thus, the current on top antblbosurfaces are anti-parallel to
each other resulting in the formation of magnetic dipolehi@ direction perpendicular to the
applied magnetic field. Now, Fig. 5.24 shows the electridfdiktribution on the structure at
3.5 GHz. It shows that the induced electric field is highly camtrated along the direction of
incident electric field (horizontal direction in Fig. 5.24lhis gives rise to electric excitation
in the design. Thus, we can conclude that, at 3.5 GHz, el®ctgmetic excitation takes place

which results in absorption of wave at that frequency. THong section proposes the
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equivalent circuit for the meander line absorber structoitewed by analysis of polarization

insensitivity and oblique incidence.

Equivalent circuit analysis

To study the electrical behaviour of the structure it is 13eeey to extract the lumped equiva-
lent circuit model of the structure, depicted in Fig. 5.25cdn be observed from Fig. 5.23(a)
that at 3.5 GHz, the flow of the current is from +y axis to -y axihich is the direction of
applied electric field, on the upper and lower half of the noesine geometry. Therefore,
this can be represented as an equivalent induttgr (The capacito; is the net coupling
capacitance between the adjacent unit cells and the two gfeies1(meander line and inner
square). The resistané® represents losses in the structure. The structure is treastsin-
gle port circuit since there is no transmission from top tttdra of the structure, also, the
RLC equivalent of the top geometry is terminated to grouahelthrough a transmission line

equivalent of the dielectric substrate.

Port o

IHH FAM—am—
»
[
I

o

Figure 5.25:Equivalent circuit of the proposed metamaterial absorber.

Finally, the circuit is simulated using Advanced Designt8gs (ADS) and the parame-
ters are optimized using curve fitting tool. The equivalantuit parameters obtained after
optimization are:L1= 75 nH,Cy= 27.8 fF,C.= 250 fF andR;= 57 Q. Fig. 5.26 shows a
comparison of the reflection coefficient obtained after $atog the proposed unit cell and

its equivalent circuit model. It can be observed that theuiiris a close approximate model
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of the proposed metamaterial unit cell.
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Figure 5.26:Simulated reflection coefficient of the proposed unit cetl &gs equivalent circuit model.
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Figure 5.27Simulated absorptivity response of structure under (ajowuar polarization angles
(b)obligue incidence for TE polarization (c) oblique ineicte for TM polarization .

Insensitivity to polarization and oblique incidence

Further, the structure is analysed for different polarraaingles (Fig. 5.27(a)) as well as dif-
ferent angle of incidences of the incident wave for both Tig.(B.27(b)) and TM modes(Fig.
5.27(c)). The variation in angle of polarizatiop)(is observed upto #45due to the symmetri-
cal geometry of the unit cell and it was found that the ab$dtptdoes not vary with variation
in polarization, thus, the structure is said to be polalasinsensitive. Furthermore, the per-

formance of the absorber is tested in terms of oblique imzdef) upto 60 angle for both
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Table 5.7:Comparative analysis of proposed absorber with previonsiposed ones

Ref. Unit cell Unit cell size Unit cell size corresponding Absorption Absorptivity
(mn?) to center frequency Qo) Frequency(GHz) (%)
[7 Electric Ring Resonator (ERR 4.2x12x0.72 0.16x0.46x0.027 11.65 96
[76] Electric field coupled LC (ELC) 14x21.5x1 0.46x0.71x0.033 9.92 96.7
[79] Square loop 10x10x1 0.2x0.2x0.02 6.14
[80] Snowflake 22.86x12.16x0.8 0.85x0.38x0.03 11.28 99.5
[81] Symmetric structure 7x7x0.7 0.2x0.2x0.02 8.65 99.6
Proposed Meander line 10x10x1 0.11x0.11x0.018 3.5 98.7

TE and TM modes. No significant change in the absorptivity ai &as resonant frequency

was observed.

Compatrative Analysis

Table 5.7 gives a comparative analysis of the proposed lbbsstructure with previously
proposed narrow band absorbers.

It can be observed that the proposed design is smaller irmsizéhickness as compared to
previously proposed narrow band absorbers. Moreoveg th@rsize reduction of 1.8 times as
compared to the conventional square loop structure [75}laicéness is also reduced by 1.1

times which is due to increase in the effective length of tloppsed meander line structure.

5.2.3 Summary

A novel metamaterial based absorber is designed for 3.5 GIMAX band application. The
structure was designed to have an absorptivity of 98.5 % erirttended band. A closed
meander line geometry is used to fulfil the purpose. The strags analysed using equivalent
circuit model. Also, it was observed that the structure @ependent to change in polarization
angle and change in angle of incidence of the incident wavee groposed metamaterial
absorber can be used for radar cross section reduction aftanra.

After studying the basic design principle of metamaterla@aber, in the next chapter,

the application of novel metamaterial absorber is investid for mutual coupling reduction
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between two antennas in a 2-element MIMO system.
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CHAPTER 6

ISOLATION IMPROVEMENT OF MIMO
ANTENNA USING A NOVEL FLOWER
SHAPED METAMATERIAL ABSORBER AT 5.5
GHZ WIMAX BAND

Contents of this chapter are published as:

Priyanka Garg and Priyanka Jain, "Isolation Improvement of MIMO Antennaitg a
Novel Flower Shaped Metamaterial Absorber at 5.5 GHz WiMA26B,” IEEE Transactions

on Circuits and Systems II: Express Briafsl|. 67, no. 4, pp. 675-679, April 2020.



Use of MIMO (multiple-input-multiple-output) antennasshacreased in modern wireless
communication systems as they offer significant improvdnretink range as well as data
throughput within the available bandwidth and power [1®&5]1 Due to increased demand
of miniaturization, mutual coupling reduction in MIMO antea systems is the major issue of
concern. Various techniques are available in literatureviercome this problem [197, 198].
In [197], a T-shaped stub is introduced in the ground planenfwrove the isolation in UWB
MIMO antenna system, whereas a carbon film is proposed in] @&h could absorb the
interference between the antennas.

Metamaterial are the artificial structures that are beingresively used to improve the
characteristics of various microwave components [199{himpaper, the use of metamaterial
based absorber for mutual coupling reduction in MIMO angehas been explored. Meta-
material absorber was introduced by Laretyal. [200] in 2008. Such devices can start to
resonate over a certain frequency range when an electrahagraves is incident upon them
achieving near unity or so-called “perfect” absorptionJR0Such metamaterial absorbers
are being utilized for several applications such as radasscsection (RCS) reduction [202],
energy harvesting [203], sensing [204] and so on. Howewgingumetamaterial absorber for
isolation improvement in MIMO antennas has not been exglarach [205-207].

In this paper, a patch antenna is designed to operate at Z8MHAAX frequency which
is arranged in a 2 element MIMO array and its characteristiesstudied. Further, a flower-
shaped metamaterial absorber is designed and analysedpesiodic boundaries and floquet
ports. The proposed MA exhibits 98.7 % absorptivity at 5.5zGIAn array of 4 elements
of the designed absorber is then placed in the middle of thd@®kntenna system and its
characteristics are studied. The use of MA helped in achgeaisimulated isolation level of
more than 30 dB. The structure is further analysed to exainiseapplicability as a MIMO
antenna in terms of ECC, DG and TARC. The design is finallyitabed and measured to
achieve an isolation level of more than 40 dB. All the desigrand simulation is done using

Ansys High freqyency structure simulator (HFSS) [188].
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Figure 6.1:(a) Schematic of the proposed metamaterial absorber uhi(lceSimulation set up of the
proposed MA unit cell

6.1 PROPOSED METAMATERIAL ABSORBER DESIGN AND SIMULATION

A metamaterial based absorber is designed on a 1 mm thick siibgtrate with dielectric
constant;) of 4.4 and loss tangend] of 0.02 with a unit cell size of 99 mn¥ which is much
less tham /4 whereA is the wavelength at the operating frequency, making thettre ef-
fectively homogeneous. The proposed MA unit cell consisf®ar square rings split at the
corner, arranged in a form of a symmetrical flower shape, assin Fig. 6.1(a). The evolu-
tion of the proposed MA, shown in Fig. 6.2, starts with a carti@al square ring operating
around 9 GHz (Fig. 6.2(1)). Then a split was introduced attbrmer of the ring, shown in Fig.
6.2(Il), to increase the equivalent capacitance due tolthie operating frequency shifted to-
wards lower side, however, the absorptivity obtained was tean 50%. Further, to obtain
four fold symmetry, a flower shaped design was constructetaging the split square ring
90r in the clockwise direction. It resulted in a significant impement in the absorptivity due
to increased electric and magnetic coupling between the. dahally, the design was scaled
down and optimized to provide an absorptivity of 98.7% atGtz (Fig. 6.2(lIl)).

The design parameters of MA as indicated in Fig. 6.1(a) arergas W=9mm, L=9mm,

[1=4.05mmw;=4.05mmw>=3.2mm, g=0.2mm, t=0.3mm. The MA is simulated by applying
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Figure 6.2:Absorptivities of different metamaterial absorber shapes
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Figure 6.3:(a) Material parameters of metamaterial absorber (b) Nlizethimpedance of the meta-
material absorber

floquet port and periodic boundary conditions in Ansys HFS®wn in Fig. 6.1(b). The
absorptivity of the proposed MA is obtained using Eqg. 6.1

A(w) = 1—|S11(w)]? - [Spr(w)[? (6.1)

Where, |S11(w)|? and|S1(w)|? represents the reflectivity and transitivity respectiveih
respect to frequencg. Since, the bottom of the substrate is completely laminbayecopper
so all the power is reflected back from the bottom which inidazero transmission, thus,

|S1(w)[?=0. Therefore, Eq. 6.1 reduces to
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A(w) = 1 |Su(w)[? (6.2)

Thus, to obtain near unity absorption, Reflected power fitmerunit cell has to be minimized.
The reflectivity from a medium for a normally incident elextragnetic wave is given by eq.

6.3 [208].

Ur—nz

Hr +n

(6.3)

where, U, andg; are relative permeability and permittivity of the mediundams the refractive
index of medium given by/Lir&. Wheng, and i, are equal, reflectivity (R) is ideally zero.
Fig. 6.3(a) depicts the real and imaginary part of permijtiand permeability. At 5.5 GHz,
the value of permittivity is 0.6612+j2.269 and permeapiig 1.24+j1.604 which are almost
equal in magnitude, thus resulting in very low value of reflety.

Now, the normalized impedance (normalized to 377 ohms e free space impedance)

of the absorber is given by Eq. 6.4

Znor =/ (Hr /&) (6.4)

If both theg andy, are equal, then the normalized impedance of the absdrgers ideally
unity which implies perfect impedance matching of the stiteewith the free space, necessary
to obtain perfect absorption. Fig. 6.3(b) shows the real iamayinary part of normalized
impedance. The real part of normalised impedance is obdé¢oviee 0.8311 at the operating
frequency 5.5 GHz which is close to the free space impedamté@simaginary part is close
to zero, thus obtaining near perfect absorption.

The absorption phenomenon is further explained using thiai current density and
volume current density plot of the MA at 5.5 GHz, as shown op [6i.4(a) and (b) respectively.
Fig. 6.4(a) shows that at the resonant frequency, curresitrfgpon top and bottom surfaces are

anti-parallel to each other forming current loops in thediion perpendicular to the applied
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Figure 6.4:(a) Surface current density plot of MA at 5.5 GHz (Top view &adtom view) (b) Volume
current density plot of MA at 5.5 GHz.

magnetic field. This indicates magnetic excitation in thectire which manipulates magnetic

permeability of the structure. Fig. 6.4(b) shows volumeaent distribution of the MA at the

resonant frequency where near unity absorption takes.pldus indicates the occurrence of

dielectric losses within the FR-4 substrate. Therefore Rig. 6.4 clearly shows that electric

and magnetic excitation leads to strong electromagnesioration at 5.5 GHz.

The proposed flower shaped absorber is engineered as ativeffeetamaterial medium
(fulfilling the inclusion size requirement of an effectiydlomogeneous structure) to provide
nearly equal value of relative permittivity and permedabpi(not found in any naturally occur-
ring material) by properly optimizing the size and dimemnsi@f the structure; therefore, it
can be called as a true metamaterial.

After designing the metamaterial absorber operating atrtfemded frequency, the struc-

ture is investigated for isolation improvement of MIMO amte in the next section.

6.2 MIMO ANTENNA DESIGN AND SIMULATION

First of all a conventional microstrip patch antenna witkchadimensions 12.216.1mn¥ is

designed on a 1 mm thick FR-4 substrate using a quarter wamnsftrmer feed to operate
at 5.5 GHz resonant frequency. The antenna is further agthimga 1x2 array system. The
centre to centre spacing between the two antennas is kept8@&Inich is nearly equivalent

to Ap/2, where)g is the wavelength at operating frequency. To improve thiaigm between
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the two patch antennas, a linear array of four elements optbposed MA is placed in the

middle of the two patch antennas operating at 5.5 GHz, shevam anset in the Fig. 6.5. Such
a structure can be termed as a “metamaterial-inspired’, kinde its properties are determined
by the interaction with only a 4-element array of the progloabsorber, rather than with an

effective metamaterial medium.
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Figure 6.5:Simulated S-parameters with and without the proposed MAgMith 3D view of the
proposed MIMO antenna with flower shaped MA.

The proposed MIMO structure is simulated using Ansys HFS$tha results are anal-
ysed. Fig. 6.5 shows the simulated S-parameters of the MINt®naa with and without the
MA. Due to symmetry of the desigrg; is equivalent toS» and S;, is equivalent t0S;,
therefore, onlyS;1 andS;» are displayed in the Fig. 6.5. Results show that at 5.5 GHgz, th
reflection coefficient$;1) remains almost same for both the cases whereas the pardénete
decreases from -22.46 dB to -34.87 dB showing a mutual cogipéduction by 12.41 dB as
compared to the conventional MIMO antenna system. Thusyhigh amount of isolation
can be achieved with the help of proposed metamaterial bésor

The operating mechanism for mutual coupling reductiongi&ii®\ can be further under-
stood using surface current distribution plot. Fig. 6.&@) (b) respectively shows the surface

current distribution of the MIMO antenna without and withtar®aterial absorber at 5.5 GHz
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Figure 6.6:Surface current distribution at 5.5 GHz (a) without MA, (bfmMA.

obtained by exciting antenna 1 and terminating antenna 2dighmd load. It can be seen that
without the use of MA, some amount of the surface current getgpled from antenna 1 to
antenna 2. Whereas, in case of MIMO antenna with MA, the gyafpag current on the top
surface and bottom ground plane excites the absorber arsch a way that an anti-parallel
current starts propagating between the top flower shapetsteuand the ground beneath it.
This phenomenon results in trapping of the magnetic fielthiwithe MA array, thus not al-
lowing the surface current to flow further, as shown in Fig(B). Therefore, use of the MA
stops the propagation of electromagnetic energy from aatério antenna 2, thus resulting in
high level of isolation between them.

Furthermore, the simulated 2D radiation patterns of MIM@ana are studied at 5.5 GHz
to observe the effect of MA on the radiation performance oM@ structure. Fig. 6.7(a),(b)
and (c) shows the 2D far field radiation pattern of proposeagtgire on xz, yz and xy planes
respectively. From the Fig. 6.7 it can be concluded thatetli®no significant effect on the
radiation-pattern of the antenna after placing the MA, pxtleat the magnitude of the main
lobe is increased a little. This shows an improvement in titerna parameters in terms of
radiation efficiency and gain along with preserving theatidn characteristics as an effect of

the reduced mutual coupling between the antennas. Figh6\8ssthe peak gain and radiation
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Figure 6.7.MIMO antenna far field radiation pattern at 5.5 GHz with (iddihe) and without (-dashed
line) MA on (a) xz-plane (b) yz-plane (c) xy-plane.

efficiency plot of MIMO structure. The graph shows a peak @din.53 dBi without MA and

7.74 dBi with MA at 5.5 GHz. Also, there is an increase in rédiaefficiency from 66.64 %

to 68.03%.
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Figure 6.8:Peak gain and radiation efficiency plot of MIMO with and withd/1A

Now, the diversity performance is studied in the next sectm validate the optimum

performance of MIMO antenna.

6.3 MIMO DIVERSITY PERFORMANCE

The diversity performance of MIMO antenna is analysed onlthgis of different parame-
ters such as Envelope Correlation Coefficient (ECC), Ditief3ain (DG), and Total Active

Reflection Co-efficient (TARC) [5]. For a practical MIMO ants, it is required to have min-
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ECC=

[S11S12+ S1,52|

[(1—1S112 — |S21/2) (1 — |S12]2 — |922]?) (Nrad 1 MTrad 2) | /2

(6.5)

Table 6.1:Performance comparison of the MIMO antenna with and withbatproposed MA at 5.5

GHz
MIMO Simulated | Simulated | Measured | Measured Peak Radiation
antenna S11[dB] Si2 [dB] Si1 [dB] Si2 [dB] Gain [dBi] Efficiency
Without MA -10.68 -22.46 -11.2 -22.1 7.53 66.64 %
With MA -11.5 -34.77 -10.40 -43.71 7.74 68.03 %

imum signal correlation between the antenna elements wd@inhbe analysed using ECC. It
can be obtained using the S-parameters and radiation afficiéor a 2-port MIMO system,
given by eq. 6.5 [209], whera);aq.1 and nraq 2 are the radiation efficiencies of antenna 1

and antenna 2. For a satisfactory performance MIMO anteinmald have ECC less than 0.5.
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Figure 6.9:Simulated ECC and DG of MIMO antenna with MA.

Fig. 6.9 shows a simulated ECC of less than 0.05 for the apgraand which shows low
correlation between the two antennas. The diversity gairbesobtained using eq. 6.6 which
is also shown in Fig. 6.9. The value of diversity gain is oliedrto be close to 10 dB, which

indicates good diversity performance.

DG =10x {/(1—ECQ) (6.6)

Total Active Reflection Co-efficient (TARC) is another paeters to define the diversity

151



0
5 hl‘\."\"" \\,\4"0\'-\"‘/\‘“ oy
- ' \l
~ -4 [
m
S 6
&
< 8
|_
_10 L
-12F —Simulated
—--Measured
_14 L L L
3 4 5 6

Frequency [GHZz]

Figure 6.10:Simulated and measured TARC of MIMO antenna with MA.

performance of MIMO structure. It is the square root of thigoraf total reflected power to
the total incident power and hence, it shows the appareuatrrédss of the overall MIMO

antenna system. For a side-by-side 2-port MIMO systemgivien by eq. 6.7.

(6.7)

TARC= \/(511+ S12)? -12- (Se2+ S$1)?

It is expected to have a TARC value of less than 0 dB for a MIM&iay to work properly.
Fig. 6.10 shows the plot of TARC with respect to frequency idisgdobserved to have a TARC

value of less than -10 dB for the desired frequency which i lbetow the expected value.

6.4 EXPERIMENTAL RESULTS AND DISCUSSION

After studying all the simulated results, antenna is finfdlyricated and tested using Keysight
N9914A vector network analyzer. The fabricated prototypehe proposed structure along
with the measured S-parameters compared to the simulatsdasna function of frequency
are shown in Fig. 6.11 Result shows that a measured isol&tehof -43.71 dB is achieved
between the two conventional patch antennas at 5.5 GHz WiM&¥uency by using an
array of proposed metamaterial absorber between them. dlnes/of measured gain and

radiation efficiency, shown in the Fig. 6.8, are observedet® 128 dBi and 56% respectively
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Table 6.2:A comparison of proposed technique with previously presgiones

Reference Technique Isolation (dB) Frequency [GHz]

[210] Decoupling Structure 35 2.67

[211] Patch separation 33 6.8

[212] Modified Serpentine 34 2.45

[213] Decoupling Structure 30 2.5

[205] Metamaterial Absorber 34 5.29

[206] Metamaterial Absorber 30 5.1
Proposed | Metamaterial Absorber 43.71 55

at the resonant frequency 5.5 GHz. Measured value of ECQle#éd at 5.5 GHz is 0.00043.
Measured TARC is also indicated in Fig. 6.10.
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Figure 6.11:Measured and simulated S-parameters with fabricated tgpsaf proposed structure.

Table 6.1 gives a performance comparison of the MIMO antentteand without the pro-
posed MA at 5.5 GHz. Now, a comparison of proposed techniqgtlepeviously presented
ones is given in Table 6.2, taking into account the strustopgerating at single resonant fre-

quency.

6.5 SUMMARY

The effect of utilizing a metamaterial based absorber faualcoupling reduction ina MIMO

antenna system is examined. A novel flower shaped metamlaabsorber is designed with
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an absorptivity of 98.7 % and placed between the two conweatipatch antennas to observe
a simulated isolation level of 34.77 dB and measured ismiadif 43.71 dB at the 5.5 GHz
WIMAX frequency without effecting the return loss. An impement in peak gain from 7.53
dBi to 7.74 dBi and radiation efficiency from 66.64 % to 68.08%@lso observed. Other
parameters like ECC, diversity gain and TARC are also studied are found to be fairly
below the expected limit of wireless communication appiama Therefore, the proposed
structure is quite suitable for MIMO application showingyhilevel of isolation and good

amount of radiation efficiency and peak gain.
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CHAPTER 7

CONCLUSION



7.1 CONCLUSION

This thesis presents application of metamaterial in désggthree different microwave com-
ponents i.e. antennas, filters and absorbers. The desigmidgee is presented and discussed
for all the components. The proposed structures are lowl@rsfmple in design which sim-
plifies their integration with advanced small wireless egst. It was validated that each of the
presented designs are suitable for multiple applications.

The application of metamterial in miniaturizing the ovésite of a CPW-fed microstrip

planar antenna has been investigated first in which theviolig points were concluded.

1. Dual band characteristics have been observed at 2.45 G#H5.45 GHz operating

frequencies with a gain of 1.9 dBi to 2.41 dBi and 2.2 dBi to @ respectively.

2. The two bands are originated from the metamaterial usdtkiantenna consisting two

triangular split rings and impedance matching is achiewsdgiopen circuited stub.
3. The antenna miniaturized by 2.5 times.
4. Nearly omnidirectional radiation patterns are obseatdabth frequencies.
5. The experimental results have a good agreement with tiéatied results.

6. The proposed antenna supports 2.4/5.2/5.8 GHz WLAN bahdsh offers wide range

of application in wireless communication systems.

Secondly, a complimentary split ring resonator based mtdmbandstop filter is investi-

gated using equivalent circuit analysis.
1. A stop band at the vicinity of 2.4 GHz is obtained.

2. Based on the simulated results, the circuit arrangensedéfined to be a series con-

nected parallel resonant circuit followed by a series coteteinductor.
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3. Simplified mathematical approach is described in detadtitain the lumped circuit
parameters. Only three lumped components are used to die&rertuit model, thus

reducing the circuit complexity.

4. Parametric variation of the split rings is also analyséittv displays frequency tuning

capability by varying the dimensions of split rings.

5. Finally, the filter is fabricated and measured to showdgieement with the simulated

results. The proposed bandstop filter shows good lower @ass ferformance.

The equivalent circuit approach used above is further agdid by utilizing the approach to
find equivalent circuits of various filters presented inrhteire and a comparison based study is
also presented. Furthermore, another metamaterial @spiter showing wideband bandpass
filter response using two closed coupled U-shaped resaniatpresented in which following

points are observed.

1. The filter provided a 3 dB pass band from 2.44 GHz to 5.58 GHizlfurther increased

from 1.43 GHz to 5.56 GHz when the vertical slot was placed.

2. The slot introduced between the two U-shaped slots teasa the bandwidth accounts

for increase in electric coupling.

3. The propagation characteristics of the filter have baatiesti that demonstrated the dual

balanced CRLH line behaviour of the filter.

4. Very small amount of group time delay (0.63 ns) is providgdhe filter in the passband

region.
5. Ahigh return loss of 37.5 dB is achieved at the pass baruhesd frequency.

Then, an ultra thin metamaterial based absorber with pesuta-behaviour is presented.

The penta-band obtained are as a result of the three simpieegges combined on a single
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10x10mn? FR-4 substrate. The dimensions of each geometry are optiritisorder to obtain

nearly perfect impedance matching. Following observateme drawn:

1.

The structure provides an absorptivity greater than 96f4dive bands lying in four

different microwave bands i.e. S, C, X, Ku-band.

. The structure provides simulated absorption peaks &t Gl3z, 5.1 GHz, 9.5 GHz,

11.55 GHz and 16.9 GHz with absorptivity 99.59%, 95.49%5%,.99.25% and 93.89%

respectively.

The four-fold symmetry of the structure enable polararainsensitivity and high ab-
sorption over different angle of incidence of electromdgneave for TE and TM po-

larization.

The measured results shows absorption peaks at 3.75 G3&GHz, 9.5 GHz, 12.2
GHz and 16.8 GHz with absorptivity of 94.75%, 92.76%, 95.43%86 %, and 96.86

% respectively.

Radar cross section reduction can be done through thegedpnetamaterial absorber.

Also, it can be used in other FCC-defined airborne applioatio

Another simplified geometry i.e. a closed meander line stiapetamaterial absorber is also

proposed in the 3.5 GHz WIMAX band which is also analysedgigsmequivalent circuit.

Finally, the effect of utilizing a metamaterial based abgorfor mutual coupling reduc-

tion in a MIMO antenna system is examined. A novel flower sdapetamaterial absorber

is designed with an absorptivity of 98.7 % and placed betwberntwo conventional patch

antennas to observe the following:

1. A simulated isolation level of 34.77 dB and measured tgmteof 43.71 dB at the 5.5

GHz WIMAX frequency without effecting the return loss.

2. An improvement in peak gain from 7.53 dBi to 7.74 dBi andatidn efficiency from

66.64 % to 68.03% is also observed.
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3. Other parameters like ECC, diversity gain and TARC are sigdied and are found to

be fairly below the expected limit of wireless communicatapplication.

4. The proposed structure is quite suitable for MIMO appitashowing high level of

isolation and good amount of radiation efficiency and peak.ga

Therefore, different applications of metamaterials hagerbstudied and tested during
the thesis and it is concluded that metamaterials have ttempal to revolutionarize several

applications of microwave engineering.
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CHAPTER 8

FUTURE SCOPE



8.1 FUTURE SCOPE

Based on observations identified during the entire duratfaihis thesis, there are research

areas that would be very interesting for further investagat

8.1.1 Metamaterial Antennas

1. In future higher gain and directivity of antennas can d@exed by utilizing metasur-

faces and also by developing multi-element MIMO systems.

2. The present work can also be extended to work in 5G frequeamge by scaling the

dimensions of proposed structure.

3. Reconfigurability in pattern, bandwidth and frequencymigo be achieved.

8.1.2 Metamaterial Filters
1. Filters can be made reconfigurable by introducing aciveponents.
2. Other filter configurations as discussed in the literatevéew can also be investigated.

3. UWB and super wideband filters may also be explored.

8.1.3 Metamaterial Absorbers

1. Broadband metamaterial absorbers can be investigated.

2. Use of metamaterial absorbers in mutual coupling redndietween antennas can be

explored further with improvement in gain and bandwidth.

3. Active components can be integrated to make the devicesfigurable.

The structures can possibly be investigated in real wordtesys. The components may be

designed for high frequencies i.e. THz range and broadbevidets can also be developed.

161



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

REFERENCES

V. G. Veselago, “The electrodynamics of substances wiittultaneously negative val-

ues ofe andu,” Physics-Uspekhvol. 10, no. 4, pp. 509-514, 1968.

J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewtagnetism from con-
ductors and enhanced nonlinear phenomd&&E Transactions on Microwave Theory

and Techniques/ol. 47, no. 11, pp. 2075-2084, 1999.

J. B. Pendry, A. J. Holden, W. J. Stewart, and |. Youngsstf&mely low frequency
plasmons in metallic mesostructureBfiys. Rev. Lettvol. 76, pp. 4773-4776, 1996.

W. Cao, Y. Xiang, B. Zhang, A. Liu, T. Yu, and D. Guo, “A loeest compact patch an-
tenna with beam steering based on CSRR-loaded grolEHE Antennas and Wireless

Propagation Lettersvol. 10, pp. 1520-1523, 2011.

M. Gupta and J. Saxena, “Microstrip filter designing byFSRietamaterial, Wireless

Personal Communicationsol. 71, no. 4, pp. 3011-3022, 2013.

S. Haxha, F. AbdelMalek, F. Ouerghi, M. Charlton, A. Aggnp and X. Fang, “Metama-
terial superlenses operating at visible wavelength forgimgapplications,'Scientific

reports vol. 8, 2018.

N. I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and WPddilla, “Perfect metama-
terial absorber,Physical review lettersvol. 100, no. 20, p. 207402, 2008.

P. Alitalo and S. Tretyakov, “Electromagnetic cloakimgh metamaterials,Materials

Today vol. 12, no. 3, pp. 22 — 29, 20009.

C. Sabah, F. Dincer, M. Karaaslan, E. Unal, O. Akgol, andEmirel, “Perfect meta-

material absorber with polarization and incident angleepehdencies based on ring



[10]

[11]

[12]

[13]

[14]

[15]

[16]

and cross-wire resonators for shielding and a sensor apipl;” Optics Communica-

tions vol. 322, pp. 137-142, 2014.

T. Mynttinen, M. Lapine, J. Saily, I. S. Nefedov, and S. Fretyakov, “Microwave
devices with enhanced phase-compensation principl&unopean Conference on An-

tennas and Propagatiqpp. 1-5, IEEE, 2006.

F. Falcone, T. Lopetegi, J. D. Baena, R. Marques, F. Maanhd M. Sorolla, “Effective
negative stopband microstrip lines based on complemespéitying resonatorsJEEE

Microwave and Wireless Components Letterd. 14, no. 6, pp. 280-282, 2004.

Z. Qamar, U. Naeem, S. A. Khan, M. Chongcheawchamnad, MnF. Shafique,
“Mutual coupling reduction for high-performance densefgked patch antenna arrays
on finite substrate,TEEE Transactions on Antennas and Propagatioenl. 64, no. 5,

pp. 1653-1660, 2016.

X. Cheng, D. E. Senior, C. Kim, and Y. Yoon, “A compact adirectional self-
packaged patch antenna with complementary split-ringnaso loading for wireless
endoscope applicationslEEE Antennas and Wireless Propagation Letteusl. 10,

pp. 1532-1535, 2011

R. O. Ouedraogo, E. J. Rothwell, A. R. Diaz, K. Fuchi, aadlemme, “Miniaturiza-
tion of patch antennas using a metamaterial-inspired tqabkti IEEE Transactions on

Antennas and Propagatiorol. 60, no. 5, pp. 2175-2182, 2012.

J. Ha, K. Kwon, Y. Lee, and J. Choi, “Hybrid mode widebgpatch antenna loaded
with a planar metamaterial unit cellEEE Transactions on Antennas and Propagation

vol. 60, no. 2, pp. 1143-1147, 2012.

E. Rajo-Iglesias, . Quevedo-Teruel, and L. Inclan<®az, “Mutual coupling reduction

in patch antenna arrays by using a planar EBG structure andl@ayer dielectric

163



substrate, IEEE Transactions on Antennas and Propagatienl. 56, no. 6, pp. 1648—
1655, 2008.

[17] F. Farzami, K. Forooraghi, and M. Norooziarab, “Minigkzation of a microstrip an-
tenna using a compact and thin magneto-dielectric substtBEE Antennas and Wire-

less Propagation Letteysol. 10, pp. 1540-1542, 2011.

[18] Z. Liu, P. Wang, and Z. Zeng, “Enhancement of the gaimficerostrip antennas using
negative permeability metamaterial on low temperaturéirea- ceramic (LTCC) sub-

strate,”IEEE Antennas and Wireless Propagation Letterd. 12, pp. 429-432, 2013.

[19] M.-C. Tang, S. Xiao, T. Deng, Y. Wang, Y. Bai, C. Liu, Y. &g, J. Xiong, and B. Wang,
“Design of a broadbangi-negative planar material with low frequency dispersion,”

Applied Physics Avol. 106, no. 4, pp. 821-828, 2012.

[20] M. Koutsoupidou, I. S. Karanasiou, and N. Uzunoglu, BSuate constructed by an ar-
ray of split ring resonators for a THz planar antendairnal of Computational Elec-

tronics, vol. 13, no. 3, pp. 593-598, 2014.

[21] R. Khajeh Mohammad Lou, M. Naser-Moghadasi, and R. Aleéghzadeh, “Compact
multi-band circularly polarized CPW fed antenna based otamaterial resonator,”

Wireless Personal Communicatigmel. 94, no. 4, pp. 2853-2863, 2017.

[22] P.Y.Chen and A. Alu, “Sub-wavelength elliptical pattenna loaded wijinnegative
metamaterials,”JEEE Transactions on Antennas and Propagationl. 58, no. 9,

pp. 2909-2919, 2010.

[23] M. Tang, S. Xiao, Y. Bai, T. Deng, C. Liu, Y. Shang, C. Wand B. Wang, “Design of
hybrid patch/slot antenna operating in induced TM120 MoteEE Transactions on
Antennas and Propagatiomol. 60, no. 5, pp. 2157-2165, 2012.

164



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

H. Xu, G. Wang, and M. Qi, “Hilbert-shaped magnetic waweled metamaterials for
electromagnetic coupling reduction of microstrip antearray,”|EEE Transactions on

Magneticsvol. 49, no. 4, pp. 1526-1529, 2013.

B. D. Bala, M. K. A. Rahim, and N. A. Murad, “Complemenjaglectric-LC resonator
antenna for WLAN applications,Applied Physics Avol. 117, no. 2, pp. 635-639,
2014.

M. Wiltshire, J. Hajnal, J. Pendry, and D. Edwards, “Exmental verification of a

negative index of refraction3ciencevol. 292, no. 5514, pp. 60-61, 2001.

A. S. M. Algadami, M. F. Jamlos, P. J. Soh, S. K. A. Rahimda\. Narbudowicz,
“Left-handed compact MIMO antenna array based on wire bmsonator for 5-GHz

wireless applications Applied Physics Avol. 123, no. 1, p. 64, 2016.

J. Wang, S. Qu, H. Ma, S. Xia, Y. Yang, L. Lu, X. Wu, Z. Xu,da®. Wang, “Ex-
perimental verification of anisotropic three-dimensidefithanded metamaterial com-

posed of jerusalem crosseBJERS onlinevol. 6, no. 1, 2010.

A. R. Katko, Artificial negative permeability based on a fractal Jeriesal Cross PhD

thesis, The Ohio State University, 2009.

K. Inamdar, Y. P. Kosta, and S. Patnaik, “Criss-crossamaterial-substrate microstrip
antenna with enhanced gain and bandwidfRedioelectronics and Communications

Systemsvol. 58, no. 2, pp. 69-74, 2015.

Mahmoud, “A new miniaturized annular ring patch resongartially loaded by a meta-
material ring with negative permeability and permittivitfEEE Antennas and Wireless

Propagation Lettersvol. 3, pp. 19-22, 2004.

M. Wu, F. Meng, Q. Wu, J. Wu, and J. Lee, “An approach foraromnidirectional

165



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

microstrip antennas based on the backward waves of doupkine metamaterials,”

Applied Physics Avol. 87, no. 2, pp. 193-198, 2007.

M. M. Islam, M. R. I. Faruque, M. T. Islam, and M. F. Manst€ompact and broad-
band antenna using double-negative transmission linemadé&aial,” Applied Physics

A, vol. 123, no. 1, p. 21, 2016.

P. Kaur, S. K. Aggarwal, and A. De, “Performance enhameet of rectangular mi-
crostrip patch antenna using double H- shaped metamétdratiioelectronics and

Communications Systepwol. 59, no. 11, pp. 496-501, 2016.

Y. D. Sirmaci, C. K. Akin, and C. Sabah, “Fishnet basedianmaterial loaded THz

patch antennaOptical and Quantum Electronicsol. 48, no. 2, p. 168, 2016.

A. Lucibello, E. Proietti, R. Marcelli, G. M. Sardi, ar@l. Bartolucci, “Narrow-band fil-
tering by means of triangular meta-material resonatoresdas RF MEMS cantilevers

in CPW configuration,Microsystem Technologiggol. 23, no. 9, pp. 3955-3967, 2017.

H. A. Majid and M. K. A. Rahim, “Parametric studies ontkifanded metamaterial
consist of modified split-ring resonator and capacitaneeéa strip,”Applied Physics

A, vol. 103, no. 3, pp. 607-610, 2011.

H.-X. Xu, G.-M. Wang, and M.-Q. Qi, “A leaky-wave antemmsing double-layered
metamaterial transmission linéXpplied Physics Avol. 111, no. 2, pp. 549-555, 2013.

J. Liang and H. Xu, “Harmonic suppressed bandpass filsang composite right/left
handed transmission lineJournal of Zhejiang University SCIENCE, €ol. 13, no. 7,
pp. 552-558, 2012.

C. Caloz and T. ItohElectromagnetic Metamaterials, Transmission Line Theorg

Microwave ApplicationsNew York: Wiley, 2005.

166



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

J. Carver, V. Reignault, and F. Gadot, “Engineeringhaf inetamaterial-based cut-band

filter,” Applied Physics Avol. 117, no. 2, pp. 513-516, 2014.

S. Awasthi, A. Biswas, and M. J. Akhtar, “Dual-band @etric resonator bandstop
filters,” International Journal of RF and Microwave Computer-Aidedgiheering

vol. 25, no. 4, pp. 282-288, 2014.

C. Kim, X. Cheng, D. E. Senior, and Y.-K. Yoon, “Compantduency and bandwidth
tunable stopband filters using split ring resonators andctars coupled transmission
line,” AEU - International Journal of Electronics and Communioats vol. 66, no. 11,

pp. 865-870, 2012.

A. K. Gorur, A. O. Ceyhun Karpuz, and M. Emur, “Metamaétbased dualband band-
pass filter design for WLAN/WIMAX applicationsMicrowave and Optical Technol-
ogy Lettersvol. 56, no. 10, pp. 2211-2214, 2014.

J.-G. Park, K.-C. Yoon, H.-W. Lee, and J.-C. Lee, “A neightQ compact resonator
using combination of interdigital hair-pin resonator angander-line withu-near-zero
metamaterial,Microwave and Optical Technology Letterl. 56, no. 8, pp. 1781—

1785, 2014.

J. Fan, C. Liang, and B. Wu, “Dual-band filter using egleaigth split-ring resonators
and zero-degree feed structurdficrowave and Optical Technology Lettersol. 50,

no. 4, pp. 1098-1101, 2008.

K.-C. Yoon, J. H. Kim, and J.-C. Lee, “Band-pass filtetlwbroad-side coupled triple
split-ring resonator using left-handed metamateriglicrowave and Optical Technol-

ogy Lettersvol. 53, no. 9, pp. 2174-2177, 2011.

K. Afrooz, A. Abdipour, and F. Martin, “Broadband bgraks filter using open comple-
mentary split ring resonator based on metamaterial utiicoacept,”Microwave and

Optical Technology Lettersol. 54, no. 12, pp. 2832-2835, 2012.

167



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

T.-H. Lee, J.-W. Baik, and Y. Kim, “Compact cascadeddyugplet bandpass filter using
artificial magnetic resonatorsfMicrowave and Optical Technology Lettengol. 55,

no. 4, pp. 883-886, 2013.

K. U. Ahmed and B. S. Virdee, “Fine control of filter perfobance based on compos-
ite right/left-handed metamaterial technologijternational Journal of RF and Mi-

crowave Computer-Aided Engineeringl. 24, no. 1, pp. 39-45, 2014.

M. Palandoken and M. H. Ucar, “Compact metamaternapired band-pass filteii-

crowave and Optical Technology Lettewsl. 56, no. 12, pp. 2903-2907, 2014.

B. Jokanovic, V. Crnojevic-Bengin, and O. Boric-Lule¢ “Miniature high selectivity
filters using grounded spiral resonatotslgctronics Lettersvol. 44, no. 17, pp. 1019—
1020, 2008.

H. Nasraoui, A. Capobianco, A. Mouhsen, J. El Aoufi, Y. d&zouna, and M. Taouzari,
“Compact wideband band pass microstrip filter loaded byngyidar split ring res-
onators,”Microwave and Optical Technology Letteml. 59, no. 12, pp. 3101-3107,
2017.

J.-G. Park, K.-C. Yoon, and J.-C. Lee, “A new elliptionfttion band-pass filter with
adjustable size using-near zero metamaterial resonatomslicrowave and Optical

Technology Letters/ol. 56, no. 10, pp. 2245-2248, 2014.

D. K. Choudhary and R. K. Chaudhary, “A compact via-lesstamaterial wideband
bandpass filter using split circular rings and rectangular,5Progress In Electromag-

netics Researglvol. 72, pp. 99-106, 2018.

F. Falcone, T. Lopetegi, M. A. G. Laso, J. D. Baena, J. &, and M. Beruete,
“Babinet principle applied to the design of metasurfaces metamaterials,Physical

Review Lettersvol. 93, no. 19, 2004.

168



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

A. Ali and Z. Hu, “Negative permittivity meta-materiahicrostrip binomial low-pass
filter with sharper cut-off and reduced siz&T Microwaves, Antennas and Propaga-

tion, vol. 2, no. 1, pp. 15-18, 2008.

H.-X. Xu, G.-M. Wang, C.-X. Zhang, and J.-G. Liang, “Hért-shaped complemen-
tary ring resonator and application to enhanced-perfoomdow pass filter with high
selectivity,”International Journal of RF and Microwave Computer-Aidatbiheering

vol. 21, no. 4, pp. 399406, 2011.

X. Hu, Q. Zhang, and S. He, “Dual-band-rejection filterskd on split ring resonator
(SRR) and complimentary SRRylicrowave and Optical Technology Lettexsl. 51,
no. 10, pp. 2519-2522, 2009.

J. Selga, G. Siso, M. Gil, J. Bonache, and F. Martin,¢idivave circuit miniaturization
with complementary spiral resonators: Application to hpggss filters and dual-band
components,Microwave and Optical Technology Lettemol. 51, no. 11, pp. 2741-
2745, 2009.

L. Zhou, S.-b. Liu, X.-k. Kong, H.-f. Zhang, and Y.-n. Gu‘Ultra-wideband bandpass
filters with a controllable and highly selective notch-bAndicrowave and Optical

Technology Letters/ol. 53, no. 12, pp. 2920-2922, 2011.

R. Ghatak, M. Pal, C. Goswami, and D. Poddar, “Moore euractal-shaped minia-
turized complementary spiral resonatdylicrowave and Optical Technology Letters

vol. 55, no. 8, pp. 1950-1954, 2013.

C.-H. Ahn, D.-J. Jung, and K. Chang, “Compact paratielipled line bandpass filter
using double complementary split ring resonatav&igrowave and Optical Technology

Letters vol. 55, no. 3, pp. 506-509, 2013.

H. Oraizi and S. Y. Torabi, “Novel application of a new tamaterial complementary

electric LC resonator for the design of miniaturized shaapdpass filters,Inter-

169



[65]

[66]

[67]

[68]

[69]

[70]

national Journal of RF and Microwave Computer-Aided Engimag, vol. 23, no. 4,

pp. 471-475, 2013.

L. Su, J. Naqui, J. Mata-Contreras, and F. Martin, “Mly and applications of meta-
material transmission lines loaded with pairs of couplechple@mentary split-ring res-
onators (CSRRs)JEEE Antennas and Wireless Propagation Letterd. 15, pp. 154—

157, 2015.

H.-R. Zhu, Y.-F. Sun, and X.-L. Wu, “A compact tapered &Btructure with sharp
selectivity and wide stopband by using CSREEEE Microwave and Wireless Compo-

nents Lettersvol. 28, no. 9, pp. 771-773, 2018.

F. Martin, J. Bonache, F. Falcone, M. Sorolla, and Rrdyés, “Split ring resonator-
based left-handed coplanar waveguid@pplied Physics Lettersvol. 83, no. 22,
pp. 4652—-4654, 2003.

A. Vélez, F. Aznar, M. Duran-Sindreu, J. Bonache, @adVartin, “Stop-band and
band-pass filters in coplanar waveguide technology impfteteby means of elec-
trically small metamaterial-inspired open resonatol&T Microwaves, Antennas &

Propagationvol. 4, no. 6, pp. 712-716, 2010.

M. Duran-Sindreu, F. Aznar, A. Vélez, J. Bonache, &tartin, “Analysis and appli-
cations of OSRR-and OCSRR-loaded transmission lines: Apstvfor the design of
compact transmission line metamateriaMgtamaterialsvol. 4, no. 2-3, pp. 139-148,

2010.

M. Duran-Sindreu, P. Vélez, J. Bonache, and F. NartHigh-order coplanar waveg-
uide (CPW) filters implemented by means of open split ringmesors (OSRRs) and
open complementary split ring resonators (OCSRRdgtamaterialsvol. 5, no. 2-3,

pp. 51-55, 2011

170



[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

A. Borja, J. Carbonell, V. Boria, J. Cascon, and D. Lippe“Synthesis of compact
and highly selective filters via metamaterial-inspiredlaopr waveguide line technolo-

gies,”IET microwaves, antennas & propagatioml. 4, no. 8, pp. 1098-1104, 2010.

A. Borja, J. Carbonell, V. Boria, J. Cascon, and D. Lippe“Synthesis of compact
and highly selective filters via metamaterial-inspiredlaopr waveguide line technolo-

gies,”IET microwaves, antennas & propagatioml. 4, no. 8, pp. 1098-1104, 2010.

O. A. Safia, L. Talbi, and K. Hettak, “A new type of transsion line-based metama-
terial resonator and its implementation in original apgtiiens,”|EEE Transactions on

Magneticsvol. 49, no. 3, pp. 968-973, 2013.

M. A. Fouad and M. A. Abdalla, “NewrT generalised metamaterial negative refrac-
tive index transmission line for a compact coplanar wavegtriple band pass filter ap-
plications,”IET Microwaves, Antennas & Propagatiovol. 8, no. 13, pp. 1097-1104,
2014.

D. K. Choudhary and R. K. Chaudhary, “A compact CPW-ledieal-band filter using
modified complementary split ring resonatokEU-International Journal of Electron-

ics and Communicationsol. 89, pp. 110-115, 2018.

H. Li, L. H. Yuan, B. Zhou, X. P. Shen, Q. Cheng, and T. Ji,CUltrathin multi-
band gigahertz metamaterial absorbedsirnal of Applied Physi¢svol. 110, no. 1,
p. 014909, 2011.

S. Bhattacharyya, S. Ghosh, and K. V. Srivastava, “Badth-enhanced metamate-
rial absorber using electric field—driven LC resonator fob@ne radar applications,”

Microwave and Optical Technology Lette®l. 55, no. 9, pp. 2131-2137, 2013.

S. Bhattacharyya and K. Vaibhav Srivastava, “Triplendbapolarization-independent
ultra-thin metamaterial absorber using electric field«eini LC resonator,Journal of

Applied Physicsvol. 115, no. 6, p. 064508, 2014.

171



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

S. Ghosh and K. V. Srivastava, “An equivalent circuitaebof FSS-based metamaterial
absorber using coupled line theorlFEE Antennas and Wireless Propagation Letters

vol. 14, pp. 511-514, 2014.

Y.-J. Huang, G.-J. Wen, J. Li, W.-R. Zhu, P. Wang, andHY.Sun, “Wide-angle and

polarization-independent metamaterial absorber bassd@nflake-shaped configura-
tion,” Journal of Electromagnetic Waves and Applicatiord. 27, no. 5, pp. 552-559,
2013.

S. R. Thummaluru, N. Mishra, and R. K. Chaudhary, “Desagd analysis of an ultra-
thin X-band polarization-insensitive metamaterial absof Microwave and Optical

Technology Lettersvol. 58, no. 10, pp. 2481-2485, 2016.

T. Liu, X. Cao, J. Gao, Q. Zheng, W. Li, and H. Yang, “RC8uetion of waveguide slot
antenna with metamaterial absorb#EEE Transactions on Antennas and Propagation

vol. 61, no. 3, pp. 1479-1484, 2012.

A. Sharma, D. Gangwar, B. K. Kanaujia, and S. Dwari, “Arsés and design of an ultra-
thin metamaterial absorber and its application for in-bR&E reduction of antenna,”

Journal of Electromagnetic Waves and Applicatiord. 33, no. 5, pp. 654-667, 2019.

D. Zheng, Y. Cheng, D. Cheng, Y. Nie, and R. Z. Gong, “Fband polarization-
insensitive metamaterial absorber based on flower-shapediges,Progress In Elec-

tromagnetics Researchiol. 142, pp. 221-229, 2013.

M.-h. Li, S.-y. Liu, L.-y. Guo, H. Lin, H.-l. Yang, and Bx. Xiao, “Influence of the
dielectric-spacer thickness on the dual-band metamasdrsmrber,"Optics Communi-

cations vol. 295, pp. 262-267, 2013.

S. Bhattacharyya, S. Ghosh, and K. Vaibhav Srivastévaple band polarization-
independent metamaterial absorber with bandwidth enmagicteat X-band,Journal

of Applied Physicsvol. 114, no. 9, p. 094514, 2013.

172



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

S. Bhattacharyya and K. Vaibhav Srivastava, “Triplendbapolarization-independent
ultra-thin metamaterial absorber using electric field«eini LC resonator,Journal of

Applied Physicsvol. 115, no. 6, p. 064508, 2014.

D. Sood and C. C. Tripathi, “Quad band electric fieldvdn LC resonator-based
polarisation-insensitive metamaterial absorb8ET Microwaves, Antennas & Prop-

agation vol. 12, no. 4, pp. 588-594, 2017.

D. Singh and V. M. Srivastava, “Dual resonance shortat sircular rings metamate-
rial absorber,AEU-International Journal of Electronics and Communicat vol. 83,

pp. 58-66, 2018.

S. Bhattacharyya, S. Ghosh, and K. V. Srivastava, “&ajent circuit model of an ultra-
thin polarization-independent triple band metamatehababer,”AIP Advancesvol. 4,

no. 9, p. 097127, 2014.

K. P. Kaur and T. Upadhyaya, “Wide-angle and polar@atndependent tri-band dual-
layer microwave metamaterial absorb@ET Microwaves, Antennas and Propagation

vol. 12, no. 8, pp. 1428-1434, 2018.

H. Zhai, C. Zhan, L. Liu, and C. Liang, “A new tunable dimnd metamaterial ab-
sorber with wide-angle TE and TM polarization stabilitygurnal of Electromagnetic

Waves and Applicationsol. 29, no. 6, pp. 774-785, 2015.

B. Bian, S. Liu, S. Wang, X. Kong, H. Zhang, B. Ma, and H.nga “Novel triple-
band polarization-insensitive wide-angle ultra-thin maigave metamaterial absorber,”

Journal of Applied Physi¢wol. 114, no. 19, p. 194511, 2013.

X. Huang, H. Yang, S. Yu, J. Wang, M. Li, and Q. Ye, “Trighand polarization-
insensitive wide-angle ultra-thin planar spiral metamatebsorber,"Journal of Ap-

plied Physicsvol. 113, no. 21, p. 213516, 2013.

173



[95] S. Shang, S. Yang, L. Tao, L. Yang, and H. Cao, “Ultrattriple-band polarization-
insensitive wide-angle compact metamaterial absor#d¢F’ Advancesvol. 6, no. 7,

p. 075203, 2016.

[96] Z. Mao, S. Liu, B. Bian, B. Wang, B. Ma, L. Chen, and J. XMdlti-band polarization-
insensitive metamaterial absorber based on chinese arméenshaped structures,”

Journal of Applied Physi¢wol. 115, no. 20, p. 204505, 2014.

[97] A. Bhattacharya, S. Bhattacharyya, S. Ghosh, D. Clsiymaand K. Vaibhav Srivas-
tava, “An ultrathin penta-band polarization-insensitteenpact metamaterial absorber
for airborne radar applicationsiMlicrowave and Optical Technology Lettemol. 57,

no. 11, pp. 2519-2524, 2015.

[98] M. Agarwal and M. K. Meshram, “Metamaterial-based dbhahd microwave absorber
with polarization insensitive and wide-angle performghééP Advancesvol. 8, no. 9,

p. 095016, 2018.

[99] H. Zhai, C. Zhan, Z. Li, and C. Liang, “A triple-band wthin metamaterial absorber
with wide-angle and polarization stabilityEEE Antennas and Wireless Propagation

Letters vol. 14, pp. 241-244, 2014.

[100] S. R. Thummaluru, N. Mishra, and R. K. Chaudhary, “Qesand analysis of an ultra-
thin triple-band polarization independent metamaterieoaber,” AEU-International

Journal of Electronics and Communicatignsl. 82, pp. 508-515, 2017.

[101] S. K. Sharma, S. Ghosh, K. V. Srivastava, and A. Shullld{ra-thin dual-band
polarization-insensitive conformal metamaterial absgfbMicrowave and Optical

Technology Letters/ol. 59, no. 2, pp. 348-353, 2017.

[102] N. Mishra, K. Kumari, and R. K. Chaudhary, “A dual restor-based polarisation-
independent dual-band metamaterial absordetgrnational Journal of Electronics

Letters vol. 7, no. 3, pp. 338-351, 2019.

174



[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

A. Sarkhel and S. R. B. Chaudhuri, “Compact quad-bapldrzation-insensitive ul-
trathin metamaterial absorber with wide angle stabililgEE Antennas and Wireless

Propagation Lettersvol. 16, pp. 3240-3244, 2017.

H. Xiong, J.-S. Hong, C.-M. Luo, and L.-L. Zhong, “Anttdthin and broadband meta-
material absorber using multi-layer structurekjurnal of Applied Physi¢s/ol. 114,

no. 6, p. 064109, 2013.

S. Ghosh, S. Bhattacharyya, D. Chaurasiya, and K. WaStava, “Polarisation-
insensitive and wide-angle multi-layer metamaterial abso with variable band-

widths,” Electronics Lettersvol. 51, no. 14, pp. 1050-1052, 2015.

L. Liand Z. Lv, “Ultra-wideband polarization-insetige and wide-angle thin absorber
based on resistive metasurfaces with three resonant mddesnal of Applied Physi¢s

vol. 122, no. 5, p. 055104, 2017.

H. Luo, Y. Cheng, and R. Gong, “Numerical study of metdenial absorber and ex-
tending absorbance bandwidth based on multi-square stditee European Physical

Journal B vol. 81, no. 4, pp. 387-392, 2011.

L. Li, J. Wang, H. Du, J. Wang, S. Qu, and Z. Xu, “A band anbed metamaterial
absorber based on E-shaped all-dielectric resonatéi®,”Advancesvol. 5, no. 1,

p. 017147, 2015.

S. Li, J. Gao, X. Cao, W. Li, Z. Zhang, and D. Zhang, “Whded, thin, and
polarization-insensitive perfect absorber based the l@oottagonal rings metamate-
rials and lumped resistanceggurnal of Applied Physi¢s/ol. 116, no. 4, p. 043710,
2014.

P. Munaga, S. Ghosh, S. Bhattacharyya, and K. V. Savas “A fractal-based com-
pact broadband polarization insensitive metamateriardies using lumped resistors,”

Microwave and Optical Technology Lettex®l. 58, no. 2, pp. 343-347, 2016.

175



[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

T. T. Nguyen and S. Lim, “Angle-and polarization-inséive broadband metamaterial
absorber using resistive fan-shaped resonatdpglied Physics Lettersol. 112, no. 2,

p. 021605, 2018.

W. Zuo, Y. Yang, X. He, C. Mao, and T. Liu, “An ultrawidabd miniaturized metama-
terial absorber in the ultrahigh-frequency rang&EE Antennas and Wireless Propa-

gation Lettersvol. 16, pp. 928-931, 2016.

M. D. Banadaki, A. A. Heidari, and M. Nakhkash, “A metatarial absorber with a new
compact unit cell, IEEE Antennas and Wireless Propagation Lettessl. 17, no. 2,

pp. 205-208, 2017.

S. Ghosh, S. Bhattacharyya, Y. Kaiprath, and K. VabBaivastava, “Bandwidth-
enhanced polarization-insensitive microwave metanatakbisorber and its equivalent

circuit model,”Journal of Applied Physi¢wol. 115, no. 10, p. 104503, 2014.

S. Fan and Y. Song, “Bandwidth-enhanced polarizaithsensitive metamaterial ab-
sorber based on fractal structuregfurnal of Applied Physigsvol. 123, no. 8,

p. 085110, 2018.

W. Wang, Y. Chen, S. Yang, X. Zheng, and Q. Cao, “Desifja broadband electro-
magnetic wave absorber using a metamaterial technoldgyrhal of Electromagnetic

Waves and Applicationsol. 29, no. 15, pp. 2080-2091, 2015.

L. Peng, C.-L. Ruan, and X.-H. Wu, “Design and opematd dual/triple-band asym-
metric M-shaped microstrip patch antennd&EE Antennas and Wireless Propagation

Letters vol. 9, pp. 1069-1072, 2010.

T.-H. Chang and J.-F. Kiang, “Compact multi-band Hyséd slot antennalEEE
Transaction on Antennas and Propagatiool. 12, pp. 305-309, 2013.

176



[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

A. K. Gautam and B. K. Kanaujia, “A novel dual-band asyetric slit with defected
ground structure microstrip antenna for circular polar@aoperation,Microwave and

Optical Technology Lettersol. 55, pp. 1198-1201, 2013.

J. Zhu, M. A. Antoniades, and G. V. Eleftheriades, “Angmact tri-band monopole
antenna with single-cell metamaterial loadingFEE Transaction on Antennas and

Propagation vol. 58, pp. 1031-1038, 2010.

J. Ha, K. Kwon, Y. Lee, and J. Choi, “Hybrid mode widebgpatch antenna loaded
with a planar metamaterial unit cellEEE Transaction on Antennas and Propagation

vol. 60, pp. 1143-1147, 2012.

R. O. Ouedraogo, E. J. Rothwell, A. R. Diaz, K. Fuchidaa Temme, “Miniaturiza-
tion of patch antennas using a metamaterial-inspired tqabii IEEE Transaction on

Antennas and Propagatiomol. 60, pp. 2175-2182, 2012.

M. S. Majedi and A. R. Attari, “A compact and broadbandtamaterial-inspired an-

tenna,”IEEE Antennas and Wireless Propagation Letterd. 12, pp. 345-348, 2013.

X. Zhou, X. Quan, and R. Li, “A novel coplanar waveguiged zeroth-order reso-
nant antenna with resonant ringdhtennas and Wireless Propagation Lettersl. 13,

pp. 774-777, 2014.

P.-L. Chi and Y.-S. Shih, “Compact and bandwidth-erdea zeroth-order resonant an-
tenna,”IEEE Antennas and Wave Propagation Lettens. 14, pp. 285-288, 2015.

M. A. Abdalla and A. A. Ibrahim, “Compact and closelyasied metamaterial MIMO
antenna with high isolation for wireless applicationEEE Antennas and Wireless

Propagation Lettersvol. 12, pp. 1452-1455, 2013.

D. R. Smith, D. C. Vier, T. Koschny, and C. M. Soukoulfi§|ectromagnetic parameter

retrieval from inhomogeneous metamaterialjysical Review Evol. 71, 2005.

177



[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

B. Bala, M. Rahim, and N. Murad, “Small electrical mmeterial antenna based on
coupled electric field resonator with enhanced bandwiditettronics Lettersvol. 50,

pp. 138-139, 2014.

Y. Li, T. Jiang, and R. Mittra, “A miniaturized dual-bd antenna with toothbrush-
shaped patch and meander line for WLAN applicatioMdfeless Personal Communi-

cations vol. 91, no. 2, pp. 595-602, 2016.

R. Karli and H. Ammor, “Rectangular patch antenna faaldband RFID and LAN

applications,'Wireless Personal Communication®l. 83, no. 2, pp. 995-1007.

S. C. Basaran and K. Sertel, “Dual-band frequencypmégurable monopole antenna
for WLAN applications,”Microwave and Optical Technology Lettersol. 57, no. 1,
pp. 55-58, 2015.

L.-C. Tsai, “A dual-band bow-tie-shaped CPW-fed sdotenna for WLAN applica-
tions,” Progress In Electromagnetics Researchv/@l. 47, no. 167, pp. 167-171, 2014.

S. Yan, P. J. Soh, and G. A. E. Vandenbosch, “Compad¢exstile dual-band antenna
loaded with metamaterial-inspired structul&EE Antennas and Wireless Propagation

Letters vol. 14, pp. 1486-1489, 2015.

X. L. Sun, L. Liu, S. W. Cheung, and T. I. Yuk, “Dual-bamatenna with compact
radiator for 2.4/5.2/5.8 GHz WLAN applicationdEEE Transactions on Antennas and
Propagationvol. 60, no. 12, pp. 5924-5931, 2012.

M. S. M. Ali, S. K. A. Rahim, M. |. Sabran, M. Abedian, Aténg, and M. T. Islam,
“Dual band miniaturized microstrip slot antenna for WLANpdipations,”Microwave

and Optical Technology Lettergol. 58, 06 2016.

R. Habibi, C. Ghobadi, J. Nourinia, M. Ojaroudi, anddjaroudi, “Very compact broad

178



[137]

[138]

[139]

[140]

[141]

[142]

[143]

band-stop filter using periodic L-shaped stubs based orceatplementary structure

for X-band application.,Electronics Lettersvol. 48, no. 23, pp. 1483-1484, 2012.

D. La, Y. Lu, S. Sun, N. Liu, and J. Zhang, “A novel compaandstop filter using
defected microstrip structureMicrowave and Optical Technology Lettergol. 53,

pp. 433435, 2010.

J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Steviidagnetism from conduc-
tors and enhanced nonlinear phenomelaEE Transactions on Microwave Theory

and Technologyvol. 47, no. 11, pp. 2075-2084, 1999.

F. Falcone, T. Lopetegi, J. D. Baena, R. Marques, F.tilaand M. Sorolla, “Ef-
fective negative epsilon stopband microstrip lines basedanplementary split ring
resonators,IEEE Microwave and Wireless Components Letted. 14, pp. 280282,
2004.

J.-C. Liu, D.-S. Shu, B.-H. Zeng, and D.-C. Chang, “hayed equivalent circuits for
complementary split-ring resonator-based high-pasg fieh C-shaped couplings,”

IET Microwaves, Antennas and Propagationl. 2, no. 6, pp. 622-626, 2008.

A. Velez, F. Aznar, J. Bonache, M. C. Velzquez-AhumadlaMartel, and F. Martn,
“Open complementary split ring resonators (OCSRRs) anil épplication to wide-
band CPW band pass filterslEEE Microwave and Wireless Component Letters

vol. 19, no. 4, pp. 197-199, 20009.

K.-T. Kim, J.-H. Ko, K. Choi, and H.-S. Kim, “Optimum de&n of wideband bandpass
filter with CSRR-loaded transmission line using evolutitmategy,”IEEE Transactions

on Magneticsvol. 48, no. 2, pp. 811-814, 2012.

J. Bonache, M. Gil, I. Gil, J. Garcia-Garcia, and F. kfar‘On the electrical char-
acteristics of complementary metamaterial resonattE&E Microwave and Wireless

Components Lettersol. 16, no. 10, pp. 543-545, 2006.

179



[144] “Computer simulation technology microwave studi&gCMWS).”
[145] “Computer simulation technology microwave studi&GCMWS).”

[146] J. D. Baena, J. Bonache, F. Martn, R. M. Sillero, F. &a&; T. Lopetegi, M. A. G.
Laso, J. Garca-Garca, I. Gil, M. F. Portillo, and M. Soroflaguivalent-circuit mod-
els for split-ring resonators and complementary spligsnesonators coupled to planar
transmission lines,JEEE Transaction on Microwave Theory and Techniques. 53,

pp. 11511161, 2005.

[147] A. Abdel-Rahman, A. K. Verma, A. Boutejdar, and A. S. @m‘Compact stub type
microstrip bandpass filter using defected ground plai#£E Microwave and Wireless

Components Lettersol. 14, pp. 136-138, 2004.

[148] S. Karthikeyan and R. Kshetrimayum, “Composite rilgft handed transmission line
based on open slot split ring resonatadviicrowave and Optical Technology Letters

vol. 52, no. 8, pp. 1729-1731, 2010.
[149] “Computer simulation technology design studio (CSS)D

[150] H.-X. Xu, G.-M. Wang, and Q. Pengg, “Fractal-shapechptementary electric-LC res-
onator for bandstop filterProgress In Electromagnetics ResearchvGl. 23, pp. 205—

217, 2011.

[151] B. D. Bala, M. K. A. Rahim, and N. A. Murad, “Complementaelectric-lc resonator
antenna for WLAN applicationsApplied Physics Avol. 117, pp. 635-639, Nov 2014.

[152] S. S. Karthikeyan and R. Kshetrimayum, “Compositdtilgft handed transmission
line based on open slot split ring resonatMitrowave and Optical Technology Letters

vol. 52, no. 8, pp. 1729-1731, 2010.

[153] M. Abessolo, Y. Diallo, A. Jaoujal, A. Moussaoui, and Aknin, “Stop-band filter

180



[154]

[155]

[156]

[157]

[158]

[159]

[160]

using a new metamaterial complementary split trianglerrasos (CSTRS),” vol. 28,

pp. 353-358, 04 2013.

H. Nornikman, B. H. Ahmad, M. Z. A. A. Aziz, and A. R. Ottan, “Effect of single
complimentary split ring resonator structure on micr@spatch antenna design,” in
2012 IEEE Symposium on Wireless Technology and Applica{i@WTA) pp. 239—
244, Sept 2012.

V. Oznazi and V. B. Ertiirk, “A comparative investigation of BRand CSRR-based
band-reject filters: Simulations, experiments, and disicuns,”"Microwave and Optical

Technology Lettersvol. 50, no. 2, pp. 519-523, 2008.

C. Caloz and T. ItohElectromagnetic Metamaterials: Transmission Line Thesmy

Microwave ApplicationsWiley-IEEE Press, 2005.

H. Nasraoui, A. Mouhsen, J. E. Aoufi, and M. TaouzarioWsdl microstrip low pass
filter based on complementary split-ring resonatarstgrnational Journal of Modern

Communication Technologies and Reseavdh. 2, no. 10, 2014.

J. Bonache, G. Posada, G. Carchon, W. D. Raedt, andffaM&ompact & 0.5mn?)
K-band metamaterial bandpass filter in MCM-D technolodygléectronics Letters

vol. 43, no. 5, 2007.

A. L. Borja, J. Carbonell, J. D. Martinez, V. E. Borend D. Lippens, “A controllable
bandwidth filter using varactor-loaded metamaterialdiregptransmission lines/EEE

Antenna and Wireless Propagation Lettersl. 10, pp. 1575-1578, 2011.

C. Caloz, “Dual composite right/left-handed (D-CR)Ltlansmission line metamate-
rial,” IEEE Microwave and Wireless Components Lettead. 16, no. 11, pp. 585-587,
2006.

181



[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

V. Gonzalez-Posadas, J. L. Jimenez-Matrtin, A. P@ee&ada, L. E. Garcia-Munoz, and
D. Segovia-Vargas, “Dual-composite right-left-handeshtmission lines for the design
of compact diplexers,JET Microwaves, Antennas Propagatiovol. 4, pp. 982—-990,

Aug 2010.

D. Kholodnyak, V. Turgaliev, and E. Zameshaeva, “Dbahd immittance inverters
on dual-composite right/left-handed transmission lineQRLH TL),” in German Mi-

crowave Conferencep. 60—63, 2015.

A. Belenguer, J. Cascon, A. L. Borja, H. Esteban, ané&MBoria, “Dual composite
right-/left-handed coplanar waveguide transmission liseng inductively connected
split-ring resonators JEEE Transaction on Microwave Theory and Techniqwes 60,

no. 10, pp. 3035-3042, 2012.

L. M. Cano, A. L. Borja, V. E. Boria, and A. Belenguer, ithly versatile coplanar
waveguide line with electronically reconfigurable bandWwiend propagation charac-

teristics,”IEEE Transaction on Microwave Theory and Techniq2€4.6.

J. D. Baena, J. Bonache, F. Martn, R. M. Sillero, F. &aé; T. Lopetegi, M. A. G.
Laso, J. Garca-Garca, I. Gil, M. F. Portillo, and M. Soroflaquivalent-circuit mod-
els for split-ring resonators and complementary spligsnesonators coupled to planar
transmission lines,JEEE Transaction on Microwave Theory and Techniques. 53,

pp. 11511161, 2005.

D. R. Smith, D. C. Vier, T. Koschny, and C. M. Soukoulfig|ectromagnetic parameter

retrieval from inhomogeneous metamaterialjysical Review Evol. 71, 2005.
P. Bhartia and |. BahMicrowave solid state circuit desigiWiley, 2003.

X. Ying and A. Alphones, “Propagation characteristmf complimentary split ring
resonator (CSRR) based ebg structuidjtrowave and Optical Technology Letters
vol. 47, no. 5, pp. 409-412, 2005.

182



[169] D. K. Choudhary and R. K. Chaudhary, “A compact viaslesetamaterial wideband
bandpass filter using split circular rings and rectangular,5Progress In Electromag-

netics Researglvol. 72, pp. 99-106, 2018.

[170] L. Liu, P. Zhang, M.-H. Weng, C.-Y. Tsai, and R.-Y. Yari§ miniaturized wideband
bandpass filter using quarter-wavelength stepped-impedasonators,Electronics

vol. 8, no. 12, p. 1540, 2019.

[171] M.-C. Tang, T. Shi, and X. Tan, “A novel triple-mode lagon bandpass filter with me-
ander line and central-loaded stublicrowave and Optical Technology Lettew®l. 58,

no. 1, pp. 9-12, 2016.

[172] K.-D. Xu, D. Li, and Y. Liu, “High-selectivity widebath bandpass filter using simple
coupled lines with multiple transmission poles and zerll&ZE Microwave and Wire-

less Components Lettersol. 29, no. 2, pp. 107-109, 2019.

[173] W. Emerson, “Electromagnetic wave absorbers andlameachambers through the
years,”|IEEE Transactions on Antennas and Propagatieni. 21, no. 4, pp. 484—490,
1973.

[174] E. F. Knott, J. F. Schaeffer, and M. T. Tulld&adar cross sectianSciTech Publishing,
2004.

[175] Q. Song, W. Zhang, P. C. Wu, W. Zhu, Z. X. Shen, P. H. J.r¢h®. X. Liang, Z. C.
Yang, Y. L. Hao, H. Caiet al, “Water-resonator-based metasurface: An ultrabroadband
and near-unity absorptionAdvanced Optical Materialsvol. 5, no. 8, p. 1601103,
2017.

[176] N. Engheta, “Thin absorbing screens using metanatsuirfaces,” inEEE Antennas
and Propagation Society International Symposium (IEEE ®at 02CH37313)vol. 2,
pp. 392-395, IEEE, 2002.

183



[177] D. R. Smith, W. J. Padilla, D. Vier, S. C. Nemat-Nassarl S. Schultz, “Composite
medium with simultaneously negative permeability and peirity,” Physical review

letters vol. 84, no. 18, p. 4184, 2000.

[178] C. M. Watts, X. Liu, and W. J. Padilla, “Metamateriaéetromagnetic wave absorbers,”

Advanced materials/ol. 24, no. 23, pp. OP98-0P120, 2012.

[179] S. Ghosh, S. Bhattacharyya, D. Chaurasiya, and K. VaStava, “An ultrawideband
ultrathin metamaterial absorber based on circular spigsjy’ IEEE antennas and wire-

less propagation lettersol. 14, pp. 1172-1175, 2015.

[180] D. Ye, Z. Wang, Z. Wang, K. Xu, B. Zhang, J. Huangfu, C, Ahd L. Ran, “To-
wards experimental perfectly-matched layers with ulbia-tmetamaterial surfaces,”

IEEE Transactions on Antennas and Propagatiani. 60, no. 11, pp. 5164-5172, 2012.

[181] N. Mishra, D. K. Choudhary, R. Chowdhury, K. Kumari,daR. K. Chaudhary, “An
investigation on compact ultra-thin triple band polari@atindependent metamaterial
absorber for microwave frequency applicationEEE accessvol. 5, pp. 4370-4376,

2017.

[182] B.-X. Wang, X. Zhai, G. Wang, W. Huang, and L. Wang, “i@gsof a four-band
and polarization-insensitive terahertz metamateriabdies,” [IEEE Photonics Journal

vol. 7, no. 1, pp. 1-8, 2015.

[183] B.-X. Wang, “Quad-band terahertz metamaterial absiobased on the combining of
the dipole and quadrupole resonances of two SRIEEE Journal of Selected Topics

in Quantum Electronigsvol. 23, no. 4, pp. 1-7, 2017.

[184] A. Sarkhel and S. R. B. Chaudhuri, “Compact quad-bamldrjzation-insensitive ul-
trathin metamaterial absorber with wide angle stabililgEE Antennas and Wireless

Propagation Lettersvol. 16, pp. 3240-3244, 2017.

184



[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

D. Chaurasiya, S. Ghosh, S. Bhattacharyya, and K. VaStava, “An ultrathin quad-
band polarization-insensitive wide-angle metamatebababer,"Microwave and Opti-

cal Technology Lettervol. 57, no. 3, pp. 697-702, 2015.

A. Bhattacharya, S. Bhattacharyya, S. Ghosh, D. Gisya, and K. Vaibhav Srivas-
tava, “An ultrathin penta-band polarization-insensitbeenpact metamaterial absorber
for airborne radar applicationsiMlicrowave and Optical Technology Lettemol. 57,

no. 11, pp. 2519-2524, 2015.

N. Mishra, K. Kumari, and R. K. Chaudhary, “An ultrakthpolarization indepen-
dent quad-band microwave absorber-based on compact ntetahatructures for
EMI/EMC applications,”International Journal of Microwave and Wireless Technolo-

gies vol. 10, no. 4, pp. 422—-429, 2018.
Ansoft, “HFSS simulator version 14.0.”

S. Ghosh and K. V. Srivastava, “An equivalent circuddel of fss-based metamaterial
absorber using coupled line theorlFEE Antennas and Wireless Propagation Letters

vol. 14, pp. 511-514, 2015.

C. L. Holloway, E. F. Kuester, and A. Dienstfrey, “Chaterizing metasur-
faces/metafilms: The connection between surface susd#jetiand effective material
properties,IEEE Antennas and Wireless Propagation Letterd. 10, pp. 1507-1511,
2011.

D. Smith, D. Vier, T. Koschny, and C. Soukoulis, “Elemnagnetic parameter retrieval
from inhomogeneous metamaterial®hysical review Evol. 71, no. 3, p. 036617,

2005.

X. Zeng, M. Gao, L. Zhang, G. Wan, and B. Hu, “Design ofiple-band metamate-
rial absorber using equivalent circuit model and interieeetheory,”"Microwave and

Optical Technology Lettersol. 60, no. 7, pp. 1676-1681, 2018.

185



[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

R. Asgharian, B. Zakeri, and O. Karimi, “Modified hexaml triple-band metamaterial
absorber with wide-angle stabilityAEU - International Journal of Electronics and

Communicationsvol. 87, pp. 119 — 123, 2018.

F. S. Jafari, M. Naderi, A. Hatami, and F. B. Zarrabi,ithbwave jerusalem cross ab-
sorber by metamaterial split ring resonator load to obtailagzation independence
with triple band application, AEU - International Journal of Electronics and Commu-

nications vol. 101, pp. 138 — 144, 2019.

Da-Shan Shiu, G. J. Foschini, M. J. Gans, and J. M. KdFending correlation and its
effect on the capacity of multielement antenna systelsE Transactions on Com-

municationsvol. 48, no. 3, pp. 502-513, 2000.

A. F. Molisch, M. Z. Win, Yang-Seok Choi, and J. H. Wirde“Capacity of MIMO sys-
tems with antenna selectiodEEE Transactions on Wireless Communicatiord. 4,

no. 4, pp. 1759-1772, 2005.

R. Chandel and A. K. Gautam, “Compact MIMO/diversiliyteantenna for UWB appli-
cations with band-notched characteristi€léctronics Lettersvol. 52, no. 5, pp. 336—

338, 2016.

G. Lin, C. Sung, J. Chen, L. Chen, and M. Houng, “Isaatimprovement in UWB
MIMO antenna system using carbon black flifEEE Antennas and Wireless Propa-

gation Lettersvol. 16, pp. 222-225, 2017.

. Buriak, V. Zhurba, G. Vorobjov, V. Kulizhko, O. Komov, and O. Rybalko, “Metama-
terials: Theory, classification and application strategidournal Of Nano- And Elec-

tronic Physicsvol. 8, no. 4 (2), pp. 04088-1, 2016.

N. I. Landy, S. Sajuyigbe, J. J. Mock, D. R. Smith, and\WPadilla, “Perfect metama-
terial absorber,Physical Review Lettersol. 100, no. 4, pp. 207-402, 2008.

186



[201] S. Ji, C. Jiang, J. Zhao, X. Zhang, and Q. He, “Design pbkrization-insensitive
triple-band metamaterial absorbe@ptics Communicationsvol. 432, pp. 65 — 70,

2019.

[202] S. Narayan, B. Sangeetha, T. V. Sruthi, V. Shambuppga and R. U. Nair, “Design
of low observable antenna using active hybrid-element RB®tsire for stealth ap-
plications,” AEU - International Journal of Electronics and Communioats vol. 80,

pp. 137-143, 2017.

[203] M. Bagmanc, M. Karaaslan, E. Unal, O. Akgol, F. Karadagd C. Sabah, “Broad-

band polarization-independent metamaterial absorbesdiar energy harvesting appli
cations,”Physica E: Low-dimensional Systems and Nanostructwas 90, pp. 1-6,

2017.

[204] M. Bakr, M. Karaaslan, E. Unal, O. Akgol, and C. SabaWjcrowave metamaterial
absorber for sensing application§pto-Electronics Reviewol. 25, no. 4, pp. 318 —

325, 2017.

[205] M. Agarwal and M. K. Meshram, “Isolation improvemerfitoGHz WLAN antenna ar-
ray using metamaterial absorber,”26016 URSI Asia-Pacific Radio Science Conference

(URSI AP-RASC)pp. 1050-1053, 2016.

[206] Q. Zhang, Y. Jin, J. Feng, X. Lv, and L. Si, “Mutual coimgl reduction of microstrip
antenna array using metamaterial absorber2045 IEEE MTT-S International Mi-
crowave Workshop Series on Advanced Materials and Prosdss®F and THz Ap-

plications (IMWS-AMP)pp. 1-3, 2015.

[207] H. S. Lee and H. M. Lee, “Isolation improvement betwdeop antennas with ab-
sorber cells,” in2011 IEEE International Symposium on Antennas and Propagat

(APSURSI)pp. 1735-1738, 2011.

187



[208] C. M. Watts, X. Liu, and W. J. Padilla, “Metamateriatetromagnetic wave absorbers,”
Advanced materials/ol. 24, no. 23, pp. OP98-0P120, 2012.

[209] G. Srivastava and A. Mohan, “Compact MIMO slot antefo@UWB applications,”
IEEE Antennas and Wireless Propagation Letterd. 15, pp. 1057-1060, 2016.

[210] S. R. Thummaluru and R. K. Chaudhary, “Mu-negativeansterial filter-based isola-
tion technique for MIMO antennasElectronics Lettersvol. 53, no. 10, pp. 644—-646,
2017.

[211] K. J. Babu, R. W. Aldhaheri, M. Talha, and I. SAlruhaiiDesign of a compact two
element MIMO antenna system with improved isolatid?rdgress In Electromagnetics

Researchvol. 48, pp. 27-32, 2014.

[212] H. Arun, A. K. Sarma, M. Kanagasabai, S. Velan, C. Rgaitand M. G. N. Alsath,
“Deployment of modified serpentine structure for mutualgog reduction in MIMO
antennas,IEEE Antennas and Wireless Propagation Lettersl. 13, pp. 277-280,
2014.

[213] C. Xue, X. Y. Zhang, Y. F. Cao, Z. Hou, and C. F. Ding, “M@Jantenna using hy-
brid electric and magnetic coupling for isolation enhanestyi [IEEE Transactions on

Antennas and Propagatiorol. 65, no. 10, pp. 5162-5170, 2017.

188



LIST OF PUBLICATIONS

In peer reviewed | nternational Journals

1. Priyanka Garg and Priyanka Jain, “ Design and analysis of Complementdityrspy
resonator backed microstrip transmission line using edeint circuit model”Journal
of Communication Technology and Electroniesl. 63, no. 12, pp. 1424-1430, 2018.
(SCI Journal with Impact Factor: 0.51)

2. Priyanka Garg and Priyanka Jain,“Design and analysis of a metamatesgplied dual
band antenna for WLAN applicationiternational Journal of Microwave and Wireless
Technologiesyol. 11, no. 4, pp. 351-358, 2019. (SCIE Journal with Impactdr:
0.703)

3. Priyanka Garg and Priyanka Jain, "Isolation Improvement of MIMO Antennsitg) a
Novel Flower Shaped Metamaterial Absorber at 5.5 GHz WiMAaqB,” IEEE Trans-
actions on Circuits and Systems Il: Express Brigtd, 67, no. 4, pp. 675-679, April
2020. (SCI Journal with Impact factor: 3.25)

4. Priyanka Garg and Priyanka Jain, “Novel ultrathin penta-band metamatalisorber”,
AEU - International Journal of Electronics and Communica,vol. 116, p. 153063,
2020. (SCIE Journal with Impact factor: 2.853).

5. Priyanka Garg and Priyanka Jain, “Design and analysis of a bandpass fdtegual
Composite Right/Left Handed (D-CRLH) transmission linewing bandwidth en-
hancement”Wireless Personal CommunicatiofCommunicated) (SCIE Journal with

Impact factor: 1.061).



6. Priyanka Garg and Priyanka Jain, “Metamaterial-based patch antennasReAd-
vances in System Optimization and Contval,. 509, pp 65-81, 2019. (SCOPUS)

7. Priyanka Garg and Priyanka Jain, “Extraction of equivalent circuit paesens of metamaterial-
based bandstop filter&pplications of Artificial Intelligence Techniques in Engering,

vol. 697, pp. 173-179, 2019. (SCOPUS)

I n International/national conferences

1. Priyanka Garg, Shruti Awasthi and Priyanka Jain “A survey of microwave daass
filter using coupled line resonator - Research design andldement”,Proceeding of
International Conference on Sustainable Energy, Elect®and Computing Systems

(SEEMS)Qctober 27-28, 2018.

2. Priyanka Garg and Priyanka Jain “Comparative analysis of transmissioa based
bandstop filters using different metamaterial unit cellsraging at 3 GHz'Proceeding
of International Conference on Signal Processing, VLSI @nchmunication Engineer-

ing (ICSPVCE-2019)March 28-30, 2019, New Delhi,India.

3. Priyanka Garg and Priyanka Jain, “Analysis of a novel metamaterial albeousing
equivalent circuit model operating at 3.5 GHz", presentetEEE International Con-

ference on Computational Electromagnetics (ICCEM-203@)gapore, 2020.

4. Priyanka Garg and Priyanka Jain, “Analysis of metamaterial based bapdsters: A
Brief Review” presented ibth International Conference on Microelectronics, Comput
ing & Communication Systems (MCCS-202D)ly 11-12, 2020, Advanced Regional

Telecom Training Centre, BSNL, Ranchi, Jharkhand, India.

5. Priyanka Garg and Priyanka Jain, “A Review of Multiband Metamaterial Atisers”
presented itNational Conference on Microwave Absorbing Materials (VMAAM-2020)

Aug 23-24, 2020, Roorkee, India.

190



CURRICULUM VITAE

Priyanka Garg

H.no. 101,

NCR Residency,

@

GMS Road, Dehradun-248171 é\
4 ibn
Uttarakhand.

oy
e-mail: priyankagargphd2kl6@dtu.ac.in K ‘ : *ﬂ
+91-8800943503

Priyanka Garg was born in Dehradun, Uttarakhand state of India, on Decer2®e
1992. She received her B.Tech degree (Electronics & comeatian) in 2013 from Uttarak-
hand Technical University, Uttarakhand, India, and M.Te¢Digital Signal Processing) in
2016 from G.B. Pant Engineering College, Pauri, Uttarakhdndia. She enrolled for the
doctorate degree in Electronics & Communication Engimgedt the Delhi Technological
University, Delhi, India in 2016. She has published moranth@ research papers in reputed
journals/conferences like IEEE, etc. Her main researatrésts are design and optimization
of metamaterial based microwave components. Currentlyiskerking on metamaterial

based antennas, filters and absorbers.



