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ABSTRACT

Planar technology has gained a lot of popularity since its inception due to various advantages

it offered to the scientific world such as, light weight, compact size, ease of fabrication and

integration, suitability of mass production and compatibility with planar solid state devices.

However they also have certain drawbacks in terms of bandwidth, further miniaturization,

gain, efficiency, etc.

Metamataterials are introduced in the late 60s by a Russian physicist Victor Veselago [1],

which were further investigated by Pendryet. al. [2] and are an active area of research these

days. Metamaterials are the artificially engineered structures that offer extraordinary electro-

magnetic properties not found in nature such as epsilon negative media (ENG), mu negative

media (MNG), double negative media (DNG), photonic band gapstructures etc. They consist

of multiple unit cells whose dimensions are much smaller than λ0/4, whereλ0 is the wave-

length corresponding to the highest frequency of operation, to achieve homogenization. It was

discovered that these materials alter the behaviour of electromagnetic waves in an unconven-

tional way leading to important phenomenon such as, reversal of Snells Law, Doppler effect

and Vavilov-Cerenkov radiation.

Due to the extraordinary behaviour of metamaterials they are used to improve the proper-

ties of various planar devices and components which are discussed earlier. They can be used

to improve antenna’s gain, directivity, bandwidth and size, filter’s size, roll off, out of band

rejection levels and bandwidth. They are used for multiple frequency operation. They are

also being used for the development of super lenses, ultrathin perfect absorbers, cloaks, high

sensitivity and high resolution sensors, phase compensator etc. The main focus of this thesis

is on metamaterial based antennas, filters and absorbers.



Chapter 3 presents the design of a compact, low-profile, coplanar waveguide (CPW)-fed

metamaterial inspired dual band microstrip antenna for WLAN application. To achieve the

goal a triangular split ring resonator (TSRR) is used along with an open ended stub. The

proposed antenna has a compact size of 20×24 mm2 fabricated on an FR-4 epoxy substrate

with dielectric constant (εr=4.4). The antenna provides two distinct bands I from 2.40-2.48

GHz and II from 4.7-6.04 GHz with reflection coefficient better than -10 dB, covering the

entire WLAN (2.4/5.2/5.8 GHz) band spectrum. The performance of this metamaterial in-

spired antenna is also studied in terms of the radiation pattern, efficiency, and realized gain.

The antenna is practically fabricated and tested to show good agreement with the simulated

results.

Chapter 4 is divided into four sections. The first section presents a compact, low-profile

Band Stop Filter (BSF) designed using Complimentary Split Ring Resonator (CSRR). An

equivalent circuit model is also presented along with the simplified mathematical approach to

extract the parameters of the circuit model. This paper alsopresents the effect of variation

in the dimensions of split rings on characteristics of BSF. The proposed BSF has a compact

size of 27×20 mm2 designed on FR-4 substrate with dielectric constant (εr )=4.3. The filter

provides complete suppression of the band at 2.4 GHz. The design and circuit analysis of this

metamaterial based filter is presented in terms of reflectioncoefficient, transmission coefficient

and impedance curve. The second section presents the designand analysis of a metamaterial

inspired Bandstop Filter (BSF) providing suppression of frequency at 3 GHz. The overall

size of proposed BSF is 20mm×20mm×1.6mm. Further,the extraction of lumped parameters

of the designed BSF using simulated results is presented andvalidation of the results using

equivalent circuit simulation is also presented. The thirdsection presents a comparison based

study of microstrip transmission line based bandstop filters taking different complementary

resonators on the ground plane. Six metamaterial resonators unit cells have been investigated

from the literature. The dimensions are optimized to operate at 3 GHz and then their compar-

ative analysis is performed based on various properties of filters such as insertion loss, 3 dB

v



bandwidth, quality factor (Q), shape factor, overall size,unit cell size and group delay. There

are a number of metamaterial based resonators available in literature, so the objective of this

section of the chapter is to provide a comparative analysis so that the user can point out the

best configuration required while designing the bandstop filter that suits the desired specifi-

cation and also helps in developing the future ideas by taking into account the advantages of

the available structures. The forth section presents a compact, low-profile, Band Pass Filter

(BPF) based on balanced Dual Composite Right/Left Handed (D-CRLH) Transmission Line

(TL) is presented in this chapter. A balanced D-CRLH TL can beused to provide wideband

filter characteristics due to no frequency separation between the RH and LH frequency bands.

The proposed D-CRLH TL is designed using U-shaped complementary split ring resonator

(UCSRR). The extraction of equivalent circuit model of proposed UCSRR unit cell is also

performed. Further, the bandwidth of the proposed filter is enhanced by using the concept

of electric and magnetic coupling between the slot lines. The proposed via less BPF has a

compact size of 15×15 mm2 designed on an FR-4 substrate with dielectric constant(εr)=4.3.

The design analysis of proposed bandpass filter is presentedin terms of reflection coefficient,

transmission coefficient, impedance curve, propagation constant and group delay.

Chapter 5 presents a novel resonant metamaterial absorber exhibiting five resonant peaks

with absorptivity more than 90% in the range from S band to Ku band for radar cross-section

reduction and other FCC-airborne applications. The structure is designed on a low cost FR-4

substrate with 1 mm thickness which is equivalent toλ /17.75 whereλ is the wavelength cor-

responding to maximum resonant frequency of absorption, showing its ultrathin nature. The

fourfold symmetry of the design results in polarization insensitivity and provides an angular

stability up to 60◦ of incident angle. The multiband characteristics are obtained by combin-

ing three different geometries in a single structure. Performance of the absorber is studied in

terms of absorptivity, material parameters, normalized impedance, polarization insensitivity

and oblique incidence. Finally, the design is fabricated ona 200×200mm2 FR-4 substrate and

measurements are performed. Further, the chapter also presents a closed meander line shaped
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metamaterial absorber operating at 3.5 GHz WiMAX band. The proposed metamaterial ab-

sorber unit cell has a compact size of 0.11λ0×0.11λ0 design on an ultrathin FR-4 substrate

with thickness 0.018λ0, whereλ0 is the wavelength corresponding to operating frequency.

The proposed absorber shows an absorptivity of 98.5 % at the intended frequency. The design

is evolved from a simple square loop to a symmetrical meanderline structure whose dimen-

sions are optimized to operate at 3.5 GHz WiMAX band. An equivalent circuit model is also

defined to depict the electrical properties of the structure. The proposed design also shows

insensitivity to polarization as well as change in incidentangle of the wave over a wide-angle

(upto 60◦) for both TE and TM polarization. The proposed structure is agood candidate for

radar cross section reduction of an antenna.

Chapter 6 demonstrates the use of metamaterial absorber (MA) to achieve high isolation

between two patch antennas in a 2-element MIMO system operating at 5.5 GHz resonant

frequency useful for WiMAX application. The proposed flowershaped MA, designed on a

9×9mm2 FR-4 substrate with 1 mm thickness, exhibits near unity normalized impedance at

5.5 GHz with an absorptivity of 98.7 %. A 4 element array of theMA is arranged in the form

of a line in the middle of the two radiating patches in order tosuppress the propagation of

surface current between them at the operating frequency. Using the proposed flower shaped

MA, an isolation of nearly 35 dB is achieved. The MIMO structure is studied in terms of

return loss, isolation, overall gain, radiation pattern, Envelope Correlation Coefficient (ECC),

Diversity Gain (DG), and Total Active Reflection Co-efficient (TARC) etc. The structure is

finally fabricated and measured to show good agreement with the simulated results.
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1.1 INTRODUCTION

1.2 BASIC OVERVIEW

In past few decades, metamaterials have emerged as a new technology in the area of mi-

crowave communication engineering. Wide research is beingcarried out on metamaterials to

develop such microwave structures which can provide more advanced and efficient ways of

communication.

Most of the isotropic materials existing in nature have positive values of permittivity (ε)

and permeability (µ) greater than unity, so, they are considered as double positive (DPS)

materials. These recently developed class of structures called metamaterials are materials that

are typically engineered with novel or artificial structures, made by unit cells of dimensions

much smaller than the wavelength. These unit cells are periodically arranged and tend to

exhibit electromagnetic properties that are difficult or unusual to be found in nature. Such

properties comprise of a simultaneous negative permeability and permittivity that render into

a negative refractive index; since,

n=±√
εr µr , (1.1)

where,εr andµr are relative permittivity and relative permeability of medium and n is refrac-

tive index. There are four possible combinations in the pair(ε,µ) i.e. (+, +), (-, +), (+, -), (-,

-), as shown in Fig. 1.1 The first three combinations are well known conventional materials.

First one is Double positive structure (DPS), having positive value ofε and µ, also called

right handed materials. Second quadrant gives epsilon negative (ENG) metamaterials having

permittivity less than zero and permeability more than zero(ε < 0, µ > 0 ). Many plasmas dis-

play these characteristics in certain frequency ranges. Infinitely long parallel wires arranged in

square matrix are also known to have this characteristic. Third combination givesµ-negative

(MNG) materials have permittivity greater than zero and permeability less than zero (ε > 0
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Figure 1.1:ε −µ diagram

, µ < 0). Some gyrotropic material presents these characteristic in certain frequency ranges.

Split ring structures also exhibit MNG behaviour. Fourth quadrant shows materials having

simultaneously negative permittivity and negative permeability called double negative struc-

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

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

MNG structures can be combined to exhibit DNG behaviour. This type of structures offers a

wide scope of research in this area.

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

filters, absorbers, lenses, matching networks, or sensors to provide exceptional improvement

in properties. Electromagnetic properties of metamaterial devices can be engineered by chang-

ing the geometry of its unit cells. Subsequently, transmission is altered by adjusting the shape,

size, and configurations of the unit cells. This results in control over material parameters

known as permittivity and magnetic permeability.

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

instead of right-hand rule for the wave equation formed by the E (electric field), H (magnetic
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field) andβ (propagation constant) vectors. They are observed to have anti-parallel Pointing

vector(S) and propagation constant (β ) as shown in Fig. 1.2. This behaviour is opposite to

that of conventional or right handed materials (RHM) which show parallel direction of S and

beta. Due to anti-parallel S andβ , LHM are observed to have backward wave propagation,

which is another unique property shown by metamaterials.

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

The above theory can be explained with the help of Maxwell’s equation. Let us consider

loss-less medium in regions without sources. In case of right handed (RH) medium,ε, µ > 0

and therefore,

β ×E =+ωµH (1.2)

β ×H =−ωεE (1.3)

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

case of LH medium,ε, µ < 0, and therefore, since|ε|=−ε > 0 and|µ|=−µ > 0,

β ×E =−ω|µ|H (1.4)

β ×H =+ω|ε|E (1.5)

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

vp = ω/β , (1.6)

Therefore, in LH medium, phase velocity is opposite to that in RH medium.

The values of permittivity and permeability in a material are frequency dependent. There

are various models available to describe the frequency response of permittivity and permeabil-

ity in a material, however, theLorentzmodel is one of the most popular ones. It is derived by

a description of the electron motion in terms of a driven, damped harmonic oscillator. With a

time harmonic incident electric field, the equation of motion of free electron is given by:

d2x
dt2

+ γ
dx
dt

+ω2
c x=

qE
m

(1.7)

where,x is the displacement caused by the incident electric field, m is the mass of electron,γ

is the damping coefficient of the oscillations andωc is the characteristic resonance frequency.

The first term of the Eq. 1.7 accounts for acceleration, second term accounts for dissipation

due to collisions or damping, the third term accounts for restoring force and the term on the

right hand side accounts for driving electric force experienced by the electrons. For N number

of free electrons per unit volume with dipole momentp=qx, the polarization is given as:

P= Np= Nqx (1.8)

Now, the equation for polarization is give as:

d2P
dt2

+ γ
dP
dt

+ω2
c P= ε0ω2

pE (1.9)

where,ωp is the plasma frequency at which the density of electron gas oscillates, given
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by:

ωp =

√

Nq2

ε0m
(1.10)

For a time harmonic incident electric field, the polarization is also time harmonic,P=P0e− jωt .

Now the polarization is given by:

(ω2
c −ω2− jωγ)P=

Nq2

m
E (1.11)

Comparing the above equation withP= ε0χrE, whereχr is the relative susceptibility, we

get following expression for relative permittivity:

εr = 1+
ω2

p

ω2
c −ω2− jωγ

(1.12)

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

restoring force,ωc=0, and the Lorentz model reduces to Drude model:

εr = 1−
ω2

p

ω2+ jωγ
(1.13)

When the accelerating term is very small,(ω2
c + jωγ) >> ω2, the Lorentz model reduces to

Debey model.

εr = 1+
ω2

p/ω2
c

1− jω(γ/ω2
c )

(1.14)

From the above equations only the Lorentz and Drude models can yield negative permit-

tivity. Since, the Lorentz model is resonant in nature, it yields negative permittivity for a small

range of frequency whereas, Drude model yields negative permittivity over a wide range of

frequencies.

Similarly, the magnetic response models are realized by thecorresponding values in the
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above expressions. The permeability function is given by following expression:

µr = 1− Fω2

ω2−ω2
m+ jωγ

(1.15)

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

1.3 REALIZATION OF LEFT-HANDED METAMATERIALS

In 1967, a Russian physicist Viktor Veselago [1] came up withan idea of“Substances with

simultaneously negative values ofε and µ” . 30 years later his theory was experimentally

demonstrated and the first left handed material was introduced. Pendryet. al. demonstrated

that an array of wire strips causes negative permittivity [3] and the split ring resonators exhibit

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

1.3.1 Negative permittivity in the medium using metal wire geometry

From eqn. 1.10, it is clear that the plasma frequency of materials is dependent upon the

number of free electrons which is of the order of 1023 cm−3 in case of metals. Therefore,

the plasma frequency lies in the visible and near UV region ofthe spectrum, below which the

effective permittivity is negative, resulting in a Drude type response. Pendryet. al. proposed

method to reduce the plasma frequency to the far infrared or even GHz band by using periodic

sets of metallic wires [3]. Metallic wires reduce the density of free electrons and increase the

effective electron mass, thus reducing the plasma frequency. Fig. 1.3 shows the geometry for

the periodically placed wire strips and the variation of thereal part of the electric permittivity

as a function of frequency.

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

a function of frequency and can be controlled by geometry of the wire. The plasma frequency
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Figure 1.3:(a)Geometry for a medium with metallic wire strips, (b) Variation of real part of electric
permittivity as a function of frequency.

of the wire structure used in the designing of a composite material is given as:

ω2
p =

2πc2

a2 ln(a/r)
(1.16)

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

the speed of light in free space, i.e. 3×108 m/s.

1.3.2 Negative permeability in the medium using split ring resonators

At very high frequencies, there is no physical meaning of magnetic permeability, so we usu-

ally setµ=1. Pendryet. al. demonstrated that a method to improve the magnetic response

of a material at high frequencies is to introduce current carrying loops that generate magnetic

dipole moment. Fig. 1.4 shows the sub-wavelength sized split ring resonators, made from

non-magnetic conducting sheets. It was found that when suchstructures are periodically ar-

ranged and a time varying magnetic field is incident on them normally, a circulating current is

produced, generating a opposing magnetic flux. The effective permeability (µe f f) of the split

ring resonator can be expressed using eqn 1.15.

The variation of the permeability for the split ring resonator over 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 splitring resonator (b) Circular
split ring resonator

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

1.4 ADVANTAGES AND APPLICATIONS

These days, demand of high performance systems is increasing in various domains like sens-

ing, satellite communication (Satcom) and telecommunication, aerospace and defence, optics

(terahertz and infrared), and medical instrumentation. Metamaterials can be incorporated with

conventional devices and just manipulating their shape, size, orientation, geometry and ar-

rangement enables them to change the behaviour of electromagnetic waves. This provide ben-

efits that are beyond the scope of conventional materials. Few applications of metamaterials
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are described below, however, major focus is given to antennas, filters and absorbers.

1.4.1 Metamaterial as Antennas

Metamaterial concepts are widely being used in designing small size patch antennas with bet-

ter performance [4]. Use of metamaterial helps in improvingvarious properties and drawbacks

of patch antennas, such as miniaturizing the antennas, increasing radiation efficiency, reducing

radiator size, improving antennas bandwidth and enabling multiband operation. Metamateri-

als usually reduce the size of antenna to one-fifth of the wavelength by shifting the resonant

frequency to lower sides. Metamaterial coatings have been used to increase the directivity, en-

hance the radiation and matching properties of electrically small electric and magnetic dipole

antennas. Metamaterial can enhance the gain, bandwidth andreturn loss of a patch antenna.

Metamaterial based antennas are also known to have reduced mutual coupling when used as

an array employing multiple input multiple output (MIMO) systems.

Metamaterial, high-impedance ground planes can also be used to improve the axial ra-

tio and radiation efficiency performance of circularly polarized low profile antennas. Using

metamaterials, both the forward and backward waves can be used in leaky wave antennas to

increase the beam scanning range. Various metamaterial antenna systems can be employed to

assist communication links, navigation systems, surveillance sensors, command and control

systems.

1.4.2 Metamaterial as filter

The metamaterials based filters are generally designed by combining a host transmission line

with a resonant type metamaterial [5]. Such type of structure offers controllable propagation

characteristics. These structures may consist of either one, two or multiple sub-wavelength

resonator unit cells. A single cell can not be describes as a metamaterial medium, however, it

could be seen that the filtering characteristics observed are due to the metamaterial properties

exhibited by the cell. Use of metamaterial in designing filters results in compact size, sharp
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roll off, high out of band rejection levels and multiple frequency operation.

1.4.3 Metamaterial as Superlens

There is a diffraction limit in conventional optical materials because only the propagating

components are transmitted from a light source while the non-propagating components, also

called the evanescent waves, are not transmitted. High-index materials can be used to enhance

the resolution, however, there availability is limited. Metamaterials can be used to enhance the

refractive index, thus providing a route to the super lens. It has the capability to extensively

improve and also recover the evanescent waves that carry very small scale information. This

help to achieve resolution beyond diffraction limits [6].

1.4.4 Metamaterial as Absorber

A metamaterial absorber manipulates the loss components ofmetamaterials’ permittivity and

magnetic permeability, to absorb large amount of electromagnetic radiations [7]. This is a

useful feature for radar cross section reduction, photo-detection and solar photovoltaic ap-

plications. When a wave strikes on the surface of the absorber, it may be reflected, trans-

mitted, scattered or absorbed. If we assume negligible scattering due to roughness, then the

absorbance (A(ω)) relationship can be given as:

A(ω) = 1−R(ω)−T(ω) (1.17)

Where, R(ω) = Reflectance, obtained as|S11|2 T(ω) = Transmittance, obtained as|S12|2 Now,

for the structure to absorb the EM wave completely, the reflectance (R(ω)) and Transmittance

(T(ω)) need to be zero. To get zero T(ω), the bottom side of the structure is completely cov-

ered with copper, which prohibits further propagation of the wave. Now to get zero reflectance

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

r = (1−√
µrεr))/(1+

√
µrεr)) (1.18)

By altering the dimensions of the metamaterial unit cell, one can suitably obtain equal

values of (µr ) and (εr). When the values ofµr andεr becomes equal, the input impedance of

the structure becomes equal to free space impedance i.e. 377Ω, since,

Z =

√

µ0µr

ε0εr
(1.19)

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

due to which wave does not reflect back from the surface of absorber. Thus, to obtain a near-

perfect absorption, one expects to obtain impedance matching condition in which case the

effective permittivity and permeability are required to beequal. However, such requirement

is not met by any of the available natural material, therefore, artificially engineered structures

also referred to as metamaterials are needed to be considered. Using metamaterials, one can

artificially alter the electromagnetic properties of the wave by changing the characteristics of

the structure in terms of the macroscopic parameters such aspermittivity and permeability just

by manipulating the dimensions and size of the metamaterialunit cells.

1.4.5 Metamaterial as cloaks

A cloak has the property to deflect the microwave beams such that they flow around a object

with minimum distortion, due to which it appear almost as if there was nothing at all [8].

Metamaterials form the basis for attempt to builds a practical cloaking device. Cloaking can

be achieved by cancellation of the electric and magnetic field generated by an object or by

guiding the electromagnet wave around the object which means transforming the coordinate

system in such a way that electromagnetic field inside the hollow cloak 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 the resolution as well as sensitivity of

the sensors [9]. Metamaterial sensors are used in biomedical, agriculture, etc. In agriculture,

the sensors are based on resonant material and to gain bettersensitivity they employ split ring

resonators (SRR) type structures.

1.4.7 Metamaterial as Phase compensator

Phase compensator [10] is an important application of metamaterials which can be constructed

by placing a DPS (double positive) slab followed by a DNG (double negative) slab. When the

wave passes through a DPS slab having positive phase shift and then a DNG slab having

opposite phase, the resultant phase of the wave that exit theDNG 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 components. The carrier wave travels

with the phase velocity (vp), whereas the envelope i.e. wave shape travels with group velocity

(vg). In dispersive medium, velocities of carrier and envelopeare different. Depending on

nature of dispersion waves can be forward wave or backward wave. If medium has normal

dispersion i.e.vp andvg are in same direction called the forward wave. However, in case of

the anomalous dispersive medium,vp andvg are in the opposite directions forming backward

wave. Thus, backward waves are simply a normal phenomenon that can occur with dispersive

propagation.

Fig. 1.6(a) and (b) show the transmission line equivalents of forward and backward sup-

porting waves respectively. Forward wave line, as shown in Fig. 1.6(a) has series inductance

and shunt capacitance, but no resistive losses, due to either a series resistance or a shunt
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Figure 1.6:(a) Forward wave supporting RH transmission line (b) Backward wave supporting LH trans-
mission line

conductance. It represents a low pass filter type LC line. Here, Z=jωL and Y=jωC. since,

γ = jβ = ±
√

ZY, β = ω
√

LC. Whenω is plotted as a function ofβ , it is a straight line of

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

vp = ω/β = 1/
√

(LC) (1.20)

vg = dω/dβ = ω/β = 1/
√

(LC) (1.21)

sovp = vg, representing forward wave.

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

Fig. 1.6(b) shows a backward wave supporting line. It is a high pass line consisting
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of series capacitance and shunt inductance. Here, Z=1/jωC and Y=1/jωL. since,γ = jβ =

±
√

ZY, β = 1/ω
√

LC. This gives the dispersion relation of backward wave supporting line.

vp = ω/β = ω2
√

(LC) (1.22)

vg = dω/dβ =−ω2
√

(LC) (1.23)

Thus, phase and group velocity are in opposite direction to each other i.e.vp =−vg. This kind

of waves are called backward waves. The dispersion relationof backward wave supporting

line is plotted in the Fig.1.7 (b). The phase velocity is given by the slope of the line from the

origin to a point on the dispersion curve, while the group velocity is given by the slope of a

tangent to the dispersion curve. If the dispersion curve hasonly tangents in the same direction

as the radius from the origin, then the phase and group velocities are in the same direction, and

all the waves are forward. If the slope of the tangents are opposite, then there are backward

waves.

1.5.2 Electromagnetic band gap structures

The unloaded planar lines support the continuous spectrum of wave motion; whereas the re-

actively loaded 1D periodic lines, also reactively loaded 2D periodic surfaces, exhibit discrete

spectrum of wave motion by means of alternate passband - stopband phenomena. The stop-

band frequency region inhibits the wave propagation; thus creating the electromagnetic fre-

quency band - gap. So the periodic structures are called the electromagnetic band - gap (EBG)

structures. These are also sometimes called as the photonicband - gap (PBG) structures, us-

ing the terminology from optics. The periodic lines and surfaces, also known as the artificial

lines and artificial surfaces, support the Bloch wave propagation. The EBG surface has the

following interesting features:

1. Creation of alternate passband - stopband in otherwise a continuous RF spectrum that is

also useful for the development of filters and other components.
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2. Suppression of the surface - waves on the planar surface and creation of the high impedance

or artificial magnetic conductor i.e. AMC surfaces (AMC) to improve the performances

of the planar antennas.

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

ized, microwave devices.

4. Supporting the fast - waves propagation leading to Cherenkov type radiation. It is useful

to design the leaky wave antenna.

5. Supporting backward waves propagation. It helps to develop transmission line base

metamaterials.

6. Creation of the frequency selective surfaces (FSS) used in the antenna technology.

1.6 MOTIVATION

As the demand for advanced wireless communication has exploded, the requirement of novel

highly efficient and miniaturized devices has increased in the areas like satellite communica-

tion, wireless telecommunication, spacecraft, aircraft etc. Conventional devices offer various

challenges in terms of large size, low bandwidth, tedious installation, etc. Different meth-

ods were used to overcome these challenges but the come alongwith compromise on other

properties like efficiency, gain, radiation performance, complex designing etc.

Metamaterial are novel structure that work based on manipulating the electromagnetic

waves on the structure by changing the basic properties of the structure such as permittiv-

ity and permeability.Metamaterial is an active area of research due to their exceptional

properties beyond the scope of conventional structures.By properly designing and opti-

mizing their size, geometry and dimension, they can providenegative values of permittivity

and permeability over a certain frequency range which is notfound in nature, thus, extending

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

gates for new research objectives.

Use of metamaterials or ’artificial dielectric’ to overcomethe drawbacks of conventional

structures is a wide area of research.They 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 developing and utilizing

such structures in improving the performance of conventional devices.

1.7 CHALLENGES IN DESIGN

1. Metamaterials are a basis for further miniaturization ofmicrowave devices, with effi-

cient power and acceptable bandwidth.

2. Using metamaterials in design of antennas is an emerging research area. A lot of work

has been done in the past to improve the gain and efficiency of the antenna using meta-

materials but at the cost of size so further improvements canbe made.

3. Self-tuning property of a meta-material can be utilized to achieve high-fidelity beam

steering and minimize side-lobe generation. This is critical for the emerging technolo-

gies of portable communications technologies associated with metamaterial.

4. Metamaterials can be researched upon many exciting configurations such as tunable

reflectors, reconfigurable absorbers, superlenses etc.

5. Metamaterials can be used in modelling of filters with highrejection level in the stop

band.

6. Extraction of lumped parameters and modelling of deviceswith the help of circuit pa-

rameters has been quite an issue and most of the literature follow hit and trial approach.

7. Use of metamaterials in achieving the so called “perfect absorption” is an active area of

research.
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8. Demand for achieving multiple band operation in a single device can be fulfilled using

proper modelling techniques. Scaling metamaterial unit cells is quite useful to excite a

completely different resonating frequency..

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

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

10. Metamaterials can be used to minimize the mutual coupling between antennas when

used as antenna array in multiple input multiple output systems (MIMO). Lot of work

has been done in this area, however, use of metamaterial absorbers for 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 properties along with equivalent cir-

cuit models of novel metamaterial structures.

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

and study their characteristics and the material property enhancement provided by them.

3. To realize and study different characteristics of novel metamaterial based devices that

could be integrated within modern and future communicationsystems using suitable de-

sign tools such as High frequency structural simulator (HFSS) or Computer simulation

Technology (CST) microwave studio.

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

operation in various wireless communication applications.

5. Use of metamaterial absorbers for mutual coupling reduction in MIMO antennas.
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6. To perform a comparative analysis of devices with and without metamaterials and check

for the improvement in properties of a metamaterial based device with respect to the

conventional device.

1.9 THESIS ORGANISATION

This thesis presents design and analysis of the metamaterial based microwave components i.e

antenna, filters and absorbers. The organisation of thesis is summarized as follows.

In chapter one, introduction of the thesis is presented. This chapter gives a brief introduc-

tion to metamaterials and describes their basic theory of operation along with their areas of

application and advantages of using them. This chapter alsoprovides a brief review of the

relevant work done by various researchers in the respectiveareas of application.

In chapter two, the latest work done in the areas of metamaterial based antennas, filters

and absorbers is discussed.

In chapter three, a (CPW)-fed metamaterial inspired dual band microstrip antenna is pre-

sented for WLAN application. A triangular split ring resonator (TSRR) is used along with an

open ended stub to achieve the dual band characteristics. The metamaterial characteristics of

the proposed TSRR are observed and it is shown that the dual band achieved by the antenna is

due to the metamaterial characteristics of the TSRR. The antenna is practically fabricated and

tested to show good agreement with the simulated results.

In chapter four, the design of two metmaterial based filters is discussed. The first one

is a low-profile Band Stop Filter (BSF) designed using Complimentary Split Ring Resonator

(CSRR) on the ground plane and microstrip transmission lineon the top. A methodology

for equivalent circuit extraction is also presented which is validated in further sections by

extracting equivalent circuits of other filters presented in literature. Moreover, a comparison

based study is also presented to help the user choose the optimum configuration for desired

specification. The second one is a Band Pass Filter (BPF) based on balanced Dual Composite

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

In chapter five, design of a novel multiband metamaterial absorber is presented and dis-

cussed. Multiple geometries are used within a compact dimension (one within the other), each

geometry is either a single resonant structure or multi resonant structure, that combinedly

resulted in a penta-band response. The structure is ultra thin and exhibits polarization inde-

pendence as well as wide-angle absorption. Further, a simple closed meander line shaped

metamaterial absorber is also presented operating at 3.5 GHz which is also analysed using

equivalent circuit.

In chapter six, the use of metamaterial absorber (MA) to achieve high isolation between

two patch antennas in a 2-element MIMO system is presented. The antennas as well as the

absorber structure are designed to operating at 5.5 GHz resonant frequency useful for WiMAX

application.

In chapter seven, conclusions drawn from the simulation, experimental and theoretical in-

vestigations are discussed. Some improvements that can be applicable in the proposed antenna

designs are suggested as well as some recommendations aboutfuture work that can be done

in the area is presented.

1.10 SUMMARY

This chapter begins with introduction of metamaterials. Subsequently, it lays insight into

the evolution of metamaterials in the last decades. Further, the electromagnetic properties dis-

played by the absorbers are discussed and the advantages andapplications of the metamaterials

are illustrated. Brief emphasis is laid on the motivation ofthe present research work carried

out. Problem statement and thesis organization is presented in the subsequent sections. To

sum up, this chapter highlights the research work carried out in this 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 microwavecomponents that form an

important part of any microwave system. Antennas and filtersare the basic components of

any communication system whereas, absorbers are necessaryfor electromagnetic compatibil-

ity (EMC) and electromagnetic interference (EMI) problems. Therefore, present work deals

with understanding, analysing, and improving the properties of these components using meta-

materials. In this chapter a brief review of the work done in these areas in last few years is

presented.

2.1 ANTENNAS

There has been numerous advancements in this area since its inception. The most recent

advancement are discussed below on the basis of the type of metamaterial unit cell they have

utilized.

Epsilon negative metamaterials (ε < 0)

Epsilon negative (ENG) metamaterials are the materials having permittivity less than zero as

well as permeability more than zero (ε < 0, µ > 0 ). Many plasmas display these characteris-

tics in certain frequency ranges. The first known structure that gaveε-negative behavior is the

one having infinitely long parallel thin metal wires, connected in square matrix form and are

embedded in a dielectric medium (Fig. 2.1(a)) [2]. Few yearslater in 2004 [11], complemen-

tary split ring resonators (CSRRs), shown in Fig 2.1(b), have been proven to exhibit negative

permittivity. Now, CSRR structures are being used for several applications like mutual cou-

pling reduction [12], beam steering [4], size reduction [13, 14] and many more. Fig. 2.1(c)

shows a double CSRR-loaded antenna which can be used for bothpositive and negative beam

steering [4] minimize antenna size and improve bandwidth, complementary split-ring res-

onators (given in Fig. 2.1(d)) is placed horizontally between the bottom ground plane and the

top patch [14]. An interdigital capacitor on the top side, asshown in Fig 2.1(e), with a comple-

mentary split-ring resonator (CSRR) slot on the bottom ground plane is presented in [15] for
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mode hybridization. It also provides 55% patch size reduction as compared to a conventional

patch antenna. More recently, a slot combined complementary split ring resonators (SC-SRR),

shown in Fig 2.1(f), offeringε-negative behavior is also introduced in [12] to minimize mu-

tual coupling between two elements of densely packed antenna array. The SC-SRR structure

is placed in middle of the two patches to reduce mutual coupling with comparatively small

separation distance. Other techniques employing EBG for coupling suppression are affected

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

Figure 2.1:Structures offering -negative behaviour.

Mu-negative metamaterials (µ < 0)

µ-negative (MNG) materials have permittivity greater than zero and permeability less than

zero (ε > 0, µ < 0). Some gyrotropic material presents these characteristic in certain fre-

quency ranges. The firstµ-negative metamaterial introduced was split ring resonator (SRR).

Due to the presence of artificial magnetic dipole moments provided by ring resonator, SRR

structure possesses a magnetic response despite the fact that it does not include magnetic

conducting materials. Various SRR structures are presented in [5, 17–21], used for different
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applications and property enhancement.

The SRR is a well known metamaterial unit structure; however, conventional planar SRRs

have a drawback of narrow resonance band and require large dimension at low frequency. In

order to resolve this problem, a compact nested tri-dimensional SRR is presented in high-

permittivity low temperature co-fired ceramic (LTCC) medium [18]. Fig. 2.2(a) shows the

tri-dimensional SRRs unit cell used for enhancement of gain. It provides an increase in gain

of antenna to 6.93 dBi from 5.37 dBi compared to conventionalantenna but with a compro-

mise on substrate losses also making the fabrication process more tedious. An alternative ap-

proach is introduced in [19] by employing composite multi-band resonators where bandwidth

of MNG could be enhanced with easier fabrication approach. It gave a comparative analysis

of different SRRs and found that co-directional SRR (Fig. 2.2(b)) is the best choice to reduce

mutual-coupling while taking into account different inner-ring rotation angles. Another pla-

nar antenna is introduced in [17], which presents a row of nine SRRs (basic unit cell shown

in Fig. 2.2(c)) kind of structure, embedded on lower sectionof antenna. It provides about

1/3rd size reduction compared to conventional antenna withthe same impedance bandwidth

characteristics.

Figure 2.2:Various available SRR structures.
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SRR metamaterial also have filtering characteristics whichcan be used to reduce surface

waves. In [5], an SRR, as shown in Fig. 2.2(d), is presented for band reject filter application.

It was observed by Gupta et. al. [5], as the number of SRRs increases; the rejection level in the

stop band of the filter also increases. Another application of planar SRR structures is emerging

in THz frequencies [20]. Since, using simple dielectric substrate leads to shock waves at air

substrate inter-face, SRR metamaterials provide an effective way to direct the radiations from

surface to free space. By using SRRs-CS (cross-shaped) substrate, as shown in Fig. 2.2(e), the

gain enhancement of 6.24 dB as compared to 5.15 dB for the single SRR substrate is obtained

in [20]. SRRs can also exhibit circular polarization property. A modified square split ring

resonator (MSSRR) to show circular polarization is presented in [21]. MSSRR unit cell (Fig.

2.2(f)) composed of thin strips in which each of them producenegative refraction index.

Other than SRRs, the complementary electric inductive capacitive (CELC) structure, which

is a dual counterpart of the electric inductive-capacitiveresonator (ELC), has been known to

deliver a resonant magnetic response i.e., negative magnetic permeability in the proximity of

resonance [22]. [23] Demonstrates the complementary meander line (CML), as shown in Fig.

2.3(a) as a typical CELC structure. It has very low cross polarization and quite high radiation

efficiency. Another CELC structure is demonstrated in [24],which is a fractal based hilbert-

shaped complementary electric inductivecapacitive resonator (HCELC), shown in Fig. 2.3(b).

It helps in reducing mutual coupling more than 9.7 dB. Also, aslot-loaded ELC on the ground

plane (Fig. 2.3(c)) is presented in [25] to offer a peak realized gain of 2.63 dB and efficiency

of 86 %.

Double negative metamaterials (ε < 0, µ < 0)

Double negative indexed materials are having both permittivity and permeability less than zero

(ε < 0, µ < 0). This DNG class of materials is artificially tailored structures. These materials

are not available in nature. The first experimental DNG structure consists of thin wires and

SRRs, introduced by team UCSD (University of California, San Diego) [26], as shown in Fig.
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Figure 2.3:Different CELC structures.

2.4(a).

Mutual coupling between antennas can be reduced by using DNGstructures in an antenna

array. The use of conventional metamaterial structures i.e. thin wire and SRR involves bulky

formations or multilayer structures. Such structures are difficult to miniaturize and less cost-

efficient, so a wire loaded spiral resonators (SR), shown in Fig. 2.4(b) is introduced in [27] to

reduce mutual coupling in an efficient manner. Using this, the mutual coupling of better than

-28 dB is achieved. Another disadvantage of SRR based metamarterial is that the structural

rotation influences the properties of these unit cells. Thisdrawback has been overcome by

cross type structures [28]. Further, Jerusalem Cross (JC) structures have been represented as

replacement of SRR in [29]. Idea of JCs has been implemented through 3×3 array of criss-

cross structure to enhance gain (achieved gain =4.61 dB) andbandwidth (improved by 86.66%

compared to conventional antenna) of antenna, shown in Fig.2.4(c) [30].

Figure 2.4:SRR structures for reduction of mutual coupling.
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DNG structures can be used for antenna miniaturization as well. Miniaturization of an-

tenna is done in [31], by partially loading metamaterial ring into an annular ring patch res-

onator, shown in Fig 2.5(a). It was demonstrated that the resonant frequency can be made as

small as desired by adjusting the width of metamaterial ring. To construct a DNG metamate-

rial, modified split ring resonators (MSRRs) and metal strips are used in [32], shown in Fig.

2.5(b). Physical dimensions reduction from 0.5λ to 0.17λ and the bandwidth expansion to

17.56% are achieved through DNG filling.

Various other structures are also available for bandwidth enhancement [33–35].The meta-

material unit cell made of meander lines (Fig. 2.5(c)) showing both permittivity and perme-

ability negative simultaneously is presented [33] providing compactness and improved band-

width of 600 MHz with 23.81% fractional bandwidth. A superstrate of double H-shaped

metamaterial structure (Fig. 2.5(d)) is also used for bandwidth enhancement [34] giving effi-

ciency improvement from 57.3% to 80.2% and bandwidth improvement from 70 to 220 MHz.

A fishnet based metamaterial unit cell [35], shown in Fig. 2.5(e) is another DNG unit cell used

for bandwidth improvement (8.2% bandwidth enhancement).

Most of the structures use either square or circular geometry. Use of triangular split ring

resonator (Fig. 2.5(f)) is quite rare which is presented in [36], in which the cantilever MEMS

switches are kept along the arms of the triangle to make splits. When the switch is in ON

state it offers DNG behavior. Triangular structures are more compact compared to the circular

and square geometries. These structures can be easily coupled side-by-side and have axial

symmetry.

Various DNG structures are developed by combining two structures having SNG behavior

independently [37–39]. One MSRR between two pairs of capacitance loaded strips (CLSs),

shown in Fig. 2.6(a), is demonstrated in [37]. Here, MSRR exhibits response like magnetic

material and produces negative permittivity, while the CLSexhibits response like strong di-

electric and produces the negative permeability. Similarly, [38] demonstrates the effect of

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

(Fig. 2.6(b)). The double-layered CSRRs provide negative permittivities, whereas, in the

longitudinal direction, capacitive gap exhibits the negative permeabilities, producing a DNG

structure. The structure provided continuous frequency-scanning capabilities from backward

29◦ to forward 72◦. In [39], a novel DNG structure was developed by combining CSSRR,

offering negative permittivity, and CELC cells, offering negative permeability (Fig. 2.6(c)). It

provides band pass filter characteristics with good upper band skirt performance.

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

coming section, the literature review of metamaterial based filters is presented.

2.2 FILTERS

Microwave filter design is an important area of research fromthe very beginning of microwave

engineering. Basically, filters are divided into four catagories: highpass, lowpass, bandpass,

and bandstop. Bandpass filters with low insertion losses areessential components of all kinds

of modern communication devices because of both their band selecting an image and spurious

rejecting capability. Microwave Filters are passive, two-port, reciprocal, linear device that are
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Figure 2.6:DNG structures developed by combining SNG structures.

used to allow the transmission of a range of signal frequencies while rejecting the unwanted

frequencies, thus providing control over frequency response. Filters are used to protect the re-

ceivers from interference with the signals outside the desired band and to confine the radiation

from high-power transmitters within assigned frequency range. To satisfy the specifications

of the modern communication system, designing of microwaveand millimeter-wave devices

requirement of accuracy and high-performance has increased.

Before discussing the advancement in metamaterial based filters let us discuss various filter

metrics.

2.2.1 Filter Metrics:

This section describes the various parameters required fordesigning a Bandpass Filter, which

is as follows:

A) Insertion Loss: Insertion loss measures loss incurred byinsertion of filter between

input/output ports which is represented mathematically as,

Insertionloss(dB) = 10log(Plr ) (2.1)
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WherePlr is the power loss ratio which is the inverse of the filter transfer function normal-

ized to the zero frequency value of gain. It measures the power reduction due to impedance

mismatch. Within the filter passband, the insertion losses are less than 3dB irrespective of the

order of filter in Butterworth filter whereas Insertion losses are sensitive to passband ripples

in Chebyshev. Chebyshev insertion loss is less dramatic than the Butterworth filter within the

passband.

b) Return Loss: It measures the relative amount of power reflected by an input signal.

Mathematically,

Returnloss(dB) =−10log

[

VSWR+1
VSWR−1

]

(2.2)

where VSWR is the voltage standing wave ratio. In a perfect transmission line, Return

Loss is infinite. In a perfectly reflective circuit, it is zero. c) Bandwidth: The width of the

passband expressed as the difference between lower and higher relative 3dB attenuation points.

d) Quality Factor: In a bandpass filter, loaded Q” is used to define the ratio of center frequency

to 3dB bandwidth expressed as

LoadedQ=
CenterFrequency
3−dBbandwidth

(2.3)

2.2.2 Metamaterial inspired filters

Metamaterial inspired filters generally consists of one or more than one unit cells designed

on the top coupled along the sides of a microstrip transmission line, metamaterial loaded on

the TL as a defected microstrip transmission line (DML) or asa defected ground structure

(DGS). Various coplanar waveguide (CPW) configurations of the filters have also been pro-

posed. These are analysed as a composite left/right handed (CRLH) transmission line (TL),

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

or in shunt with the conventional right handed transmissionline.
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Composite left/right handed (CRLH) metamaterial

Caloz and Itohet. al. [40] introduced the concept of metamaterial transmission lines (TL) in

2002. These TL metamaterials typically exhibit a LH band at lower frequencies and a right-

handed (RH) band at higher frequencies and are termed as Composite Right/Left Handed

Transmission lines (CRLH TL). CRLH metamaterials are more general form of metamateri-

als. The model for a loss-less CRLH transmission line (TL) isshown in Fig 2.7. It consist of

a per-unit length impedance Z (Ω/m) constituted by RH per unit length inductanceLR (H/m)

in series with LH times-unit length capacitanceCL (F-m) followed by a per unit length ad-

mittance Y (S/m) constituting RH per unit length capacitanceCR (F/m) in parallel with a LH

times-unit length inductanceLL (H-m). Value of impedance Z and admittance Y are given in

2.4.

Z = j(ωLR−1/ωCL) (2.4)

Y = j(ωCR−1/ωLL) (2.5)

If LH immittances are zero forCL = ∞ andLL = ∞, only RH immittances remain and the

Figure 2.7:Equivalent circuit model for the ideal CRLH TL

model reduces to conventional RH TL model. In contrast, if RHimmittances are zero forCR=

0 andLR = 0, only LH immittances remain and the model reduces to LH TL model. LH TL

31



cannot exist physically because parasitic series inductance and shunt capacitance effect will

unavoidably occur due to current flowing in the metallization and 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 top of the substrate with one or more

metamaterial unit cells aligned on either or both the sides of the TL. [41] demonstrates a cut

band filter having SRRs etched on both the sides of the transmission line to achieve stopband

response. Fig. 2.8(a) shows the filter configuration with thestopband response obtained by

the filter. It was found that on increasing the number of SRRs on both the sides, the sharpness

of the band increases. In [42], multiple hexagonal mushroomresonators are placed on one

side of the transmission line to obtain dual-stopband characteristics (Fig. 2.8(b)). Further, to

achieve tunability, varactor diodes are introduced between the TL and SRR in [43], as shown

in Fig. 2.8(c). On increasing the capacitance of the varactor diode, the resonant frequency is

shifted from 4.17 GHz with a 10 dB bandwidth of 3.6% to 3.73 GHzwith a 10 dB-bandwidth

of 14.4% also increasing the rejection level from 21 dB to 48 dB. A dual-band bandpass filter

is constructed by loaded open loop resonators (OLR) [44]. The feed line is grounded using

two via holes to convert the bandstop characteristics to bandpass response, shown in Fig.

2.8(d). Fig. 2.8 (e) shows single metamaterial unit cell placed on one side of the TL to obtain

passband with high Q-factor [45]. The unit cell used is aµ− near zero metamaterial designed

using an interdigital hair-pin resonator and meanderline.

Defected Microstrip line

In these structures, one or more metamaterial unit cells areloaded in the middle of conven-

tional microstrip line. The unit cell is either connected tothe 50Ω line or coupled to the line

from both sides. Fig. 2.9 shows various configurations of such filters. In [46], Fanet. al

presented two electrically coupled SRRs, each fed by a 50-Ω transmission line to exhibit dual
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Figure 2.8:Metamaterial coupled TL filter

band bandpass filter characteristics. A 0◦ feeding structure is used to improve the selectivity

of the filter, shown in Fig. 2.9(a). A broadside coupled triple split-ring resonator, exhibiting

LHM characteristics is placed between twoλg/4 transmission lines to achieve bandpass filter

response, as shown in Fig. 2.9(b) [47]. The seriesλg/4 TL was then replaced by an equivalent

T-shaped line for second harmonic reduction. Fig. 2.9(c) shows a wideband bandpass filter

with excellent band rejection levels [48]. The interdigital capacitor and the meander line forms

a series LC resonator whereas the open complementary split ring resonator (OCSRR) forms

the parallel LC tank circuit. The parasitic capacitances introduced by both the geometries re-

sult in two additional resonances, leading to a fractional bandwidth of 94%. Another bandpass

filter is designed using a shorted spiral structure, shown inFig. 2.9(d), which is an artificial

magnetic resonator [49]. A cascaded quadruplet of the shorted spiral structure is used which

resulted in 80% size reduction compared to the conventionalopen loop resonator. Fig. 2.9(e)

shows a CRLH-TL based bandpass filter [50]. A dielectric slotis introduced at the bottom

surface, which caused frequency tuning based on the position of the slot with respect to the

CRLH-TL.

In [51] compact bandpass filter is realised using two metamaterial inspired resonator place

in between twoλg/4 transmission lines (Fig. 2.9(f)). Such structure do not require any match-
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Figure 2.9:Defected Microstrip line filter

ing network thus reducing the physical size of the structure. Fig. 2.9(g) shows grounded

spiral resonator to design compact, highly selective bandpass filter with high Q factor [52].

The reduced radiation losses and high Q factor are obtained using specific arrangement of

the proposed grounded spiral geometry. In [53], two edge coupled dual triangular split ring

resonators are used to obtain the passband characteristics(Fig. 2.9(h)) whereas in [54] a com-

bination of hair-pin, inter-digital capacitor, and meander-line resonators is used to realise a

bandpass filter (Fig. 2.9(i)). More recently, a wideband bandpass filter is designed using split

circular rings and rectangular stub, as shown in Fig.2.9(j)[55]. The split circular rings provide

series capacitance and a meander line along with a rectangular stub gives shunt inductance and

capacitance. This structure provides a fractional bandwidth of 80.48%.

Defected Ground structure

In these filters, one or more metamaterial unit cells are etched out of the ground plane, thus

calling it as a defected ground structure. In [56], Falconeet. al introduced a complementary

split ring resonator (CSRR) which is a counter part of an SRR.It was proposed that a mi-

crostrip transmission line incorporated by CSRR on the ground plane shows bandstop charac-

teristics, further, on loading the microstrip line with capacitive gaps, the bandstop behaviour

switches to bandpass one. Fig. 2.10(a) shows an SRR etched out of the ground plane, this

structure is termed as a complementary split ring resonator(CSRR). In [57], the CSRR shown
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in Fig. 2.10(a) is placed on the bottom ground plane with a stepped impedance transmission

line on the top to realize a sharp cutoff low pass filter (LPF).The CSRR’s negativeε-property

helps in improving the roll-off performance of the filter with no ripples. It also provides high

selectivity of 32 dB/GHz and 16% smaller size compared to conventional LPF. Another LPF

is realized by etching out a hilbert-shaped resonator (H-CRR) from the ground plane instead

of a conventional CSRR, as shown in Fig. 2.10(b) [58]. By integrating the H-CRR with the

TL, a substantial increase in the selectivity was observed.The fractal geometry leads to minia-

turization of size as compared to conventional CSRR. In [59], both SRR and CSRR are used

to achieve dual-band rejection characteristics. The SRRs are inductively coupled to the trans-

mission line on top of the substrate while the CSRR is used as aDGS which is capacitively

coupled to the transmission line, shown in Fig. 2.10(c). Fig. 2.10(d) presents a CRLH TL

using capacitively loaded transmission line on top and a complementary spiral resonator on

bottom [60]. This configuration yields high pass filter characteristics. Fig. 2.10(e) shows the

top and bottom surfaces of an ultrawide band (UWB) bandpass filter with a highly selective

band notch [61]. Three complementary two turns spiral resonator (CSR2) on the bottom are

responsible to generate the desired stop band characteristics. Each CSR has different dimen-

sion due to which they provide three different resonances, which widens the bandwidth and

enables sharp rejection skirt performance.

Various other DGS configurations have been investigated in order to improve the perfor-

mance of filters with compact dimensions. Such as, in [62], a complementary moore curve

fractal-shaped spiral resonator has been presented (Fig. 2.10(f)), which forms a CRLH TL and

provides 49% size reduction as compared to other geometries. In [63], the CSRR is fed with

parallel coupled feed line instead of the conventional series coupled line to design BPF (Fig.

2.10(g)), which lead to compact size and simpler design procedure compared to the conven-

tional CSRR BPFs. Further, a complementary electric LC resonator (CELC) is investigated

in [64], as shown in Fig. 2.10(h). The CELC is anε-negative type of unit cell, it is further

integrated with a short circuited stub which makes it an LH unit cell, providing a bandpass
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Figure 2.10:Defected Ground structures

filter response. In [65], a pairs of Coupled CSRRs are used to load the line instead of single

CSRR (Fig. 2.10(i)), due to which dual transmission zeros are observed since, the use of two

different CSRRs lead to a dual-band ENG metamaterial transmission line. Fig. 2.10(j) shows

the design of a wide bandstop filter [66], the CSRRs are again used to improve the selectivity

and improve the stop band bandwidth of the filter by introducing a transmission zero near the

passband.

Coplanar Waveguide Filters

Martin et al. in 2003 [67] introduced a coplanar waveguide line coupled with SRRs and pe-

riodically loaded with narrow wires, as shown in Fig. 2.11(a). The SRRs provide negative

permeability and the narrow wires provide essential negative permittivity, thus making it an

LH medium which enables the left handed wave to propagate in the vicinity of resonant fre-

quency. Various other configurations were also investigated later (Fig. 2.11). In [68], open

split ring resonators (OSRR) and complementary OSRRs are used on each side of the CPW

line, as shown in Fig. 2.11(b). This configuration provides passband with improved out-of-

band response. Fig. 2.11(c) shows another configuration that uses a combination of OSRR

and OCSRR [69] to design a CRLH TL. In this case, OSRR is coupled to the microstrip
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and OCSRR is coupled to CPW and it was concluded that its performance comparable to the

CL-loaded approach. This idea was further extended to order-7 band pass filter with 53%

bandwidth [70]. In [71], a combination of double series gapsand shunt strips are periodi-

cally loaded on the CPW line with SRR on the bottom (Fig. 2.11(d)). Double shunt strips

provide LH media whereas series gaps provide RH media. It provides excellent out-of-band

performance and better selectivity.

Figure 2.11:Coplanar Waveguide Filters

Fig. 2.11(e) shows a CPW line loaded with two SRR providing negative permeability,

two wide shunt inductances (metallic strips) providing negative permittivity, two series ca-

pacitances (interdigital capacitors), and four shunt capacitances (implemented through open-

ended stubs) which allow to control the left and right handedbands [72]. The structure forms

a compact balanced CRLH TL to provide wideband bandpass filter response. [73] presents

a modified SRR bent to form a closed loop, shown in Fig. 2.11(f). This geometry provides

various advantages over conventional SRR such as distributed capacitance and inductance can

be calculated accurately using simple TL theory, it enablestuning of distributed elements sep-

arately and only one dimension is needed to be controlled to tune the resonance frequency.

In [74] a π-T generalised NRI TL is introduced. Fig. 2.11(g) shows a CPWfilter based on

theπ-T TL which exhibits triple bandpass characteristics with only 1 dB insertion loss and 13
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dB attenuation in the stop band. Fig. 2.11h shows a recently developed CPW based dual-band

bandpass filter [75] which consist of a modified CSRR etched out off the CPW ground plane

and an interdigital capacitor loaded on the microstrip line. Each of the geometry is responsible

for one of the passbands.

Through the above survey it can be concluded that metamaterials can be combined with

different configurations of the filters such as DGS, DML, CPW etc, according to the require-

ment of the users to fulfil given specifications. Further, in the next section, the review of

different types of metamaterial based absorbers is presented.

2.3 ABSORBERS

Electromagnetic absorbers are used to restrict the transmission and reflection of electromag-

netic wave from their surface within a certain frequency range. They are widely used in

various applications such as radar cross section reductionof antennas, radome, EMI/EMC

applications, antenna side lobe reduction, sensing and so on. Conventional electromagnetic

absorbers like Salisbury screen and Jaumann absorbers are thick and bulky. Therefore meta-

material absorbers have been an active area of research in the past decade. They overcome

the disadvantages of conventional absorbers by providing ultrathin thickness and near perfect

absorption. Metamaterial absorbers are generally two dimensional metasurfaces consisting of

n×n array of unit cells whose impedance is matched to the free space impedance by manipu-

lating the dimensions of unit cell. When the wave strikes thesurface of metamaterial absorber,

the electric and magnetic resonances takes place at a particular range of frequency which leads

to absorption of wave at that frequency. Since the introduction of first metamaterial based ab-

sorber in 2008 [7], various narroband, multiband and broadband absorbers have been reported

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

Landy et. al. [7] introduced the first ’perfect metamaterialabsorber’ in 2008, shown in Fig.

2.12 (a). The structure consists of an Electric Ring Resonator (ERR) on the top and a cut

wire on the bottom of an FR-4 substrate, providing an absorptivity of 96% at 11.65 GHz. As

the wave strikes the surface of structure electric and magnetic resonances takes place at the

11.65 GHz. Electric resonance occurs due to the strong coupling of incident electric field

on the structure in the form of dielectric losses and magnetic resonance occurs due to the

anti-parallel currents flowing on the top and bottom surfaces of the structure, leading to a

circulating current. It was observed that this cut wire design at the bottom leads to some

amount of transmission which could be avoided by laminatingthe bottom surface completely

with copper. An electric-field-coupled-LC (ELC) resonators with metal laminated ground

plane is introduced in [76], shown in Fig. 2.12(b). It was observed to have zero transmission

with minimum reflection and 96.7% absorptivity at 9.92 GHz. Later, various modifications of

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

Figure 2.12:Narrowband metamaterial absorbers

A square loop is the simplest geometry used for absorption. Ghoshet. al [79] presented

the analysis of an ultra thin square ring shaped metamaterial absorber using equivalent circuit

model with the help of coupled line theory. Furthermore, various other geometries like flower
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shaped, ring and cross wire resonator, snowflake [80] and metal wire strips were also designed

(shown in Fig. 2.12(d-g)) where the absorptivity of more than 99% was observed at 13.2 GHz,

2.76 GHz, 11.28 GHz and 3.42 GHz respectively. In addition, all of them were reported to

show polarization insensitivity along with wide angle absorbance. Another four-fold geometry

was proposed in [81] to provide 99.6% absorptivity at the frequency of 8.65 GHz, shown in

Fig. 2.12(h).

Metamaterial absorbers can be used for RCS reduction [82, 83] and sensing [9]. In [82]

a cross shaped resonator is used for monostatic and bistaticRCS reduction of a waveguide

slot antenna, whereas in [83], dual square ring structure isused for RCS reduction of circular

patch antenna.

2.3.2 Multiband metamaterial absorber

Since the conventional absorbers like Salisbury screen andJaumann become thick and bulky

when they are required to perform absorption at multiple or broadband frequencies, therefore,

metamaterial absorbers are used which can help in absorbingmultiple frequencies within an

ultrathin thickness. This is the reason metamaterial absorbers have gained extensive popular-

ity among the scientific community. Various techniques are used to exhibit multi-frequency

absorption, such as use of multiple resonant structures or scaled or rotated versions of the same

geometry, use of layered design, use of different resonant structures in single geometry that

resonate at different frequencies, use of multiple resonant structures and generation of higher

order modes. The first two techniques lead to increased size of the unit cell. Therefore, use of

different geometries in a single structure along with multiple resonant structures is preferred

over other technique for multi-frequency absorption.

Fig. 2.13(a) shows a unit cell with different scaled versions of the flower shaped structure

[84]. Each scaled version is operating at different frequency so providing four absorption

peaks, however, the symmetry of the overall structure is lost. Therefore, these structures

are polarization sensitive. To avoid this, [85, 86] presents two different geometries placed
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alternatively (Fig. 2.13(b,c)). [85] provides dual band characteristics at 9.02 GHz and 11.85

GHz with absorptivity of 99.3% and 99.4% respectively. [86]provides triple band response

with absorption peaks at 5.22 GHz, 7.44 GHz, 9.96 GHz, and 10.48 GHz with absorptivities

of 97.1%, 91.3%, 98.3%, and 90.7%, respectively. In [87–89]90◦ rotated versions of the same

geometry is used to provide multiple absorption peaks (Fig.2.13(d, e, f)). It was observed

in [87] that electric and magnetic resonance arise at completely different frequency when the

ELC structure is rotated by 90◦.

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

Use of multiple structures has the drawback of increasing the overall size. Which was

reduced by using multiple scaled versions of a geometry within the same structure (smaller

one within the bidder one), as shown in Fig. 2.14. In such cases, each scaled geometry res-

onate at different frequency, the smaller structure produced absorption at higher frequency and

larger one at lower frequency. [90] and [91] presents three concentric circular rings and stars
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(Fig. 2.14(a,b)) respectively producing three different resonant peaks. Whereas, in [92], two

scaled square geometries (Fig. 2.14(c)) were used which resulted in dual band response. This

techniques helps in size reduction of unit cell which was observed in earlier cases, however,

it is difficult optimize the dimensions to avoid the mutual coupling among the adjacent scaled

geometries. Therefore, multiple resonant structures are introduced.

Figure 2.14:Scaled unit cells one within the other

Fig. 2.15 shows different multi-resonant structures i.e. single geometry exhibits absorption

at multiple frequencies. Fig.2.15(a) [93] presents a tri-band absorber with absorption peaks

at 3.07GHz, 5.65GHz, and 8.11GHz with absorption rates 99.87%, 99.98%, and 99.99%.

In [94] and [95], a spiral resonator (Fig. 2.15(b)) and a snow-flake structure (Fig. 2.15(c))

respectively are used to exhibit triple band response whereas in [96], a Chinese coin shaped

structure (Fig. 2.15(d)) is used to achieve penta-band response. Another structure to deliver

penta-band response is investigated in [97], as shown in Fig. 2.15(e). It was designed to

exhibit five absorption peaks at frequencies 3.52, 8.24, 9.69, 14.12, and 17.48 GHz with peak

absorptivity values of 96.1%, 97.4%, 91.9%, 99.5%, and 98.8%, respectively. A dual band

structure is presented in [98](Fig. 2.15(f)). These structures definitely are responsible for

multiple absorption peaks within a compact unit cell dimension, however, individual tuning of

each frequency is rather difficult.

In order to overcome this drawback, unit cells with combination of different geometries
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Figure 2.15:Multi resonant structures

(one inside the other) are used, such that individual geometry is responsible for each absorption

peak, thus enabling tuning of each frequency by manipulating the dimensions of correspond-

ing geometry. Fig. 2.16(a-e) shows some of these type of structures reported in literature.

Fig. 2.16(a) also shows a combination of three geometries leading to the three absorption

peaks [99]. In [100], an ELC resonator is combined with four square geometry (Fig. 2.16(b))

to exhibit three absorption peaks, one at 4.2 GHz which is dueto the ELC, the second peak at

7 GHz is due to the four square structure, and the third peak arises due to coupling between the

two structures. [101, 102] presents dual band metamaterialabsorbers shown in Fig. 2.16(c,d)

respectively. [101] presents dual band response using an ultra thin structure with a thickness

of λ0/126 at 9.5 GHz, offering neglegible degradation when applied to a curved surface. Such

structures are prone to complexity once the number of absorption peaks are required to be in-

creased, therefore, these structures can be combined with multiple resonant structures, shown

in Fig. 2.16(f-j), with some trade off. Fig. 2.16(h) [103] shows a combination of three ge-
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ometries conductive cross dipoles providing three absorption peaks, conductive cross dipoles

loaded with SRR and conductive cross dipoles rotated by 45◦ each providing one absorption

peaks, leading to a penta-band response.

Figure 2.16:Unit cells with different resonant structures

2.3.3 Broadband Absorbers

Broadband absorbers operate on a wide range of frequencies.Till date various broadband

absorbers have been proposed. Most popular techniques usedfor broadband absorption in-

clude the use of multi-layered structures, use of multiple scaled versions of same geometry on

one unit cell, use of lumped elements and multi resonant structures. [104] presents a multi-

layerd structure (Fig. 2.17(a)). It consists of three different loop type structures separated

by dielectric layers of Rogers and top layer is covered with Teflon achieving more than 90%

absorptivity for a bandwidth of 12.63 GHz. [105] presents vertically stacked metal-dielectric

layers where each metallic patch is cross shaped (Fig. 2.17(b)) with different dimensions to

achieve broadband response. Fig. 2.17(c) shows another layered structure where each layer

consist of resistive sheets, enabling Ultra wide band (UWB)absorption [106]. However, the
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thickness of these structures is beyond the practical limitand proper alignment of the layers is

also difficult which leads to the demand of ultra thin mono-layered structures.

Figure 2.17:Unit cells with multi-layered structures

In [107] multiple square patches with different dimensions(Fig. 2.18(a)) are used in a

unit cell such that the absorption peaks due to each geometryblend together to result in a

broadband response. The thickness of this structure is only0.4 mm. Another such approach to

provide enhanced absorption band is presented in [108], where the unit cell comprises of 90◦

rotated versions of E-shaped geometry, shown in Fig. 2.18(b). Each rotated geometry results

in a different absorption peak but close to the each other, resulting in enhanced bandwidth. In

these structures the overall size of the unit cell increases, causing limitation in practical appli-

cation. So to design compact size unit cells, lumped components are used. Fig. 2.18(c) shows

a double octagonal rings loaded with eight lumped resistances [109]. The resistances used

on the structure manipulate the electric and magnetic field at different frequencies causing a

broadband response and the thickness is 3 mm, but the structure is polarization sensitive. [110]

also shows design of another metamaterial broadband absorber based on fractal geometry us-

ing lumped resistors (Fig. 2.18(d)). It provides>90% absorptivity for 4-8.12 GHz frequency

range and also offers polarization insensitivity by at an expense of 5 mm thickness. Various

other such structures have been reported [111–113]. They result in compact geometry com-

pared to the earlier case, however, the fabrication overhead increases due to mounting of the

lumped components. Further, multiple resonant structuresas shown in Fig. 2.18(e,f) [114,115]

or scaled versions of same geometry (Fig. 2.18(g) [116]) areused, one within the other, to
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design compact and ultra thin wideband absorbers.

Figure 2.18:Unit cells with mono-layered structures

In this section different configurations of the metamaterial based absorbers is discussed

along with their advantages and disadvantages. In the coming chapters 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 Metamaterial inspired dual

band antenna for WLAN application”International Journal of Microwave and Wireless Tech-

nologies,vol. 11, no. 4, pp. 351-358, 2019.



With emerging technology of wireless communication , microstrip antennas have gained

large interest due to their compact size, light weight, easeof fabrication and integration on

small scale electronic devices. Using microstrip planar technology also provides an efficient

way to achieve multiband operation on a single device which is very useful to access sev-

eral wireless services, such as, WLAN, WiMAX, LTE etc., which are widely used in wireless

communication devices . Various microstrip antennas are available in literature that offer dual

band and triple band characteristics such as asymmetric M-shaped antenna [117], H-shaped

slot antenna [118] . Defected ground structure (DGS) antennas are also presented for dual

band application [119]. These conventional microstrip antennas offer several challenges in

terms of miniaturization, multiple frequency operation, bandwidth enhancement, gain and ef-

ficiency improvement etc. This led to the emergence of artificially engineered structures called

metamaterials which exhibit exclusive electromagnetic properties that are not found in nature.

Such metamaterials can be utilised in planar technology to overcome various challenges of

microstrip antennas.

Various authors have demonstrated the use of metamaterialsin planar antennas for the pur-

pose of antenna miniaturization, multi-band operation, gain and bandwidth improvement. A

triple band monopole antenna is presented in [120], that uses single cell metamaterial loading

along with DGS ground plane to achieve tri-band operation. Ref. [121] presented a metama-

terial unit cell comprising an interdigital capacitor and acomplementary split-ring resonator

(CSRR) slot. This antenna offers wideband operation and high efficiency up to 96 %. Fur-

ther, a metamaterial inspired patch antenna is presented for miniaturization [122]. To reduce

antenna size and improve bandwidth, a complementary split-ring resonator (CSRR) is placed

horizontally between the bottom ground plane and the top patch. However, size reduction

after a certain limit led to reduction in radiation efficiency and fractional bandwidth which is

undesirable. A compact antenna with enhanced bandwidth is presented in [123]. The size of

antenna is reduced by using an epsilon negative transmission line (ENG TL). [124] also pre-

sented a metamaterial inspired antenna for GSM/UMTS/LTE/WLAN wireless communication
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systems. The antenna shows a bandwidth enhancement of 40.2 %by using a resonant ring as

compared to conventional antenna. Recently, the use of interdigital capacitor is presented

in [125] to enhance bandwidth. By properly designing the interdigital capacitor, Q-factor of

the resonant antenna can be reduced, thus, improving the bandwidth.

Metamaterials are also used for mutual coupling reduction in MIMO antennas such a

closely spaced metamaterial MIMO antenna with high isolation is presented in [126]. A sim-

ple defected ground structure is used in between two antennas to limit the surface waves and

provide mutual coupling better than -45 dB.

Most of the structures found in the literature consist of either circular or square geometries,

using triangular geometry is quite rare. Triangular structure offer relatively compact size and

easy side-by-side coupling. Therefore, in this chapter a dual band compact sized antenna

utilizing triangular double split ring resonator is presented. The proposed antenna covers

entire spectrum of WLAN (Wireless Local Area Network) bands. The operating bands for

this technology is assigned by IEEE 802.11 are 2.4 GHz(2.4-2.484 GHz), 5.2/5.8 GHz (5.15-

5.35 GHz/5.725-5.825 GHz). The proposed antenna operates on the following bands: 2.4-

2.48 GHz and 4.7-6.04 GHz, thus, offering dual band characteristics to cover WLAN bands.

Simulations are performed using ANSYS High frequency structure simulator (HFSS).

3.1 MATERIAL PARAMETER EXTRACTION

Fig 3.1 shows the schematic of proposed modified triangular split ring resonator unit cell.

The proposed metamaterial unit cell is designed on FR-4 dielectric substrate having dielectric

constant (εr ) = 4.4 and loss tangent (tanδ ) = 0.02 with dimensions 16×12×1.6 mm3. The

structure comprises a double triangular split ring resonator having splits on the opposite arms

and an open ended stub connected at a distance of 0.8 mm below the outer ring. The width of

each split ring is 0.9 mm with split gap of 1 mm. The average length of outer ring is 35.87 mm

and that of inner ring is 19.03 mm. In order to extract the material parameters i.e, effective

permittivity (ε), permeability (µ), refractive index (n) and wave impedance (z), the structure
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is placed inside a waveguide medium (Fig. 3.1). The waveguide ports are assigned along the

x-axis and excited by the electromagnetic wave along x-direction. The perfect electric (PEC)

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

Figure 3.1:Simulation setup of proposed metamaterial unit cell.

Now, effective medium parameters are extracted from the simulated complex scattering

parameters using the modified Nicolson-Ross-Weir (NRW) relations presented in [127]. Tak-

ing two arbitrary variables given by following equations:

V1 = S21+S11 (3.1)

V2 = S21−S11 (3.2)

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

z=

√

(1+S11)2−S2
21

(1−S11)2−S2
21

(3.3)

Now, permeability(µr), permittivity(εr)and refractive index(n) are obtained simply by us-
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ing the equations given below:

µr =
2

jkd
.
1−V2

1+V2
(3.4)

εr =
2

jkd
.
1−V1

1+V1
(3.5)

ε = n/z (3.6)

µ = nz (3.7)

Fig. 3.2 (a)-(c) shows the real part of extracted parametersi.e. permeability(µr), permittivity(εr)and

Figure 3.2:Real part of permittivity (a), real part of permeability (b), and real part of refractive index
(c).

refractive index(n), as a function of frequency along with their respective values at the desired
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frequencies. From the Fig. 3.2 (a)and(b), it can be observedthat negative effective permit-

tivity and negative effective permeability are obtained at5.45 GHz and 2.4 GHz respectively.

Thus, the structure shows single negative (SNG) behaviour at the two desired resonant fre-

quencies. Table 3.1 gives the values of permittivity, permeability and refractive index at the

desired resonant frequencies.

Table 3.1:Real values ofε ,µ ,n.
Resonant frequency [GHz] Re(ε) Re(µ) 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 of a dual band antenna using the

proposed unit cell is discussed.

3.2 ANTENNA DESIGN AND SIMULATION APPROACH

The geometry and dimensions of the proposed dual-band antenna using metamaterial inspired

triangular SRR are illustrated in Fig. 3.3. It is fabricatedusing an FR-4 dielectric substrate

of thickness = 1.6 mm. The proposed antenna has a compact sizeof only 20 mm×24 mm

or 0.163λ0×0.196λ0 where,λ0 is the lower resonant frequency of antenna i.e. 2.45 GHz.

We employ 50-Ω coplanar waveguide (CPW) and square ground plane to feed theantenna.

Thus, the proposed metamaterial inspired antenna uses double triangular split ring resonator,

an open circuited stub and square ground plane to excite the dual band operation at the desired

frequencies.

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

The two resonant frequencies at 2.45 GHz and 5.45 GHz are achieved with the help of

the triangular SRR. Since, electrically small antennas have a disadvantage of poor impedance

matching, an open circuited stub is used in order to overcomethis problem. It also helps in

bandwidth enhancement of the antenna at higher frequency band. The 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

Wp1 15 Lp1 9.8

Wp2 9 Lp2 6.9

Wp3 13 Lp3 0.5

Wp4 2.25 Lp4 10.5

Wg1 8.5 Lg1 8.5

d 0.9 h 1.6

Now, Fig.3.4 shows a step wise procedure to obtain the required frequency band. It demon-

strates the effect of including triangular SRR and open circuited stub on the reflection coef-

ficient of the antenna. The figure shows that in the case I when we have a simple triangular

patch geometry, the band obtained with reflection coefficient >−10 dB is beyond 5 GHz. The

frequency of operation (fr ) of triangular patch in dominant mode of operation is governed by

following relation:

fr =
2c

3Le f f
√εre f f

(3.8)

where c is the speed of light in vacuum,Le f f is the effective length of the patch which is

calculated as:

Le f f = wp1+
h

√εre f f
(3.9)
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Figure 3.4:Stepwise evolution procedure of the proposed antenna.

andεre f f is the effective dielectric constant of the substrate obtained by following relation

εre f f =
εr +1

2
+

εr −1
4

[

1+12
h
w

]
−1
2

(3.10)

whereh is the hight of substrate andw is the width of the patch. Using the above equations, the

resonant frequency is obtained to be 6.9 GHz. As soon as the conventional triangular shape is

replaced with the metamaterial inspired single triangularsplit ring geometry (case II), the band

shifts towards lower side near 2.6 GHz. Further adding another split ring inside the previous

one (case III) displays dual band characteristics. Two resonant frequencies are obtained, one

at 2.45 GHz and other at 5.45 GHz, achieving structure miniaturization by nearly 2.5 times.

But still the antenna does not show a good amount of impedancematching. For improving the

impedance matching, an open circuited stub is etched just below the triangular SRR as shown

in Fig 3.4 (case IV). It improves the impedance bandwidth at higher frequency band. Thus, we

observe dual band characteristics with quite good impedance matching covering entire WLAN

band.

Further, the simulated surface current distributions are plotted at the sample frequencies
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of 2.45 and 5.45 GHz, respectively as shown in Fig.3.5. From Fig. 3.5 (a), one can find that

Figure 3.5:Simulated surface current distributions at (a) 2.45 GHz and(b) 5.45 GHz

strong surface currents concentrate on the outer ring of thetriangular SRR. Therefore, we can

conclude that the 2.45 GHz WLAN band resonance occurs mainlydue to the outer ring of the

triangular SRR while the open circuited stub is responsiblefor impedance matching at this

band. For the 5.45 GHz operation [see Fig. 3.5(b)], it can be seen that the current density is

maximum on both the rings of triangular SRR, hence, that is responsible for resonance at 5.45

GHz. Thus, from the current distribution it can be concludedthat the proposed antenna can

provide dual band operation covering the 2.4/5.2/5.8 GHz WLAN.

In the next section, different simulated performance parameters such as impedance, reflec-

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

3.3 RESULTS AND DISCUSSION

3.3.1 Impedance Performance

For a practical antenna system, it is required to have a reflection coefficient better than -10

dB for the desired band operations. This implies acceptableamount of radiated power from

an antenna. Fig. 3.6 shows the simulated reflection coefficient of the proposed metamaterial

antenna. It shows operates in the desired frequency bands ranging from 2.40-2.48 GHz with

27 dB return loss at resonant frequency 2.45 GHz and 4.7-6.04GHz with 36 dB return loss
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at resonant frequency 5.45 GHz, which covers the entire WLANband spectrum (2.4/5.2/5.8

GHz).

Frequency [GHz]
2 3 4 5 6

S
11

-40

-30

-20

-10

0

Frequency: 2.45
S11: -26.89

Frequency: 5.442
S11: -35.77

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

3.3.2 Radiation Performance

The 2D simulated radiation characteristics in terms of directivity of the proposed antenna for

E-plane and H-plane at the two resonant frequencies i.e. 2.45 and 5.45 GHz, are shown in

Fig 3.7. The E-plane corresponds to azimuth angleφ = 0◦, 90◦ for all values ofθ (Fig. 3.7

(a),(b),(e),(f))) and H-plane corresponds to the value of elevation angleθ= of 0◦, 90◦ (Fig.

3.7 (c),(d),(g),(h))). The radiation is symmetric and bidirectional in the main plane, however,

seems to be radiating in all directions in orthogonal plane.Thus, the proposed antenna gives

nearly omnidirectional radiation pattern. Also, the radiation seems to nearly stable across the

frequency band.

Fig. 3.8 shows the simulated peak gain and total efficiency for the operating bands. Results

show that 62.53 % efficiency at 2.45 GHz and 93.25 % efficiency at 5.45 GHz is achieved.

The gain observed is 3.129 dBi to 1.435 dBi for 2.4-2.48 GHz band and 2.319 dBi to 2.907

dBi for 4.7-6.04 GHz band. Thus, a good amount of gain and highradiation efficiency have

been achieved at the two frequency bands of the metamaterialinspired antenna.
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Figure 3.7:The simulated radiation pattern at frequencies 2.45 GHz (a), (b), (c), (d) and 5.45 GHz (e),
(f), (g), (h)

3.3.3 Performance Comparison

Various metamterial unit cells have been proposed in literature for miniaturization of antenna.

Table 3.3 Gives a brief performance comparison of the proposed antenna with other previously

reported metamaterial based antennas along with their respective unit cell configuration. It can

be seen that, as compared to most of the well known configurations such as interdigital capac-

itor with CSRR, meander line, defected ground structure (DGS), resonant ring and modified

electric coupled resonator (M-ECL), the proposed unit cellprovides smaller size of the sub-

strate along with dual band response.

Table 3.4 gives a performance comparison of proposed metamaterial inspired antenna with

previously proposed dual band antennas covering WLAN band spectrum in terms of various

antenna properties. From the table 3.3 and 3.4 we can conclude that the proposed antenna

offers comparatively large amount of return loss and small size along with wide impedance

bandwidth at the higher frequency band. However, gain can befurther improved at the higher

order band.

Finally, the proposed antenna is fabricated on a 20mm×24mm×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 other reported antennas.
Reference Size Metamaterial Unit Cell Operating

(mm×mm) Bands (GHz)

[121] 40×35 Interdigital capacitor 3.67-3.93

and CSRR

[123] 40×40 Meander line 5.1-6

[126] 23.6×26 Defected ground structure 5.75-5.84

[124] 50×30 Resonant ring 1.67-2.51

[125] 20×32.2 Interdigital capacitor 0.75, 2.16

[128] 45×40 Modified electric coupled 1.30, 2.40-2.93

resonator

Proposed 20×24 Triangular split ring 2.4-2.48, 4.7-6.04

resonator

measurements are performed. The measured results are discussed in the next section.

3.4 EXPERIMENTAL RESULTS AND DISCUSSION

Measurements of various parameters of the antenna such as return loss, VSWR and impedance

bandwidth are done using Keysight N9914A vector network analyzer. Fig. 3.9 shows the fab-

ricated prototype of the proposed antenna. Fig. 3.10 shows the snapshots of the measured

reflection coefficient (S11) and VSWR on the Keysight N9914A vector network analyzer. Fig.

3.11 shows the measured and simulated return loss (dB) characteristics of the proposed an-

tenna simultaneously. Both the measured and simulated results match fairly well. From Fig.

3.11 it is clear that the antenna shows the measured bandwidth of 160 MHz (2.34-2.50 GHz)
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Table 3.4:Comparative analysis of proposed antenna and previously proposed antennas operating on
WLAN band

Reference Overall Size (mm2) Operating bands(GHz) Return loss (dB) Peak Gain(dBi) Impedence bandwidth

[129] 20×35 2.45, 5.5 25, 32 1.7, 3.2 –

[130] 60×70 2.4 to 2.49 (2.45), 5.51 to 6.8 (5.94) 28, 30 2.36, 6.08 90 MHz, 1.26 GHz

[131] 30×33 2.56, 5.2 30, 20 – 14 and 8.5%

[132] 60×45 2.3 to 2.53 (2.45),5.05 to 6.31 (5.3) 18.3, 23.2 2.55, 3.65 230 MHz, 1.26 GHz

[133] 50×50 2.45, 5.14 25.9, 22.6 -3.5, 6.6 135, 583 MHz

[134] 40×30 2.39 to 2.5 (2.44), 5 to 6.06 (5.5) 25, 30 1.66, 4.8 –

[135] 20×40 2.37 to 2.41 (2.4), 5.752 to 5.88 (5.8) 16.1, 12.1 0.4, 1.6 40, 128 MHz

Proposed 20×24 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 upper-frequency band covering the

desired WLAN frequency spectrum.

Figure 3.9:Fabricated prototype of antenna.
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Figure 3.10:Measurement of (a) Return loss (b) VSWR on Keysight N9914A vector network analyzer.
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Figure 3.11:Measured and simulated Return loss.
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3.5 SUMMARY

A metamaterial inspired, CPW-fed antenna has been designedfabricated and tested. Dual

band characteristics have been observed at 2.45 GHz and 5.45GHz operating frequencies

with a gain of 1.9 dBi to 2.41 dBi and 2.2 dBi to 2.5 dBi respectively. The two bands are

originated from the metamaterial used in the antenna consisting two triangular split rings and

impedance matching is achieved using open circuited stub. Nearly omnidirectional radiation

patterns are observed at both frequencies. The experimental results have a good agreement

with the simulated results. Thus the proposed antenna supports 2.4/5.2/5.8 GHz WLAN bands

which offers wide range of application in wireless communication systems.

In this chapter after studying a metamaterial inspired, CPW-fed dual band microstrip an-

tenna for miniaturization, in coming chapter metamaterialbased filters are studied.
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CHAPTER 4

METAMATERIAL BASED FILTERS

Contents of this chapter are published as:

1. Priyanka Garg and Priyanka Jain, “ Design and analysis of Complementary split ring
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2. Priyanka Garg and Priyanka Jain, “Extraction of equivalent circuit parameters of metamaterial-

based bandstop filter,”Applications of Artificial Intelligence Techniques in Engineering,

vol. 697, pp. 173-179, 2019. (SCOPUS)

3. Priyanka Garg and Priyanka Jain “Comparative analysis of transmission line based

bandstop filters using different metamaterial unit cells operating at 3 GHz” presented in

International Conference on Signal Processing, VLSI and Communication Engineering

(ICSPVCE-2019),March 28-30, 2019, New Delhi,India.

4. Priyanka Garg and Priyanka Jain, Design and Analysis of a Bandpass filter using Dual
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hancement,Wireless Personal Communication. (Communicated).
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Brief Review” presented in5th International Conference on Microelectronics, Comput-

ing & Communication Systems (MCCS-2020),July 11-12, 2020, Advanced Regional

Telecom Training Centre, BSNL, Ranchi, Jharkhand, India.



4.1 COMPLIMENTARY SPLIT RING RESONATOR BACKED MICROSTRIP T RANS-

MISSION LINE USING EQUIVALENT CIRCUIT MODEL

Filters form an essential element in various RF , microwave and other communication system

for either accepting or rejecting a band of frequency. Bandstop filters are used in various

applications for suppressing undesired frequency bands. Various band stop filters have been

proposed using planar technology. Most of the band stop filters are realised by etching slots

on the structure. [136] presented a broad band-stop filter using periodic L-shaped stubs with

defected ground plane for X-band applications. These defects are realised by etching slots in

the ground plane. [137] proposed a band stop filter with defected mirostrip structure (DMS)

by etching M-shaped slots on the microstrip. Slot shape and size determine the stopband

characteristics of the filter.

Although, utilizing planar technology, at some point the design suffer from the draw-

back of large dimensions. Use of metamaterials in such caseshas proven to exhibit excep-

tional reduction in dimensions. Metamaterials are artificially engineered structures that pro-

vide extraordinary characteristics such as negative permittivity (ε) and permeability (µ). Split

ring resonators (SRR) have been shown to exhibit negative permeability around resonant fre-

quency [138]. Complementary Split Ring Resonator (CSRR), is the counter image of SRR

which shows negative permittivity for a particular band of frequencies [139]. CSRR etched

on the ground plane at the back of a microstrip line is a well known technique to realise fil-

ters. [140] presented a CSRR based high pass filter utilizingC-shaped coupling. An Open

Complementary Split Ring Resonator (OCSRR) with 80 % fractional bandwidth at central

frequency 5 GHz is designed by [141]. A wideband bandpass filter with CSRR loaded mi-

crostrip transmission line is presented by [142] utilizingEvolution Strategy (ES) method for

parameter optimization..

In this chapter a compact sized bandstop filter utilizing Complementary Split Ring Res-

onator (CSRR) is proposed. The proposed filter is designed tosuppress 2.4 GHz frequency

band. The main objective is to demonstrate a methodology forselection 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 the filter i.e. transmission coefficient

and impedance curve, in order to study the electrical behaviour of the design. [143] presented

the extraction of equivalent circuit model, however using the methodology presented in this

paper, we have found that the number of lumped elements used can be reduced further. A

stepwise simplified mathematical approach for parameter extraction of the equivalent circuit

is also presented. All the design and circuit simulations are performed using Computer Sim-

ulation Tomography Microwave Studio [144] and Computer Simulation 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 proposed bandstop filter with a 50-Ω

microstrip line on top side and CSRR etched on the bottom ground plane. It is designed

using FR-4 dielectric substrate with relative permittivity = 4.3, and thickness = 1.6 mm. The

proposed BSF has a compact size of only 27 mm×20 mm. The dimensions of microstrip line

are chosen to deliver 50-Ω characteristic impedance.

The design parameters of proposed bandstop filter are given as: L=20mm, W=27mm,

w=3.1mm, rout=5mm, rin=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 rings can be modelled as ca-

64



pacitor. CSRR, being the dual of SRR, shows complementary effect where the inductance is

substituted by capacitance of the disk and the gap capacitance is substituted by inductance

between the slotted rings [146].

The circuit equivalent of the proposed BSF can be realized byusing the transmission coef-

ficient (S21) and impedance characteristics, shown in Fig. 4.3(a) and Fig. 4.3(b) respectively,

obtained after design simulation. Since, the impedance curve shows inductive effect below

resonant frequency and capacitive effect above it, so it is concluded that the circuit must con-

tain a parallel resonant circuit. Further,S21 curve, as shown in Fig. 4.3(a), shows negative

insertion loss (IL), given by,

IL = 10log10|S21( f )|2 (4.1)

Thus, the circuit equivalent of the simulated bandstop filter is a series connected parallel

resonant circuit. The proposed bandstop filter shows maximum transmission at 1.771 GHz

and minimum transmission at 2.401 GHz. This can be illustrated through the power flow plot

shown in Fig. 4.2. Fig. 4.2 (a) shows that the filter allows power flow from port 1 to port 2

at 1.771 GHz whereas in case of 2.4 GHz, as shown in Fig. 4.2 (b), most of the power flow

is restricted around the resonator. Therefore, we can say that frequency 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 basis of simulated results.

Consider f1 be the maximum transmission frequency,f2 be the minimum transmission

frequency andf3 be the frequency at which insertion loss is 3 dB such thatf1 < f3 < f2. f3 is

obtained at the intersection of reflection and transmissioncoefficientS11 andS21 respectively,

since,

|S11|2+ |S21|2 = 1 (4.2)

and at the intersection point,S11 = S21. Thus,S11=1/
√

2 or 3 dB insertion loss.

The stepwise parameter extraction method, considering thecircuit 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 simulation. (b) Impedance curve obtained
by design simulation
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Figure 4.4:Equivalent circuit of the proposed Bandstop filter.

1. At the resonance condition of the parallel LC circuit i.e.f2, S21 leads to zero. This gives

the equation forC1 in terms ofL1 and frequencyf2.

2. At the resonance condition of the whole tank circuit i.ef1, S11 leads to zero. This gives

the relation forL1 in terms ofL2 and frequenciesf1, f2.

3. Finally, at 3 dB insertion loss with frequencyf3, the third relation forL2 in terms of

frequencyf1, f2 and f3 is obtained.

The S-parameter matrix of the series connected parallel LC resonator is given by,

[

S

]

=







Y0
Y0+2Y

2Y
Y0+2Y

2Y
Y0+2Y

Y0
Y0+2Y







whereY0=1/Z0, Z0 is the characteristics impedance of the line which is 50-Ω and Y is the

input admittance of the LC circuit. The mathematical approach for parameter extraction using

above steps is summarized below:

1. TakingS21 = 0. Considering only parallel LC circuit (L1,C1)), the input admittance is

expressed as,

Y =
1−ω2L1C1

jωL1
(4.3)
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From the S-parameter matrix,

S21 =
2Y

Y0+2Y
=

2
[

1−ω2
2L1C1

jω2L1

]

Y0+2
[

1−ω2
2L1C1

jω2L1

] = 0 (4.4)

1−ω2
2L1C1 = 0 (4.5)

On solving above equation, we obtain,

C1 =
1

4π2 f 2
2 L1

(4.6)

2. EquatingS11 to zero,

S11 =
Y0

Y0+2Y
=

Z
Z+2Z0

= 0 (4.7)

Considering the input impedance of overall tank circuit,

Z =
jω2L1

1−ω2
2L1C1

+ jω2L2 (4.8)

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

jω2L1

1−ω2
2L1C1

+ jω2L2 = 0 (4.9)

On solving, we get,

L1+L2−ω2
1L1L2C1 = 0 (4.10)

substituting value ofC1 form eqn. 4.6,

L1+L2−
ω2

1

ω2
2

L2 = 0 (4.11)
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Solving forL1,

L1 = L2

[

f 2
1

f 2
2

−1

]

(4.12)

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

|S21|=
2Y

Y0+2Y
=

2Z0

Z+2Z0
=

1√
2

(4.13)

2Z0
√

[

jω3L1
1−ω2

3L1C1
+ jω3L2

]2
+4Z2

0

=
1√
2

(4.14)

Now, on substituting the value ofC1 from eqn (4.6) in above eqn. and solving, we get,

2Z0

(

1− f 2
3

f 2
2

)

= ω3

[

L1+L2

(

1− f 2
3

f 2
2

)]

(4.15)

Substituting the value ofL1 from eqn. (4.12) in above eqn. and solving, we obtain,

L2 =
Z0( f 2

2 − f 2
3 )

π f3( f 2
1 − f 2

3 )
(4.16)

In the next section, the S-parameter response of the filter are discussed and circuit param-

eters are obtained.

4.1.2 Results and Discussion

From the results obtained after simulating the BSF design, we get f1 = 1.771 GHz,f2 = 2.401

GHz, f3 = 2.217 GHz. Substituting all these values in Eqn. (4.6), (4.12), (4.16), we obtain

the values of circuit parametersL1, C1, L2 as 1.563 nH, 2.81 pF and -3.429 nH respectively.

Using the values ofL1,C1,L2, the equivalent circuit of BSF is designed and simulated in

CST microwave studio and results are obtained. Fig. 4.5 shows the simulated reflection and

transmission coefficient of the CSRR based BPF comparative to that of its circuit equivalent.

Also, the Fig. 4.7(a) and Fig. 4.7(b) simultaneously shows the impedance curve of simulated
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Figure 4.5:Transmission coefficient obtained by design and circuit simulation (solid lines show design
simulated S-parameters and dashed lines show circuit simulated S-parameters)
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design and circuit. Little mismatch in the impedance may be due to presence of losses in the

design. Both the results show that the circuit is a close approximation of the proposed BSF.

Now, it is important to note that the value of inductanceL2 is a negative quantity. It can be

explained as the presence of an equivalent capacitance, sayC2̀( [147]).

XL =− jωL2 (4.17)
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Figure 4.7:Impedance curve obtained by (a) design simulation, (b) circuit simulation

where negative sign indicates the negative nature of inductanceL2.

XL =
1

jω
(

1
ωL2

) (4.18)

Thus,

C2̀ =
1

ω2L2
(4.19)

Since, there are two resonance phenomenon observed in the design, one is the parallel

resonance occurring atf2 and other is the weak series resonance occurring at lower frequency

f1. At f2, resonance is due to the parallel resonant circuitL1 andC1. At lower frequency,

the parallel resonant circuit behaves as an inductor, sayL1̀. ConnectingC2̀ in series withL1̀

gives the weak series resonance atf1. From eqn. 4.19,C2̀ at frequencyf1 is obtained as 2.35

pF. The simulated results after replacing the negative inductanceL2 by the equivalent positive

capacitanceC2̀ is shown in Fig. 4.8.

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

tion.
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Figure 4.8:Transmission coefficient obtained by design and circuit simulation after replacing inductor
L2 shown in Fig. 4.4 by capacitorC2̀(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 analysis thatexhibit major variation in the char-

acteristics of BSF. First one is the radius of the split rings. Fig. 4.6(a) shows the variation in

rout keeping the dimensions s, d and g unchanged. It was observed that asrout is increased

from 4 mm to 6 mm, the resonant frequency shifts towards lowerside.

Second dimension for parametric analysis is the distance between the two rings (d). Fig.

4.6(b) shows variation in d keeping other parameters unchanged. As the parameter d is in-

creased from 0.25 mm to 1.25 mm, the frequency again shifts tolower values.

Finally, variation in the split gap (g) is performed. Fig. 4.6(c) shows, as the split gap of

the rings is increased from 0.2 mm to 1.8 mm, the frequency shifts towards higher values.

Thus, suitable dimensions of the CSRR can be selected to obtain the desired resonant fre-

quency as per the required specification. Finally the filter is fabricated 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 microstrip transmission line on top and

CSRR etched on the bottom ground plane. Keysight N9914A vector network analyzer is used

to carry out the measurements of various parameters of the fabricated CSRR based bandstop

filter(BSF) such as reflection coefficient, transmission coefficient and 3-dB bandwidth. Fig.

4.10 shows the S-parameters as observed on the Keysight N9914A vector network analyzer.

Fig. 4.11 simultaneously shows the measured, design simulated and circuit simulated values

of S-parameters of the proposed BSF. The measured results shows a 3-dB stopband from

2.113 GHz to 3.088 GHz giving a 3-dB bandwidth 0.975 GHz. The occurrence of ripples

in the measured results may be due cable losses. The measuredresults match well with the

simulated results.

Figure 4.9:Fabricated BSF(a) Top view, (b) Bottom view

Figure 4.10:Snapshots of results on Keysight N9914A vector network analyzer (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 filter has been designed and simulated.

A stop band at the vicinity of 2.4 GHz is obtained. Based on thesimulated results, the cir-

cuit arrangement is defined to be a series connected parallelresonant circuit followed by a

series connected inductor. Simplified mathematical approach is described in detail to obtain

the lumped circuit parameters. Only three lumped components are used to define the circuit

model, thus reducing the circuit complexity. Further more,parametric variation of the split

rings is analysed which displays frequency tuning capability by varying the dimensions of

split rings. Finally, the filter is fabricated and measured to show fair agreement with the sim-

ulated results. The proposed bandstop filter shows good lower pass band performance. The

high frequency pass band shows large reflections which may beimproved further.

Here, a complementary split ring resonator based bandstop filter is successfully analysed

and demonstrated. A detailed methodology for equivalent circuit extraction is also given

which is further validated in the next section by utilizing it to 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 analysisof a metamaterial inspired Band-

stop Filter (BSF) providing suppression of frequency at 3GHz. The overall size of proposed

BSF is 20mm×20mm×1.6mm. Further,the extraction of lumped parameters of the designed

BSF using simulated results is presented and validation of the results using equivalent cir-

cuit simulation is also presented. The analysis is performed using transmission coefficient,

reflection coefficient and impedance curve.

The objective of present work is the parameter extraction ofthe circuit of an Open Slot

Split Ring Resonator (OSSRR). OSSRR was designed by Karthikeyan et al. in [148] and it

was observed that OSSRR offers lower resonant frequency compared to the CSRR of similar

dimensions. The work proposed in this section provides an extension by utilizing OSSRR to

operate at 3 GHz, further study of electrical behaviour of OSSRR by extraction of equiva-

lent circuit model. The simulated transmission coefficientand impedance curve are used to

determine the lumped equivalent circuit and a mathematicalmodel is described in detail for

the extraction of circuit parameters (as discussed in the previous section). The design is fur-

ther validated using circuit simulation results. The equivalent circuit extraction is important

to study the electrical behavior of the planar design in order to provide ease of integration

with any external electrical circuit. All the design and circuit simulations are carried out us-

ing Computer simulation Technology (CST) Microwave studio(MWS) [144] and CST design

studio [149] respectively.

4.2.1 Design and circuit simulation

The proposed bandstop filter is designed using a 1.6mm thick FR-4 substrate (r=4.4) with

dimensions 20×20mm2. The substrate consists of a 50-Ω microstrip line on the top and an

Open Slot Split Ring Resonator (OSSRR) on the bottom. Fig. 4.12 shows the design of the

proposed band stop filter along with the port assignments.

75



Figure 4.12:Design of proposed bandstop filter (light grey color shows 50microstrip line on top and
dark grey color shows OSSRR on bottom of substrate).

Figure 4.13:Simulated transmission coefficient and impedance curve of the proposed bandstop filter
design.

The bandstop filter is designed and simulated in CST microwave studio and results are

obtained. Fig. 4.13(a) shows the simulated transmission coefficient. The Fig. 4.13(a) shows

that bandstop filter shows resonance at 3.024GHz, thus performing complete suppression of

frequency at 3.024GHz. From the impedance curve, shown in Fig. 4.13(b), it was observed

that the BSF shows inductive effect below the resonant frequency and capacitive effect above

it. Thus, the equivalent circuit must contain a parallel resonant circuit. Since, the insertion

loss is negative, shown in Fig. 4.13(a), we conclude that theequivalent circuit of proposed

BSF is a series connected parallel resonator.

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

Input

L

C Output

Figure 4.14:Equivalent circuit of the proposed Bandstop filter.

procedure:

1. At the resonant frequency, sayf2, |S21|=0.

2. At the intersection of|S11| and|S21|, say at f1,|S21|=1/
√

2 (Since,|S11|2+|S21|2=1).

For a series connected parallel resonator, S-parameter matrix is given as,

[

S

]

=







Y0
Y0+2Y

2Y
Y0+2Y

2Y
Y0+2Y

Y0
Y0+2Y







Using condition 1,|S21|=0,

S21 =
2Y

Y0+2Y
=

2Z0

Z+2Z0
= 0 (4.20)

From the circuit shown in Fig. 4.14, we obtain,

Z =
jω2L

1−ω2
2LC

(4.21)

Putting in eq. 4.20, we get,

C=
1

ω2
2L

=
1

4π2 f 2
2 L

(4.22)

Now, using condition 2,|S21|=1/
√

2,
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2Z0
√

ω2
1L2

(1−ω2
1LC)2

+4Z2

=
1√
2

(4.23)

On solving above equation using eq. 4.22, we obtain,

L =
Z0

π f 2
1

[

1− f 2
1

f 2
2

]

(4.24)

The equivalent circuit parameters are obtained in the next section.

4.2.2 Results and Discussion

After the design simulations performed on CST Microwave Studio, it was obtained that the

intersection of|S11| and |S21| occurs at frequencyf1=2.88 GHz and resonance atf2 =3.024

GHz is observed. Using eq. 4.22 and 4.24, we obtain the value of L andC as 0.5 nH and 5.549

pF respectively. The equivalent circuit is designed and simulated in CST design studio. The

transmission and reflection coefficient obtained after design and circuit simulations are shown

in Fig. 4.15 and 4.16 respectively. Design and circuit simulated impedance curves are also

shown in Fig. 4.17 simultaneously. Fig. 4.15 and 4.16 show similar results. Little deviation in

the impedance may be due to substrate losses. Thus, we conclude that the equivalent circuit is

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

4.2.3 Summary

Open Slot Split Ring Resonator (OSSRR) based bandstop filterhas been designed and an-

alyzed using equivalent circuit model. The BSF was designedto operate at 3.024 GHz. A

methodology based on the simulated design transmission coefficient and impedance curve to

select an appropriate circuit model for the BSF was also described. It was found that the

proposed BSF could be represented as series connected parallel resonator. The LC lumped
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Figure 4.15:Reflection and transmission coefficient of simulated design.

Figure 4.16:Reflection and transmission coefficient of simulated equivalent circuit.

Figure 4.17:Impedance Curve (a) Design (b) Equivalent Circuit
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parameters were obtained using suitable mathematical model. Further, the circuit equivalent

was simulated and results obtained were comparable to the simulated design results. Thus, the

obtained circuit could closely approximate the design.

Further, the next section presents a comparative study of various transmission line based

bandstop filters present in literature having defected ground structure. The equivalent circuit

approach is also validated in the coming section.

80



4.3 COMPARATIVE ANALYSIS OF TRANSMISSION LINE BASED BANDST OP

FILTERS USING DIFFERENT METAMATERIAL UNIT CELLS OPERATING

AT 3 GHZ

The present work is a comparison based study of microstrip transmission line based bandstop

filters taking different complementary resonators on the ground plane. Six metamaterial res-

onators unit cells have been investigated from the literature. The dimensions are optimized to

operate at 3 GHz and then their comparative analysis is performed based on various properties

of filters such as insertion loss, 3 dB bandwidth, quality factor (Q), shape factor, overall size,

unit cell size and group delay. There are a number of metamaterial based resonators available

in literature, so the objective of this section of the chapter is to provide a comparative analysis

so that the user can point out the best configuration requiredwhile designing the bandstop

filter that suits the desired specification and also helps in developing the future ideas by taking

into account the advantages of the available structures. All the designing and simulations are

performed on Computer Simulation Technology Microwave Studio (CST-MW) In this section,

firstly the design of basic microstrip line and different metamaterial unit cells is discussed fol-

lowed by the design of filter using the microstrip line and unit cells along with their equivalent

circuits. Finally, a comparative analysis is presented based on the significant filter parameters.

4.3.1 Design and simulation approach

Basic microstrip transmission line design

A 50-Ω microstrip transmission line is designed on the top of an FR-4 substrate with thickness

(h) = 1.6 mm, dielectric constant (εr ) = 4.4 and loss tangent (tanδ ) = 0.025 with bottom

ground plane. Width (Wl ) of the line is calculated by takingZ0=50Ω and physical length (Ll )

is subjected upon proper impedance matching. Fig. 4.18 shows the schematic of designed

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

Metamaterial unit cells

Fig. 4.19 shows the configuration of metamaterial unit cellsthat have been investigated to

exhibit filtering characteristics. Each of the unit cells isoptimized to resonate at 3 GHz and

provide negative effective permittivity or permeability or both in the vicinity of its resonant

frequency. Fig 4.19(a) and Fig 4.19(b) shows two types of complementary electric inductive-

capacitive (CELC) resonator, both of them are characterized by single-negative magnetic mo-

ment. CELC in Fig 4.19(a) is denoted as CELC-I [150] and that in Fig. 4.19(b) as CELC-

II [151]. Fig. 4.19(c) shows an open slot split rig resonator(OSSRR) [152] which is formed by

two connected concentric square slots having openings at the same side, it tend to exhibit elec-

tric resonance. Fig. 4.19 (d) depicts a Complementary SplitTriangle Resonator (CSTR) [153]

which exhibit simultaneous negative permittivity and permeability, thus showing both elec-

tric and magnetic resonances. Fig 4.19 (e) and Fig. 4.19 (f) shows the well known and most

utilised single split ring resonator (SSRR) [154] and double split ring resonator (DSRR) [155]

respectively. Both of them exhibit negative permittivity near resonance.

4.3.2 Design and simulation of metamaterial based filters

Metamaterial resonators are etched on the ground plane underneath the 50-Ω transmission line

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

optimized to provide proper impedance matching and so the overall structure dimensions.

CELC-I based bandstop filter

Fig. 4.20(a) shows the schematic of the CELC-I based bandstop filter. Fig. 4.20(b-e) shows the

simulated impedance curve, reflection coefficient (S11), transmission coefficient (S21), phase

in degrees and group delay. Results shows that the filter operates at the resonant frequency

3 GHz. Along with 3 GHz, one more weak transmission zero can beobserved at 5.67 GHz

which can be optimised further according to desired specifications. Impedance curve shows

that the schematic is capacitive below the resonant frequency and inductive above it so we

can say that the equivalent circuit of the designed filter hasto be a shunt connected series

resonator as shown in Fig 4.21. Phase response shows that at 3GHz phase changes from

positive to negative exhibiting negative phase delay, which is the property of metamaterial.

Results (Fig. 4.20(d)) also show a group time delay of -0.548ns. Now, the values of lumped

circuit parameters i.e.L1 andC1 can be obtained by employing following procedure:

1. At the resonant frequency, sayf1, |S21|=0.
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Figure 4.20:CELC-I based bandstop filter

Input

L1

C1

Output

Figure 4.21:Equivalent circuit of the CELC-I bandstop filter.

2. At the intersection of|S11| and|S21|, say atf2, |S21|=1/
√

2.
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The S-parameter matrix of the shunt connected series resonator is given by,

[

S

]

=







−Y Z0
2+YZ0

2
2+Y Z0

2
2+YZ0

−YZ0
2+Y Z0







with Y being the admittance of series resonance circuit andZ0=50Ω. On using the condition

1, as stated above,

|S21|=
∣

∣

∣

∣

2
2+YZ0

∣

∣

∣

∣

= 0 (4.25)

where Y is given by eqn. 4.26

Y =
1

jωL1+
1

jωC1

(4.26)

Now, putting the value of Y from eqn. 4.26 in eqn. 4.25 for frequency f1, we obtain,

L1 =
1

4π2 f 2
1C1

(4.27)

and on using condition 2, we obtain following equation forC1 in terms of f1 and f2:

C1 =
1

π f2Z0

[

1−
(

f2
f1

)2
]

(4.28)

From the S-parameter results shown in Fig. 4.20(c), it is found that f1=3 GHz andf2=2.37

GHz. Therefore, using eqn. (4.27) and (4.28) we obtain,L1=2.79 nH andC1=1.01 pF. The

equivalent circuit is designed and simulated in CST Design studio. Fig. 4.22 shows the simu-

lated S-parameters of the extracted circuit model which is aclose approximation to the design.

Fig. 4.23 demonstrates the power flow in the BSF at 3 GHz and 4 GHz. Fig. 4.23 (a)

shows that at 3 GHz, most of the power flow is prohibited to travel from port 1 to 2, thus

enabling stop band at 3 GHz, whereas at 4 GHz the power flow is allowed between the ports,

as shown in Fig 4.23 (b), enabling passband at 4 GHz.
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Figure 4.22:CELC-I circuit simulation

Figure 4.23:Power flow at (a)3 GHz (b)4 GHz

CELC-II based bandstop filter

Fig. 4.24 (a-e) depicts the schematic and simulated resultsof the CELC-II resonator based

bandstop filter. Reflection and transmission coefficient curves, shown in Fig. 4.24(c) proves

that it exhibit a transmission zero at 3 GHz, however, the filter also provides a stop band at

higher frequencies (>5.5 GHz), which is not desirable in present case. It also provides two

reflection zeros at 3.53 GHz and 4.53 GHz showing excellent passband characteristics. The

impedance curve shows the similar behaviour as in the case with CELC-I so its equivalent

circuit will also be a shunt connected series resonator and can be extracted in the similar
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fashion as explained in the previous section. Further, the design is exhibiting a negative phase

delay and a group delay time of -1.156 ns.

Figure 4.24:CELC-II based bandstop filter

OSSRR based bandstop filter

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

filter showing only one transmission zero at 3 GHz. However, it has a narrow bandwidth
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of 0.272 GHz comparative to other configurations (discussedlater). The equivalent circuit

of OSSRR based BSF consist of series connected parallel resonator, since, the impedance

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

frequency. However, there is a reflection zero existing at the lower frequency 2.12 GHz, in

order to incorporate it, a capacitor is added in series with the LC tank circuit, as depicted in

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

ns. The values of lumped circuit parameters as shown in Fig. 4.26 are obtained by following

Figure 4.25:OSSRR based bandstop filter

88



Input

L1

C1

C2

Output

Figure 4.26:Equivalent circuit of OSSRR based bandstop filter.

the same procedure as mentioned in previous section. The equation for obtainingL1 andC1 is

given as follows:

C1 =
1

4π2 f 2
1 L1

(4.29)

L1 =
Z0

π f2

[

1−
(

f2
f1

)2
]

(4.30)

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

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

series with -1.23 i.e.,C2 is given by 4.57 pF. Fig. 4.27 shows the simulated S-parameters of

the extracted equivalent circuit model of SSRR based bandstop filter.

Figure 4.27:OSSRR BSF circuit simulation
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SSRR based bandstop filter

Fig. 4.28 (a) shows the schematic of the designed bandstop filter having compact overall di-

mensions (22×20mm2) as compared to aforementioned filters. This is one of the most utilised

configurations. The equivalent circuit of this configuration would be a series connected paral-

Figure 4.28:SSRR based filter

lel resonator, as depicted from impedance curve shown in Fig. 4.28(b). The S-parameters, in

Fig. 4.28(c), shows a transmission zero at 3 GHz with wide 3 dBbandwidth and a reflection

zero at 2.31 GHz providing excellent lower pass band characteristics. Because of the reflec-

tion zero, a weak series resonance is also observed at 2.31 GHz which is excited in the circuit
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by adding an inductor in series with the LC tank circuit. Final circuit obtained is shown in Fig.

4.29 and the equivalent lumped parameters calculated according to the procedure mentioned

above are given by,L1=1.42 nH,C1=1.98 pF, andL2=-3.49 nH.

Input

L1

C1

L2

Output

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

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

SSRR based bandstop filter.

Figure 4.30:SSRR BSF circuit simulation

DSRR based bandstop filter

Fig. 4.31 (a) shows the schematic of the designed bandstop filter. The simulated results shown

in Fig. 4.31 (a-e) are similar to that of a SSRR. Double split rings are introduced in order

to improve the capacitive and inductive coupling. A double split ring resonator is similar

to a single spit ring resonator if the mutual coupling is weak. If the gap between the rings

is small or in other words, if the dimensions of two rings are almost same, the double SRR

resonates at the frequency close to single SRR but with higher current 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 also similar to SSRR based band-

stop filter, however, the extracted lumped parameters are given as,L1=1.608 nH,C1=1.75 pF,

and L2=-4.28 nH. Fig. 4.32 shows the simulated S-parameters of theextracted equivalent

circuit model.

CSTR based bandstop filter

Geometrical configuration of CSTR based bandstop filter and its simulated results are illus-

trated in Fig. 4.33. The S-parameter response (Fig. 4.33(c)) shows that the filter is resonating
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Figure 4.32:DSRR BSF circuit simulation

at 3 GHz along with two reflection zeros, one above the stop band at 3.43 GHz and one below

it at 2.49 GHz, providing excellent out of band performance.However, at high frequencies,

filter performance is distorted and the overall optimized dimension of the filter is also large

(38×20mm2). Impedance curve shown in Fig. 4.33(b) depicts that the equivalent circuit of

the BSF is a shunt connected series resonator which can be extracted in the similar way as

described above. Phase response in this case is also a negative value along with a group delay

time of -0.088 ns.

4.3.3 Comparative Analysis

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

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

• Insertion loss (dB): It is measured as the ratio of signal power delivered to the output

terminal versus the signal power at input terminal.

• 3-dB bandwidth (GHz): It is the band of frequencies between the half power points,

measured at the cross section of reflection coefficient(S11) and transmission coefficient(S21).

• Quality factor (Q): It is the ratio of energy stored in resonator to the energy supplied

to it per cycle to keep signal amplitude constant at resonantfrequency (fr ). It can be
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Figure 4.33:CSTR based bandstop filter

obtained using following mathematical definition.

Q=
fr

Bandwidth
(4.31)

• Shape factor: It is a term used to quantify the steepness of a filter’s rolloff. Shape factor

is the ratio of bandwidth measured using two different attenuation values. In our case

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

• Group Delay (ns): It can be defined as negative of change in phase with respect to
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change in frequency. Group delay (τ) can be mathematically defined as follows:

τ(ω) =−φ(ω)

ω
(4.32)

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

Table 4.1:Performance comparison table
Unit cell Insertion 3-dB Bandwidth Q-factor Shape factor Overall Unit cell Group

loss (dB) (GHz) ( fr /Bandwidth) (14/3dB) size (mm2) size (mm2) delay (ns)

CELC-I -15.06 1.62 1.85 0.125 26×14 7×12.3 -0.548

CELC-II -14.24 1.45 2.06 0.045 30×28 14×21.5 -1.156

OSSRR -20.24 0.272 11.02 0.238 26×14 8.75×3.83 -9.97

CSTR -17.75 0.55 5.45 0.467 38×20 15.75×15.75 -0.088

SSRR -28.045 1.09 2.75 0.128 22×20 8.4×8.4 -10.08

DSRR -29.56 1.68 1.78 0.086 22×20 8.4×8.4 -14.322

4.3.4 Summary

Different metamaterial unit cells have been investigated and optimised to operate at 3 GHz

frequency. Their performance as a bandstop filter is studiedby etching out a metamaterial

unit cell from the ground plane of the substrate having 50-Ω transmission line on the top.

Extraction of equivalent circuits was also performed and itwas found that the method provided

close approximate equivalent circuit models of the BSFs. Finally a comparative analysis is

presented in terms of various performance parameters of thefilter such as insertion loss, 3 dB

bandwidth, quality factor (Q), shape factor, overall size,unit cell size and group delay. The

comparative study is advantageous for the user in order to select the best suitable configuration

for a desired application.

In the previous sections, the filters do not offer significantbandwidth, also, the dispersion

characteristics have not been studied. In the next section,a novel complementary U shaped

resonator based bandstop filter is proposed for wideband operation.
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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 balanced Dual Composite Right/Left

Handed (D-CRLH) Transmission Line (TL) is presented in thischapter. A balanced D-CRLH

TL can be used to provide wideband filter characteristics dueto no frequency separation be-

tween the RH and LH frequency bands. The proposed D-CRLH TL isdesigned using U-

shaped complementary split ring resonator (UCSRR). The extraction of equivalent circuit

model of proposed UCSRR unit cell is also performed. Further, the bandwidth of the pro-

posed filter is enhanced by using the concept of electric and magnetic coupling between the

slot lines. The proposed via less BPF has a compact size of 15×15 mm2 designed on an

FR-4 substrate with dielectric constant(εr)=4.3. The design analysis of proposed bandpass

filter is presented in terms of reflection coefficient, transmission coefficient, impedance curve,

propagation constant and group delay.

Bandpass filters play an important role in various types of radio frequency (RF) and mi-

crowave systems in order to accept a particular band of frequencies. With recent advancement

in wireless communication technology, requirement of highly efficient, miniaturised and low

cost bandpass filter is also increasing. Several approacheshave been investigated till date to

design high performance filters. Amongst them microstrip technology offers the advantage of

compact dimensions, easy integration with circuit elements as well as self tuning capabilities.

Most of the filters are realised by etching slots either on theground plane or on the mi-

crostrip line termed as Defected ground structure (DGS) andDefected microstrip line (DML)

respectively. In [157], CSRRs were etched on the microstripline to achieve low pass charac-

teristics. Bonache et. al designed bandpass filter by etching CSRR on the ground plane and

interdigital capacitor on the microstip line to operate on K-band [158]. To provide further

cost reduction and miniaturization, multifunctional tunable filters are of great interest these

days. A SRR based tunable bandpass filter is presented in [159] realized using varactor diode

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

Caloz and Itohet. al.[40] introduced the concept of metamaterial transmission lines (TL)

in 2002. These TL metamaterials typically exhibit a LH band at lower frequencies and a right-

handed (RH) band at higher frequencies and are termed as Composite Right/Left Handed

Transmission lines (CRLH TL). Mirroring to conventional CRLH behaviour, a novel meta-

material with LC parallel-tank impedance and LC series-tank admittance, termed Dual-CRLH

TL (D-CRLH) was proposed in 2006 [160]. Posadaset. al. [161] proved that the new struc-

ture results in larger bandwidth and lower losses compared to conventional CRLH TL. While,

an unbalanced D-CRLH TL can be used to design dual band filterswith high rejection be-

tween the pass bands [162], a balanced D-CRLH TL can be used todesign a filter with wide

transmission bandwidth and low losses [163]. In the case of aD-CRLH TL, the right handed

passband (at lower frequency) is followed by the left handedpassband (at higher frequency)

without any frequency separation between them.

To the authors knowledge, few state of the art has been available that utilize D-CRLH TL as

a balanced TL to design bandpass filters. In [163] Belengueret. al. have designed a balanced

dual-CRLH TL just by modifying the well known Split ring resonator (SRR) to show wider

transmission bandwidth. In [164], Canoet. al. have extended the same work by enhancing

the design to provide reconfigurable bandwidth and propagation characteristics. The present

work deals with improving the design complexity as well as the passband bandwidth within a

compact structure.

In this chapter a compact sized balanced D-CRLH TL based wideband bandpass filter

utilizing U-shaped Complementary Split Ring Resonator (UCSRR) is proposed. The chap-

ter starts with extraction of the material parameters and equivalent circuit parameters of the

proposed USRR, followed by designing and analysis of D-CRLHTL bandpass filter. The

proposed design is a yia less, D-CRLH TL based wideband bandpass filter designed to pro-

vide a 3 dB passband from 2.44 GHz to 5.58 GHz which further is increased from 1.43 GHz

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

97



later sections). This chapter demonstrates the bandwidth enhancement techniques using the

concept of electric and magnetic coupling between slot lines. All the design simulations are

performed using Computer Simulation Tomography (CST) Microwave Studio.

4.4.1 Design and Simulation Approach

Extraction of material parameters of UCSRR

The design of proposed bandpass filter is based on U-shaped complementary split ring res-

onator (UCSRR) which exhibits negative refractive index near its resonant frequency. This

type of structure provides 180◦ rotational symmetry, thus avoiding cross polarization andalso

resulting in smaller electrical size as compared to conventional CSRR [165]. The extraction

of material parameters is performed using time domain solver of CST Microwave studio. The

initial dimensions of the UCSRR are taken to be according to the sub-wavelength rule of meta-

material i.e. less thanλ/4. As the centre frequency is nearly 4 GHz for the intended band so

the major dimension of the UCSRR is chosen to be 11.5 mm which is optimized further. The

UCSRR is designed on a FR-4 substrate with relative permittivity = 4.3, and thickness = 1.6

mm, followed by assigning appropriate boundaries. The structure is designed along XY plane

where electric boundary is assigned to x-axis, magnetic boundary to y-axis and z-axis is used

to assign ports (direction of propagation). Fig. 4.34 illustrates the geometry and port assign-

ment of UCSRR unit cell. Now, effective medium parameters are extracted from the scattering

parameters using the modified NicolsonRossWeir (NRW) relations presented in [166]. Taking

two arbitrary variables given by following equations:

V1 = S21+S11 (4.33)

V2 = S21−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 by following equations:

z=

√

(1+S11)2−S2
21

(1−S11)2−S2
21

(4.35)

Now, permeability(µr), permittivity(εr)and refractive index(n) are obtained simply by:

µr =
2

jkd
.
1−V2

1+V2
(4.36)

εr =
2

jkd
.
1−V1

1+V1
(4.37)

ε = n/z (4.38)

µ = nz (4.39)

where,k is the free space propagation constant andd is the unit cell dimension. Fig 4.35 and

Fig. 4.36 respectively shows the real and imaginary part of the extracted material parameters.

It can be observed that the proposed U-CSRR exhibits negative real effective permittivity

and permeability in the common frequency range 4.3 GHz to 5.2GHz, and positive value of

imaginary permittivity and permeability for the same range. This results in negative refractive

index which means that the proposed unit cell behaves as a left handed material (LHM) in the
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Figure 4.35:Real part of extracted material parameters.
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Figure 4.36:Imaginary part of the extracted material parameters.

frequency range 4.3 GHz to 5.2 GHz. Now, in the next section, the design 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 designed on an FR-4 dielectric sub-

strate having compact dimensions 15×15×1.6 mm2. In [56], Falconeet. al presented that

a microstrip transmission line incorporated by CSRR on the ground plane shows bandstop

characteristics, further, on loading the microstrip line with capacitive gaps, the bandstop be-

haviour switches to bandpass one. Thus, the proposed structure of BPF consists of a 50-Ω
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microstrip line with capacitive gap on top side and U-shapedCSRR etched on the bottom

ground plane. The dimensions of microstrip line are chosen to deliver 50-Ω characteristic

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

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

the impedance bandwidth of the filter (discussed in Section III). Table 4.2 gives the design

parameters of proposed bandpass filter shown in Fig. 4.37.

W

L lp1

(a) (b)

wg1

lg1lp2

wp2

wp1

g

d

(c)

wg1

lg1

g

d

verticle slot

Figure 4.37:(a)Top capacitively loaded microstrip line (b) UCSRR etched bottom 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

lp2 14 wp2 0.8

lg1 6.5 wg1 10.5

g 0.5 d 0.5

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

alent circuit analysis is illustrated. Further, a bandwidth enhancement approach is presented

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

Finally, the design synthesis equations are given based on parametric analysis.

4.4.2 Results and Discussion

Fig. 4.38 shows the S-parameters of the proposed BPF. It provides a 3 dB passband from

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

increasing the selectivity of filter and providing good out-of-band 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 theelectrical behaviour of the planar

design in order to provide ease of integration with any external electrical circuit. In a split ring

resonator (SRR), each ring can be modelled as an inductor andthe gap between the rings can

be modelled as capacitor. CSRR, being the dual of SRR, shows complementary effect where

the inductance is substituted by capacitance of the disk andthe gap capacitance is substituted

by inductance between the slotted rings [165]. The proposeddesign consists of U-shaped slots

that can be modelled as an equivalent capacitor (Cc) whereas the copper between slots where

the current flows can be represented as inductor (Lc). The capacitively loaded transmission line

on the top of the substrate can be modelled as a series combination of an inductor (Ll ) followed

by a gap capacitor (Cg) and an inductor (Ll ). The equivalent circuit model of proposed filter is

shown in Fig. 4.39.

Here, the UCSRR equivalentLc andCc are divided into two LC tank circuits joined by
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L

2LcCcCc2Lc

Figure 4.39:Equivalent circuit of the proposed UCSRR filter.

a weak inductance between the upper and lower halves of the structure (L). The parasitic

capacitancesClg andCcg are due to the coupling of line with the ground and capacitivegap

with the middle portion of the bottom structure respectively. The parameters are obtained

using the procedure described in [163]. The approximate expression for the capacitance (Cc)

is give by:

Cc = (aavg− t/2)Cpul (4.40)

whereaavg is the average length of the U-shaped structure by considering it as a rectangular

ring, t is the gap between the edges of the U-shaped structure andCpul is the distributed

capacitance per unit length and is obtained as:

Cpul =

√
εe

c0Z0
(4.41)

whereεe and c0 are the effective permittivity of the medium and velocity oflight in free

space andZ0 is the characteristic impedance of the CPW line.εe andZ0 are obtained using

the equations give in [167]. Now, the approximate expression for the inductance (Lc) is give
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by [167]:

Lc =
µ0

2
bavg

4

[

ln

(

bavg

g

)

−2

]

(4.42)

wherebavg is the length of the line between the U-shaped slots whose thickness is represented

asg in the Fig. 4.37. The circuit is designed in Advanced Design System (ADS). The parame-

ters are optimised to match the simulation results as shown in Fig 4.38. . The optimised value

of parameters are:Ll =2.195 nH,Cg=0.625 pF,Clg=0.33 pF,Ccg=1.124 pF,L=1.1 nH,Lc=1.88

nH,Cc=1.39 pF.

The out-of-band rejection level of the filter can be further improved by using a periodic

arrangement of the single element. Fig. 4.40 indicates the S-parameter response obtained after

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

number of elements are increased.
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Figure 4.40:Simulated S-parameters obtained after periodic arrangement of the filter

Bandwidth enhancement

Now, the separation’g’ between the two U-shaped slots is varied in order to observe the

coupling behaviour between the two adjacent slots. It was observed that on reducing the
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separation distance’g’ between the two lateral slots, the passband bandwidth of theproposed

filter is increased i.e. the lower cut-off frequency shifts more towards the lower side and the

higher cut-off frequency shifts more towards the higher side, as illustrated in Fig. 4.41. Also,

one can say that the separation between the two transmissionzeros on the lower and upper

stop bands increases with decrease in the distance between the two lateral slots which is due

to increase in the inductance between them.
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Figure 4.41:Parametric analysis of the separation between the two U-shaped slots i.e. g

Furthermore, when a vertical slot is introduced between thetwo lateral slots, the direction

of propagation of current changes, as depicted in Fig. 4.42,specifically at 1.5 GHz (Fig.

4.42(c,d)). Initially (Fig. 4.42(c)), the current enters the port 1 and is equally distributed on

the upper and lower half of the left U-shaped slot and is not allowed to propagate further.

Whereas, after the introduction of a vertical slot (Fig. 4.42(d)), the current changes its path

and concentrates on the lower half of the structure. The increase in concentration of current

between the two lateral slots indicate an increase in effective inductance due to which the lower

cutoff frequency shifts towards lower frequency side, thusincreasing the passband bandwidth

of the filter. Fig. 4.43 shows the simulated S-parameters of the filter after cutting the slot. The

effective length (Le f f) of the path followed by the current at 1.5 GHz (Fig. 4.42(d))can be
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Figure 4.42:Surface current density plot at the bottom surface of proposed filter with slot and without
slot respectively at 3.75 GHz ((a), (b)) and at 1.5 GHz ((c), (d))

calculated as,

Le f f = lg1/2+3wg1+ lg1+wg1/4= 43.87mm. (4.43)

Now, the frequency can be calculated as,

f =
c

2Le f f
√

εr
≈ 1.58GHz (4.44)

The theoretically obtained value is close to the simulated value. Thus, the concept is validated.

So, now the effect of increase in effective inductance can also be incorporated in the equiv-

alent circuit model to demonstrate bandwidth enhancement,as shown in Fig. 4.44. The value

of inductanceLc obtained after tuning is 5.066 nH. So we conclude that the bandwidth of the

proposed wideband filter can be increased further just by connecting the two U-shaped slots

with a vertical slot. Using this technique, the 10 dB passband of the filter now includes the

2.4 GHz WLAN band also which was earlier confined to 3.5 GHz WiMAX band and 5.2 GHz

WLAN band. Therefore, this results in the miniaturization of the structure by two times with
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Figure 4.43:S-parameters of proposed design with (shown by solid lines)and without vertical slot
(shown by dotted lines)
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Figure 4.44:S-parameters of the proposed BPF with slot

respect to the lowest 10 dB cutoff frequency.

107



β l
0 1 2 3 4

F
re

qu
en

cy
 [G

H
z]

0

2

4

6

8
Without slot
With slot

Region 1

Region 2

LH
(with
slot)

LH
(no slot)

RH
(with
slot)

RH
(no slot)

Figure 4.45:Dispersion Diagram of bandpass filter without slot (Solid line) and with slot (Dashed line)

Dispersion characteristics

Fig. 4.45 shows the dispersion diagram of proposed widebandbandpass filter with and without

vertical slot. The propagation factor here is expγ l where l=15 mm is the period of the structure

andγ=α + jβ is the complex propagation constant in the direction of propagation given by

eqn (4.45) [168].

γ =
1
l

cosh−1

(

(1+S11)(1−S22)+S12S21+(Z01
Z02

)(1−S11)(1+S22)+S12S21

4S21

)

(4.45)

Fig. 4.45 shows that the slope (dω/dβ ) of dispersion curve is negative in region 1. This

means that the wave has anti-parallel phase velocity (vp) and group velocity (vg) in this re-

gion. Whereas, region 2 shows positive slope of dispersion curve exhibiting parallelvp and

vg. Therefore the proposed D-CRLH TL supports backward waves (LH mode) in region 1

(above the resonant frequency) and forward wave in region 2 (below the resonant frequency).

A smooth transition is observed between the two regions at the transition frequency approx-

imately 4.2 GHz in both cases, thus, it is said to be a balancedD-CRLH TL. Further, the

filter characteristics are also studied in terms of group delay, as shown in Fig. 4.46. Proposed
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Figure 4.47:Variation with respect to (a)g (b) wg1 (c) lg1.

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

Design synthesis and parametric analysis

The parametric analysis is done and design synthesis equations are presented with respect to

the most significant dimensions of the filter (shown in Fig. 4.47) in order to help the designer

choose the optimal dimensions for the filter to synthesize a filter with given specifications.

On increasingg from 0.2 mm to 0.7 mm and keeping all the other dimensions constant, the

transmission zeros shift away from each other increasing the operating bandwidth of the filter,

as shown in Fig. 4.47 (a). Further, increasinglg1 from 5.5 mm to 8 mm again results in similar

shift of transmission zeros (shown in Fig. 4.47 (c)) whereas, on varyingwg1 from 10.5 mm to

12.5 mm, both the transmission zeros shift towards the upperfrequency side.
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Table 4.3 indicates the synthesis equations of the filter, where f1, f2, f3 and f4 indicate

the frequency at first transmission zero, first 3-dB cut off, second 3-dB cut off and second

transmission zero respectively. Using the equations givenin table 4.3, one can obtain the

dimensions of the filter according to given frequency of operation, however, minute tuning is

required to be done.

Table 4.3:Synthesis Equations based on parametric analysis
Parameters Values (mm) Synthesis equations

g 0.2 0.3 0.5 0.7 - - 0.55f1+0.96f2+1.985f3-2.75f4+3.236

wg1 10.5 11 11.5 12 12.5 - 2.99f1-0.62f2+1.29f3+1.185f4-19.327

lg1 5.5 6 6.5 7 7.5 8 -4.97f1-1.86f2-2.97f3+1.011f4+25.386

4.4.3 Comparison with previously proposed BPF

Use of metamaterials based structures in planar technologyprovide exceptional properties that

are generally beyond the scope of conventional structures.A comparative study is performed

which shows better performance of the proposed metamaterial based bandstop filter as com-

pared to previously proposed metmataterial based BPF as well as conventional bandstop filters

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

Table 4.4:Comparative analysis of proposed BPF with previously proposed ones
Reference Size 3-dB Fractional Insertion Center

(in terms of λg) Bandwidth (GHz) Bandwidth ( %) loss (dB) Frequency ( GHz)

[169] 0.12×0.22 > 2.64 80.48 0.35 3.25

[170] 0.3×0.1 2.5 55 1.2 4.2

[171] 0.26×0.30 - 3.5 2.3 2.45

[172] 0.48×0.24 1.33 60 0.6 2.05

Proposed BPF 0.15×0.15 4.4 125.7 0.45 3.25

sign provides wider band and compact sized filter as comparedto the previously proposed

ones. Now the measured results are presented in the next section.
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Figure 4.48:(a) Measured and simulated S-parameters of proposed filter without slot. (b) Measured
and simulated S-parameters of proposed filter after bandwidth enhancement.

4.4.4 Experimental Results and Discussion

Both the designs are finally fabricated and results are measured using Keysight N9914A vec-

tor network analyser. Fig. 4.48(a) and Fig. 4.48(b) shows the measured and simulated S-

parameters of the proposed filter before and after applying the bandwidth enhancement tech-

nique respectively. Simulated and measured results seem tomatch fairly well. The measured

3-dB passband bandwidth of the proposed filter is 3.29 GHz ranging from 2.33 GHz to 5.62

GHz which is increased to 4.4 GHz (1.3 GHz to 5.7 GHz) after applying the bandwidth en-

hancement technique i.e. joining the two U-shaped slots by etching out a vertical slot between

them.

4.4.5 Summary

A dual composite right/left handed transmission line basedbandpass filter with high stopband

rejection level has been designed and simulated. Two closedcoupled U-shaped resonators

are used to fulfil the purpose. A slot is further introduced between the two U-shaped slots to

increase the bandwidth on account of change in the directionof flow of current and increase

in effective inductance of the design. The filter provided a 3dB pass band from 2.44 GHz
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to 5.58 GHz which further increased from 1.43 GHz to 5.56 GHz when the vertical slot was

placed resulting in miniaturization of the structure by 2 times. The propagation characteristics

of the filter have been studied that demonstrated the dual balanced CRLH line behaviour of the

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

region. Also, a high return loss of 37.5 dB is achieved at the pass band resonant frequency.

In the present design bandwidth enhancement of the bandpassfilter is successfully achieved.

The most recent application of metamaterial is in the designing of 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:
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2. Priyanka Garg and Priyanka Jain, “Analysis of a novel metamaterial absorber using

equivalent circuit model operating at 3.5 GHz”, presented in IEEE International Con-
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5.1 NOVEL ULTRATHIN PENTA-BAND METAMATERIAL ABSORBER

5.1.1 Introduction

Electromagnetic absorbers are used to inhibit any reflection and transmission of radiations

[173]. Such structures have widespread applications in thearea of radar cross section (RCS)

reduction [174], antenna side lobe reduction [175], prevention of health hazards by absorbing

radiations at particular frequencies and other wireless communication applications. Conven-

tional microwave absorbers are limited to certain applications due to their thickness [176],

bulkiness and constant value of permittivity and permeability and frequency ranges. There-

fore, in recent years, due to the extraordinary properties of metamaterials [177], metamaterial

(MTM) based absorbers have drawn the attention of many research groups [178].

Landyet al.,presented one of the first metamaterial based absorber [7]. Metamaterial ab-

sorbers can be made compact and ultrathin due to their sub-wavelength nature [179–181].

They can provide near unity absorption over different frequency ranges. Multiple scaled

versions of same geometry [182, 183] or different geometries [184, 185] can be combined

to provide multiband and broadband [179] characteristics.Several metamaterial based ab-

sorbers have been proposed till date for different frequency bands such as microwave, tera-

hertz [182, 183], mm for different applications such as radar [186], solar cell, photodetector,

electromagnetic interference (EMI)/ electromagnetic compatibility(EMC) applications [187]

etc. Metamaterial absorbers have been extensively investigated for improving their character-

istics in terms of polarization sensitivity, oblique incidence, bandwidth enhancement and size

reduction.

Although, extensive research has been done on metamaterialabsorbers but achieving multi-

band characteristics with high absorptivity using single compact size structure is still rare and

requires large area [186]. The paper presents a novel ultrathin metamaterial absorber with

compact size unit cell of dimensions 10×10×1mm3. The structure exhibit resonance at five

distinct frequencies lying in S-, C-, X- and Ku-bands with absorption peaks at 3.35 GHz, 5.1
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GHz, 9.5 GHz, 11.55 GHz and 16.9 GHz providing absorptivity of 99.59%, 95.49%, 97.5%,

99.25% and 93.89% respectively. Five bands with full width at half maxima (FWHM) band-

width of 110 MHz (3.3-3.41 GHz), 210 MHz (4.98-5.19 GHz), 310MHz (9.32-9.63 GHz),

340 MHz (11.37-11.71 GHz) and 440 MHz (16.68-17.12 GHz) are achieved by integrating

three compact geometries on the same structure. Finally, the unit cell is arranged periodi-

cally in the form of a 2-D array of size 20×20 and fabricated on an FR-4 substrate of size

200×200mm2 with complete copper lamination on the back side, thereafter, measurements

are performed inside anechoic chamber. All the design and simulations are done using Ansys

High frequency structure simulator (HFSS) [188].

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

trated.

5.1.2 Design and Simulation Approach

The unit cell of the proposed metamaterial absorber is designed on a low cost FR-4 dielectric

substrate with dielectric-constant (εr ) of 4.4 and loss-tangent (δ ) of 0.02. The thickness of

the substrate is 1 mm which corresponds toλ /17.75 whereλ is the wavelength corresponding

to the maximum resonant frequency of absorption. Top of the substrate consists of metallic

patch with copper (σ = 5.8×107S/m) laminated ground plane on the bottom. The top layer

is a combination of three geometries i.e. outer square ring,middle circular split ring with a

square ring attached inside and an inner square ring shown asDesign I, II and III respectively

in Fig. 5.1. All the three geometries exhibit resonances at different frequencies (as shown in

Fig. 5.2). The top view of proposed unit cell configuration isshown in Fig. 5.1 Design IV. The

optimized geometrical dimensions of the final structure is given in Table 5.1. The absorber

unit cell has a compact dimension of 0.11λ0×0.11λ0, whereλ0 is the lowest absorption peak

wavelength.

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

boundaries in Ansys HFSS as shown in Fig. 5.3. The unit cell isexcited using floquet ports
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Figure 5.2:Simulated absorptivity of three structures, Case I (-Solidline), Case II (–dashed line) and
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providing electric and magnetic field along x and y axis and propagation vector (k) along z

axis. The absorptivity A(ω) is obtained using Eq. 5.1

A(ω) = 1−|S11(ω)|2−|S21(ω)|2 (5.1)

Where,|S11(ω)|2 and |S21(ω)|2 represents the reflectivity and transitivity respectivelywith

respect to frequencyω. Considering, the bottom of the substrate is completely coated with

copper having thickness of 0.35µm which is greater than the skin depth of copper at all the

absorption frequencies, so further propagation of wave is restricted which indicates zero trans-

mission, thus,|S21(ω)|2=0. Therefore, Eq. 5.1 reduces to

A(ω) = 1−|S11(ω)|2 (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 l 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, Reflected power from the unit cell has to be

minimized. The origination of all the five absorption peaks is well discussed in the following

sections.

Case I: Outer square ring

Fig. 5.1(Design I) shows the unit cell comprising only the outer square ring. The optimised

dimensions of the ring are given in Table 5.1. The structure is illuminated by a normal incident

electromagnetic wave and absorptivity is obtained as shownin Fig. 5.2 (-solid lines). It

is observed that this simple square geometry provides strong resonance with absorptivity of

98.25% at 3.5 GHz belonging to S-band along with a weak higherorder 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 I unitcell at 3.35 GHz.

The current density plot for both top and bottom surfaces is depicted in Fig. 5.4(a) and (b)

respectively. It is observed that left and right edges of thesquare ring provide surface current

which is anti-parallel to the current at the bottom copper surface. This generates circulation

current perpendicular to the applied magnetic field (horizontal direction), thus producing mag-

netic excitation in the design.

Case II: Circular split ring with square ring attached inside

The middle portion of final geometry comprises of a thin square ring attached inside a circular

ring loaded with four symmetrical splits, shown in Fig. 5.1(Design II). The dimensions are

given in Table 5.1. This unit cell is also simulated using periodic boundaries and absorptivity

is obtained as a function of frequency shown in Fig. 5.2(- -dashed line). Three absorption

peaks are obtained at 5.4 GHz, 12.8 GHz and 17.15 GHz belonging to C- and Ku-bands, with

absorptivity 96.11%, 89.63% and 77.88% respectively.

Fig. 5.5 shows the surface current density plot on both top and bottom plane for all the

three absorption peaks. Anti-parallel current density between top and bottom plane can be

observed here also. It is also seen that different portions of the design are responsible for res-

onance at different frequencies. At 5.4 GHz, concentrationof current is more on the left and

right arm of the inner connected square ring, whereas at 12.8GHz and 17.15 GHz, concentra-

tion of current is more on the corners and top bottom arms respectively.
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Figure 5.5:Current density plot on top and bottom surfaces of Case II unit cell at (a) 5.4 GHz, (b) 12.8
GHz, (c) 17.15 GHz..

Case III: Inner square ring

Fig. 5.1(Design III) shows a small square ring geometry providing absorption peak at 9.4

GHz lying in the X-band with absorptivity 88.34%. Fig. 5.6 indicates the current density

distribution on top and bottom surface at the resonant frequency. It also shows anti-parallel

current densities, thus showing magnetic resonance.

Figure 5.6:Current density plot on top and bottom surfaces of Case III unit cell at 9.4 GHz..
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Figure 5.7:Absorptivity of final unit cell geometry (Case IV).

Case IV: Proposed final structure

Fig. 5.1(Design IV) shows the final structure of proposed metamaterial absorber which is

obtained by integration of the three simple geometries discussed earlier. The optimised di-

mensions are given in Table 5.1. The design is simulated using periodic boundary conditions

and absorptivity is obtained using S-parameters, as shown in Fig. 5.7. It shows absorptivity

greater than 90% for five different frequencies, lowest one lying in S-band, second lying in C-

band, third lying in X-band and highest two lying in Ku-band.The enhancement in absorption

along with slight variation in the resonance peaks of the final geometry (shown in Fig. 5.7) as

compared to the individual geometries (Fig. 5.2) is due to the mutual coupling between them.

The structure in Fig. 5.8 shows the surface current density for the five peak absorption

frequencies. It can be seen that different regions of the designed structure are being excited

by different frequencies. At 3.35 GHz, the current density is maximum on the outer square

ring (Fig. 5.8(a)), at 5.1 GHz, it is maximum on the square ring attached to the split ring (Fig.

5.8(b)), whereas at 9.5 GHz, it is on the inner square ring (Fig. 5.8(c)). At 11.55 GHz and

16.9 GHz, most of the current density is concentrated on the middle geometry i.e. the split

ring with square ring attached inside (Fig. 5.8(d),(e)). Therefore, the whole discussion for the

integrated geometry fairly compliments the discussion made for individual geometries earlier.

Fig. 5.9 shows the electric field distribution of the final geometry. It shows that the induced
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Figure 5.8:Current density plot on top and bottom surfaces of Case IV unit cell at (a) 3.35 GHz, (b)
5.1 GHz, (c) 9.5 GHz, (d) 11.55 GHz, (e) 16.9 GHz.

Figure 5.9:Electric field distribution plot of the proposed unit cell atthe absorption frequencies.
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electric field is highly concentrated along the direction ofincident electric field (vertical direc-

tion in Fig. 5.9). This gives rise to electric excitation in the design. Thus the combination of

electric and magnetic excitations result in strong magnetic absorption at 3.35 GHz, 5.1 GHz,

9.5 GHz, 11.55 GHz and 16.9 GHz. Furthermore, an important observation can be made from

the surface current and electric field distribution plot at 16.9 GHz that the current loops are

not prominent in the direction perpendicular to incident magnetic field (horizontal direction),

however, a strong electric field do exist in the direction of incident electric field (vertical di-

rection). Therefore, it can be concluded that the absorptivity at 16.9 GHz is observed as a

result of electric coupling between the two geometries (inner square ring and outer circular

split ring) of Design II of Fig. 5.1.

The next section discusses the equivalent circuit of the final absorber geometry in order to

study the electrical behaviour of the structure.

5.1.3 Equivalent circuit analysis

To further analyse the absorption characteristics of the proposed metamaterial structure, an

equivalent circuit model is presented in Fig. 5.10. Each resonance can be modelled as an

equivalent RLC network based on the current density shown inFig. 5.8, which is connected

in parallel with a transmission line section indicating dielectric losses, terminated to ground.

Due to the presence of copper laminated ground plane, the circuit is analysed as a single port

network. The presence of current on the structure is modelled as inductor whereas the gaps

are modelled as capacitors. The resistances represent the losses in the structure [189].

The networkL1, R1 indicates the equivalent model for the Case I which exhibitsthe lowest

resonant frequency i.e 3.35 GHz.L1 is the equivalent inductance arising due to the current

propagating in the square ring by two paths, in the directionof applied electric field, as shown

in Fig. 5.8(a). The capacitance between the two unit cells isrepresented byC1. The network in

the dotted box represent the RLC equivalent for the middle geometry i.e Case II. The middle

geometry is responsible for absorption at three distinct peaks i.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 plot in Fig. 5.8. From the Fig. 5.8(b)

it can be observed that the current first originates from the outer split ring then enters the left

and right arm of the square ring and then again enters the outer split ring. In this case the

current follows an uninterrupted path so it can be represented as an inductorL2. Now, at 11.55

GHz, the conduction current flows in the outer ring followed by displacement current due to

the gap and then again the conduction current due to the arm ofthe outer ring (Fig. 5.8(d)).

This results in an LC equivalent 2L3 andC4. C2 is the capacitance between the middle and

outer geometry. The inductanceL4 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 current isdominant on the inner square

i.e. Case III (Fig. 5.8(c)), which is represented as the inductanceL5. The capacitanceC3 is

due to the coupling between inner and middle geometry. Finally, the circuit is simulated using

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

The final structure is simulated and results are obtained (Fig. 5.7). The simulated FWHM

bandwidth, peak absorption frequencies along with the absorptivity 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 curve fitting tool in ADS are given in

table 5.3 and the response obtained after circuit simulation in shown in Fig. 5.11. It can be

seen that the reflection coefficient obtained due to circuit simulation matches well with the

structure response.

Table 5.3:Equivalent Circuit Parameters.
Resistance (Ω) Capacitance (fF) Inductance (nH)

R1=40 C1=182.17 L1=13.63

R2=50 C2=165.02 L2=11.8

R3=11.5 C3=130.71 L3=3.03

R4=5.8 C4=360 L4=1.15

R5=12 Cc=280 L5=5.75

To validate the operation of the proposed metamaterial absorber, material parameter such

as effective permittivity (εe f f), effective permeability (µe f f) and normalised impedance are

also studied. Furthermore, the effect of changing the polarization and angle of incident wave

on the structure is also discussed in the following sections. Finally, a comparative analysis is

given with previously reported absorbers.
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Figure 5.11:Reflection coefficient response due to circuit and design simulation.

Extraction of Material Parameters

Metasurfaces are better described in terms of surface susceptibilities, therefore, electric (χes)

and magnetic susceptibilities (χms) are obtained using the simulated reflection coefficient (S11)

given in Eq. 5.3, 5.4. Since, there exists a relation betweenχes(or χms) andεe f f (or µe f f) [190]

so, using the values of susceptibilities i.e.χes andχms, effective material parameters i.e.εe f f

andµe f f are obtained (Eq. 5.5,5.6).

χes= 1+
2 j
k0

S11−1

S11+1
(5.3)

χms= 1+
2 j
k0

S11+1
S11−1

(5.4)

εe f f = 1+
χes

d
(5.5)

µe f f = 1+
χms

d
(5.6)

Fig. 5.12(a) and 5.12(b) shows the variation of real and imaginary part ofεe f f and µe f f

respectively with respect to frequency. Table 5.4 shows thevalues of each parameter at the

absorption peaks and it is observed that the values ofεe f f andµe f f is nearly equal which is

the condition for a nearly perfect absorber. The reflectivity (R) from a medium for a normally

incident electromagnetic wave is given by Eq. 5.7.
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ability with respect to frequency.
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(5.7)

where, n is the refractive index of medium given by
√µe f fεe f f. Whenεe f f andµe f f are equal,

reflectivity (R) is ideally zero.

Further, normalized impedance of the absorber is also analysed, based on the relation given

in Eq. 5.8 [191]

S11 =
Z(ω)−η0

Z(ω)+η0
(5.8)

Since, to have minimum reflections i.e.S11= 0, the input impedance of the structure should be

matched to impedance of free space (η0). Fig. 5.13(a) and (b) respectively show that the real

value of normalized input impedance for all the five absorption peaks is nearly equivalent to

1 and imaginary part is close to 0, as given in Table. 5.4, thusobtaining minimum reflections

and maximum absorptivity.

Table 5.4:Values of retrieved parameters with respect to absorption peaks
Frequency Re(εe f f ) Re(µe f f ) Im(εe f f ) Im( µe f f ) Re(znor) 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 (a) various polarization angles
(b)oblique incidence for TE polarization (c) oblique incidence for TM polarization .

Analysis for different polarization angles and oblique incidence

The structure is investigated for different angles of polarization (φ ), as shown in Fig. 5.14(a).

Due to the four-fold symmetry of the structure, the study is carried out only up to 45◦ of

polarization angle. It was observed that the absorptivity obtained for all the angles is almost

similar to the normal incidence case. Therefore, it can be seen that the suggested metamaterial

absorber is insensitive to polarization.

Practically, electromagnetic waves are obliquely incident on the absorber so it is necessary

that the designed structure is investigated for different angles of incidence (θ ) of the EM wave

for both TE and TM polarization. For TE polarization, the electric field vector is kept fixed and

the magnetic field vector is rotated from 0◦ to 60◦ whereas, in case of TM polarization reverse

approach is followed. The results shown in Fig. 5.14(b) and 5.14(c) illustrated that varying
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the angle of incidence from 0◦ to 60◦ for both TE and TM polarization does not effect the

resonant frequencies significantly. However, absorptivity tends to reduce at higher frequency

bands due to increased mismatch with the free space.

Comparative Analysis

Table 5.5 gives a comparative analysis of the proposed metamaterial based absorbers with

other previously reported metamaterial absorbers. The proposed absorber provides high ab-

sorptivity over five different frequencies using a compact,simple and symmetrical geometrical

configuration.

5.1.5 Experimental Results and Discussion

Finally, the proposed metamaterial absorber is fabricatedon a 200×200×1mm3 FR-4 substrate

consisting of 20×20 array of periodically arranged unit cells with copper laminated on the

bottom side. The fabricated prototype is shown in Fig. 5.15.The measurements are carried

out inside the anechoic chamber using Anritsu MS2038C vector network analyser which was

initially calibrated using full 2-port calibration method. The free space reflection method

was used to obtain the reflection coefficient of the fabricated structure. Fig. 5.16 shows the

experimental setup to carry out the measurement. The metamaterial absorber sample is fixed

on a Styrofoam box inside a microwave anechoic chamber. Two horn antennas capable to

generate 1-18 GHz linearly polarized wave, one operating astransmitter and other as receiver,

are placed in front of the absorber. The distance (d) betweenantennas and sample is kept

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

d >
2D2

λ
(5.9)

whereλ is the shortest operating wavelength and D is the diagonal length of the antennas.

The transmitting horn impinges the electromagnetic wave and the receiving horn captures the
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Table 5.5:Comparative analysis of proposed absorber with previouslyproposed ones
Ref. Unit cell size Unit cell size corresponding No. of Frequency of Peak Absorptivity (%) FWHM (MHz)

(mm2) to lowest frequency (λ0) bands absorption peaks (GHz)

[187] 12×12×1 0.136×0.136×0.011 Four 3.4, 8.23, 9.89, 11.80 97.02, 94.07, 91.72, 98.2 160, 280, 300, 520

[181] 8×8×0.8 0.11×0.11×0.011 Three 4.19, 9.34, 11.84 99.67, 9948, 99.42 170, 350, 480

[184] 10×10×1 0.122×0.122×0.0122 Four 3.68, 8.58, 10.17, 14.93 96.15, 99.17, 99.75, 98.75 -

[185] 23×23×1 - Four 3.91, 5.16, 7.10, 9.16 99.35, 98.04, 99.85, 99.78 -

[186] 14×14×1 0.159×0.159×0.011 Five 3.4, 8.34, 9.46, 14.44, 16.52 98.6, 96.6, 90.1, 97.8, 93.1 -

[192] 13.8×13.8×1 0.2024×0.2024×0.0147 Three 4.4, 6.2, 14.2 95.13, 97.41, 97.36 -

[193] 9.87×8.82×1 0.19×0.17×0.019 Three 5.8, 9.52, 11.97 96, 99, 95 -

[194] 24×24×1.6 0.68×0.68×0.045 Three 8.6, 10.2, 11.95 100, 93 and 83 -

Proposed 10×10×1 0.11×0.11×0.011 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, 440

1
2

9



reflections from the absorber sample. The scattering parameters are observed on the Anritsu

MS2038C vector network analyser connected to the pair of horn antennas. The reflections

Figure 5.15:(a) Fabricated sample of proposed structure with its enlarged portion shown in (b).

Figure 5.16:Experimental environment for measurement of proposed absorber.

obtained from the absorber are subtracted from the reflections obtained from copper sheet

with the size same as that of the proposed absorber keeping its position inside the anechoic

chamber unchanged. This is done in order to measure the actual reflections from the absorber

by cancelling the effect of scattering losses, diffractionlosses, edge reflections, etc.

Fig. 5.17 shows the measured reflections from the background, copper sheet and the ab-
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sorber along with the actual reflections obtained from the proposed structure. Finally, the

comparison of measured and simulated absorptivity is shownin Fig 5.18. The absorption

peaks are fairly matched, however, incorporating out of band mismatches which are arising

due to fabrication limitations and cable losses. The mismatch is more prominent at the higher

frequencies which is due to the losses of horn antennas used for measurement.

The structure shows measured absorption peaks at 3.75 GHz, 4.98 GHz, 9.5 GHz, 12.2

GHz and 16.8 GHz with absorptivity of 94.75%, 92.76%, 95.43%, 99.86 %, and 96.86 %

respectively. The measured FWHM bandwidth at the five operating frequencies are 126 MHz

(3.66-3.786 GHz), 170 MHz (4.903-5.073 GHz), 489 MHz (9.204-9.693 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 absorber.

5.1.6 Summary

The proposed ultra thin metamaterial based absorber exhibits penta-band behaviour despite

the compact geometry of the unit cell. The penta-band obtained are as a result of the three

simple geometries combined on a single 10×10mm2 FR-4 substrate. The dimensions of each

geometry are optimised in order to obtain nearly perfect impedance matching and provide

absorptivity greater than 90% for five bands lying in four different microwave bands i.e. S,

C, X, Ku-band. The structure provides simulated absorptionpeaks at 3.35 GHz, 5.1 GHz,
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Figure 5.18:Measured and simulated absorptivity of proposed metamaterial absorber.

9.5 GHz, 11.55 GHz and 16.9 GHz with absorptivity 99.59%, 95.49%, 97.5%, 99.25% and

93.89% respectively. Further more, the four-fold symmetryof the structure enable polarization

insensitivity and high absorption over different angle of incidence of electromagnetic wave

for TE and TM polarization. The measured results shows absorption peaks at 3.75 GHz, 4.98

GHz, 9.5 GHz, 12.2 GHz and 16.8 GHz with absorptivity of 94.75%, 92.76%, 95.43%, 99.86

%, and 96.86 % respectively. A mismatch between measured andsimulated results at high

frequencies was mainly observed due losses in horn antenna.Radar cross section reduction

can be done through the proposed metamaterial absorber. Also, it can be used in other FCC-

defined airborne applications.

The next section presents a simpler metamaterial absorber geometry 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 meander line shaped metamaterial absorber

operation at 3.5 GHz WiMAX band. The proposed metamaterial absorber unit cell has a

compact size of 0.11λ0×0.11λ0 design on an ultrathin FR-4 substrate with thickness 0.018λ0,
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whereλ0 is the wavelength corresponding to operating frequency. The proposed absorber

shows an absorptivity of 98.5 % at the intended frequency. The design is evolved from a

simple square loop to a symmetrical meander line structure whose dimensions are optimized

to operate at 3.5 GHz WiMAX band. An equivalent circuit modelis also defined to depict

the electrical properties of the structure. The proposed design also shows insensitivity to

polarization as well as change in incident angle of the wave over a wide-angle (upto 60◦) for

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

section reduction of an antenna.

5.2.1 Design and Simulation Approach

The proposed meander line shaped metamaterial absorber is designed on a 1.6 mm thick FR-4

substrate, having dielectric-constant (εr) of 4.4 and loss-tangent (δ ) of 0.02, with unit cell

dimensions of 10mm×10mm, as shown in Fig. 5.19. The top of the substrate consistsof

the closed meander line shape and bottom is completely laminated with copper. The design

L

W h

l1

w1

w2

l2
w3

t1

t2
t3

(a)

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 conditions by applying master-slave

boundaries in Ansys HFSS. The unit cell is excited using floquet ports providing electric and

magnetic field along x and y axis and propagation vector (k) along z axis.
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Table 5.6:Design parameters of proposed unit cell
Parameters W L w1 w2 w3 l1 l2 t1 t2 t3 h

Unit (mm) 10 10 1.25 1.025 2.1 2.1 2.7 0.425 0.35 0.2 1.6

The absorptivity A(ω) is obtained using Eq. 5.10

A(ω) = 1−|S11(ω)|2−|S21(ω)|2 (5.10)

Where,|S11(ω)|2 and |S21(ω)|2 represents the reflectivity and transitivity respectivelywith

respect to frequencyω. Considering, the bottom of the substrate is completely coated with

copper having thickness of 0.35µm which is greater than the skin depth of copper at all the

absorption frequencies, so further propagation of wave is restricted which indicates zero trans-

mission, thus,|S21(ω)|2=0. Therefore, Eq. 5.10 reduces to

A(ω) = 1−|S11(ω)|2 (5.11)

Thus, in order to obtain near unity absorption, Reflected power from the unit cell has to be

minimized. To minimize the reflections, the impedance matching of the free space with the

structure is required. Since [127],

S11 =
Z(ω)−η0

Z(ω)+η0
(5.12)

where,Zω is the input impedance if the absorber andη0 is the free space impedance. Fig. 5.20

depicts the stepwise evolution of the proposed unit cell. The Case I is a simple rectangular

geometry which resulted in a weak absorption at 3.85 GHz. Now,in case II a meander line

structure is created with 4 vertical lines on each arm of the rectangle within the same area.

This resulted in an increase in the absorptivity however, operating frequency is shifted to 4

GHz. Further increasing the number of vertical lines (Case III), the absorption frequency is

shifted to lower side at 3.5 GHz, due to increase in effectivelength 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 case is96 %. Finally, on adding a small

rectangular loop in the middle of the geometry resulted in increase in absorptivity to 98.5 %

due to improved electromagnetic coupling. The final geometry resulted in the miniaturization

of structure by 1.2 times.

5.2.2 Results and Discussion

The final meander line structure is simulated using periodicboundary conditions and results

are obtained, shown in Fig. 5.20. The absorptivity obtainedis 98.5 % at 3.5 GHz. Fig.

5.21 shows the normalized impedance of the structure. Since, at 3.5 GHz, the normalized

impedance of the structure is close to unity, the reflectionsfrom the structure are minimized,

as per eqn. 5.12, giving near perfect absorption. Now, for perfect impedance matching it is

required that the material parameters i.e. relative permittivity (εr ) and permeability (µr ) of the

structure must be equal, since,

Z0 =

√

µr

εr
(5.13)
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Figure 5.21:Normalized impedance of the proposed unit cell.

Therefore, ifµr is nearly equal toεr , the input impedance of the structure matches to the free

space impedance and the reflections are minimized. Fig. 5.22shows the extracted material

parameters of the proposed absorber and it is found thatµr=1.001 andεr=0.68 which are

nearly equal, obtaining good amount of impedance matching.
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Figure 5.22:Material parameters of the proposed unit cell.

Fig. 5.23 shows the surface current distribution at 3.5 GHz on top and bottom of the struc-
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Figure 5.23:Surface Current distribution of the proposed unit cell (a)Top, (b) Bottom.

Figure 5.24:E-field distribution of the proposed unit cell.

ture. It can be observed that the net direction of propagation of current on the upper and lower

part of the geometry is from positive y axis to negative y axisand on the bottom, it is from

negative y to positive y axis. Thus, the current on top and bottom surfaces are anti-parallel to

each other resulting in the formation of magnetic dipole in the direction perpendicular to the

applied magnetic field. Now, Fig. 5.24 shows the electric field distribution on the structure at

3.5 GHz. It shows that the induced electric field is highly concentrated along the direction of

incident electric field (horizontal direction in Fig. 5.24). This gives rise to electric excitation

in the design. Thus, we can conclude that, at 3.5 GHz, electromagnetic excitation takes place

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

insensitivity and oblique incidence.

Equivalent circuit analysis

To study the electrical behaviour of the structure it is necessary to extract the lumped equiva-

lent circuit model of the structure, depicted in Fig. 5.25. It can be observed from Fig. 5.23(a)

that at 3.5 GHz, the flow of the current is from +y axis to -y axis, which is the direction of

applied electric field, on the upper and lower half of the meander line geometry. Therefore,

this can be represented as an equivalent inductor (L1). The capacitorC1 is the net coupling

capacitance between the adjacent unit cells and the two geometries (meander line and inner

square). The resistanceR1 represents losses in the structure. The structure is treated as sin-

gle port circuit since there is no transmission from top to bottom of the structure, also, the

RLC equivalent of the top geometry is terminated to ground plane through a transmission line

equivalent of the dielectric substrate.

Port

Cc

TL

L1

R1

C1

Figure 5.25:Equivalent circuit of the proposed metamaterial absorber.

Finally, the circuit is simulated using Advanced Design System (ADS) and the parame-

ters are optimized using curve fitting tool. The equivalent circuit parameters obtained after

optimization are:L1= 75 nH,C1= 27.8 fF,Cc= 250 fF andR1= 57 Ω. Fig. 5.26 shows a

comparison of the reflection coefficient obtained after simulating the proposed unit cell and

its equivalent circuit model. It can be observed that the circuit is 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 cell and its equivalent circuit model.
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Figure 5.27:Simulated absorptivity response of structure under (a) various polarization angles
(b)oblique incidence for TE polarization (c) oblique incidence for TM polarization .

Insensitivity to polarization and oblique incidence

Further, the structure is analysed for different polarization angles (Fig. 5.27(a)) as well as dif-

ferent angle of incidences of the incident wave for both TE (Fig. 5.27(b)) and TM modes(Fig.

5.27(c)). The variation in angle of polarization (φ ) is observed upto 45◦ due to the symmetri-

cal geometry of the unit cell and it was found that the absorptivity does not vary with variation

in polarization, thus, the structure is said to be polarization insensitive. Furthermore, the per-

formance of the absorber is tested in terms of oblique incidence (θ ) upto 60◦ angle for both
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Table 5.7:Comparative analysis of proposed absorber with previouslyproposed ones
Ref. Unit cell Unit cell size Unit cell size corresponding Absorption Absorptivity

(mm2) to center frequency (λ0) Frequency(GHz) (%)

[7] Electric Ring Resonator (ERR) 4.2×12×0.72 0.16×0.46×0.027 11.65 96

[76] Electric field coupled LC (ELC) 14×21.5×1 0.46×0.71×0.033 9.92 96.7

[79] Square loop 10×10×1 0.2×0.2×0.02 6.14 -

[80] Snowflake 22.86×12.16×0.8 0.85×0.38×0.03 11.28 99.5

[81] Symmetric structure 7×7×0.7 0.2×0.2×0.02 8.65 99.6

Proposed Meander line 10×10×1 0.11×0.11×0.018 3.5 98.7

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

was observed.

Comparative Analysis

Table 5.7 gives a comparative analysis of the proposed absorber structure with previously

proposed narrow band absorbers.

It can be observed that the proposed design is smaller in sizeand thickness as compared to

previously proposed narrow band absorbers. Moreover, there is a size reduction of 1.8 times as

compared to the conventional square loop structure [75] andthickness is also reduced by 1.1

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

5.2.3 Summary

A novel metamaterial based absorber is designed for 3.5 GHz WiMAX band application. The

structure was designed to have an absorptivity of 98.5 % on the intended band. A closed

meander line geometry is used to fulfil the purpose. The structure is analysed using equivalent

circuit model. Also, it was observed that the structure is independent to change in polarization

angle and change in angle of incidence of the incident wave. The proposed metamaterial

absorber can be used for radar cross section reduction of an antenna.

After studying the basic design principle of metamaterial absorber, in the next chapter,

the application of novel metamaterial absorber is investigated 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 Antenna Using a

Novel Flower Shaped Metamaterial Absorber at 5.5 GHz WiMAX Band,” IEEE Transactions

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



Use of MIMO (multiple-input-multiple-output) antennas has increased in modern wireless

communication systems as they offer significant improvement in link range as well as data

throughput within the available bandwidth and power [195, 196]. Due to increased demand

of miniaturization, mutual coupling reduction in MIMO antenna systems is the major issue of

concern. Various techniques are available in literature toovercome this problem [197, 198].

In [197], a T-shaped stub is introduced in the ground plane toimprove the isolation in UWB

MIMO antenna system, whereas a carbon film is proposed in [198] which could absorb the

interference between the antennas.

Metamaterial are the artificial structures that are being extensively used to improve the

characteristics of various microwave components [199]. Inthis paper, the use of metamaterial

based absorber for mutual coupling reduction in MIMO antenna has been explored. Meta-

material absorber was introduced by Landyet al. [200] in 2008. Such devices can start to

resonate over a certain frequency range when an electromagnetic waves is incident upon them

achieving near unity or so-called “perfect” absorption [201]. Such metamaterial absorbers

are being utilized for several applications such as radar cross section (RCS) reduction [202],

energy harvesting [203], sensing [204] and so on. However, using metamaterial absorber for

isolation improvement in MIMO antennas has not been explored much [205–207].

In this paper, a patch antenna is designed to operate at 5.5 GHz WiMAX frequency which

is arranged in a 2 element MIMO array and its characteristicsare studied. Further, a flower-

shaped metamaterial absorber is designed and analysed using periodic boundaries and floquet

ports. The proposed MA exhibits 98.7 % absorptivity at 5.5 GHz. An array of 4 elements

of the designed absorber is then placed in the middle of the MIMO antenna system and its

characteristics are studied. The use of MA helped in achieving a simulated isolation level of

more than 30 dB. The structure is further analysed to examined its applicability as a MIMO

antenna in terms of ECC, DG and TARC. The design is finally fabricated and measured to

achieve an isolation level of more than 40 dB. All the designing and 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 unit cell. (b) Simulation 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 FR-4substrate with dielectric

constant(εr) of 4.4 and loss tangent(δ ) of 0.02 with a unit cell size of 9×9 mm2 which is much

less thanλ/4 whereλ is the wavelength at the operating frequency, making the structure ef-

fectively homogeneous. The proposed MA unit cell consists of four square rings split at the

corner, arranged in a form of a symmetrical flower shape, as shown in Fig. 6.1(a). The evolu-

tion of the proposed MA, shown in Fig. 6.2, starts with a conventional square ring operating

around 9 GHz (Fig. 6.2(I)). Then a split was introduced at thecorner of the ring, shown in Fig.

6.2(II), to increase the equivalent capacitance due to which the operating frequency shifted to-

wards lower side, however, the absorptivity obtained was less than 50%. Further, to obtain

four fold symmetry, a flower shaped design was constructed byrotating the split square ring

90◦ in the clockwise direction. It resulted in a significant improvement in the absorptivity due

to increased electric and magnetic coupling between the cells. Finally, the design was scaled

down and optimized to provide an absorptivity of 98.7% at 5.5GHz (Fig. 6.2(III)).

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

l1=4.05mm,w1=4.05mm,w2=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) Normalized impedance of the meta-
material absorber

floquet port and periodic boundary conditions in Ansys HFSS,shown in Fig. 6.1(b). The

absorptivity of the proposed MA is obtained using Eq. 6.1

A(ω) = 1−|S11(ω)|2−|S21(ω)|2 (6.1)

Where,|S11(ω)|2 and |S21(ω)|2 represents the reflectivity and transitivity respectivelywith

respect to frequencyω. Since, the bottom of the substrate is completely laminatedby copper

so all the power is reflected back from the bottom which indicated zero transmission, thus,

|S21(ω)|2=0. Therefore, Eq. 6.1 reduces to
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A(ω) = 1−|S11(ω)|2 (6.2)

Thus, to obtain near unity absorption, Reflected power from the unit cell has to be minimized.

The reflectivity from a medium for a normally incident electromagnetic wave is given by eq.

6.3 [208].

R=

∣

∣

∣

∣

µr −n
µr +n

∣

∣

∣

∣

2

(6.3)

where,µr andεr are relative permeability and permittivity of the medium and n is the refractive

index of medium given by
√µrεr . Whenεr andµr are equal, reflectivity (R) is ideally zero.

Fig. 6.3(a) depicts the real and imaginary part of permittivity and permeability. At 5.5 GHz,

the value of permittivity is 0.6612+j2.269 and permeability is 1.24+j1.604 which are almost

equal in magnitude, thus resulting in very low value of reflectivity.

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

of the absorber is given by Eq. 6.4

Znor =
√

(µr/εr) (6.4)

If both theεr andµr are equal, then the normalized impedance of the absorberZnor is ideally

unity which implies perfect impedance matching of the structure with the free space, necessary

to obtain perfect absorption. Fig. 6.3(b) shows the real andimaginary part of normalized

impedance. The real part of normalised impedance is observed to be 0.8311 at the operating

frequency 5.5 GHz which is close to the free space impedance and its imaginary part is close

to zero, thus obtaining near perfect absorption.

The absorption phenomenon is further explained using the surface current density and

volume current density plot of the MA at 5.5 GHz, as shown in Fig. 6.4(a) and (b) respectively.

Fig. 6.4(a) shows that at the resonant frequency, current flowing on top and bottom surfaces are

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

magnetic field. This indicates magnetic excitation in the structure which manipulates magnetic

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

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

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

and magnetic excitation leads to strong electromagnetic absorption at 5.5 GHz.

The proposed flower shaped absorber is engineered as an effective metamaterial medium

(fulfilling the inclusion size requirement of an effectively homogeneous structure) to provide

nearly equal value of relative permittivity and permeability (not found in any naturally occur-

ring material) by properly optimizing the size and dimensions of the structure; therefore, it

can be called as a true metamaterial.

After designing the metamaterial absorber operating at theintended frequency, the struc-

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

6.2 MIMO ANTENNA DESIGN AND SIMULATION

First of all a conventional microstrip patch antenna with patch dimensions 12.2×16.1mm2 is

designed on a 1 mm thick FR-4 substrate using a quarter wave transformer feed to operate

at 5.5 GHz resonant frequency. The antenna is further arranged in a 1×2 array system. The

centre to centre spacing between the two antennas is kept 30 mm which is nearly equivalent

to λ0/2, whereλ0 is the wavelength at operating frequency. To improve the isolation between
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the two patch antennas, a linear array of four elements of theproposed MA is placed in the

middle of the two patch antennas operating at 5.5 GHz, shown as an inset in the Fig. 6.5. Such

a structure can be termed as a “metamaterial-inspired” kind, since its properties are determined

by the interaction with only a 4-element array of the proposed absorber, rather than with an

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

The proposed MIMO structure is simulated using Ansys HFSS and the results are anal-

ysed. Fig. 6.5 shows the simulated S-parameters of the MIMO antenna with and without the

MA. Due to symmetry of the design,S11 is equivalent toS22 andS12 is equivalent toS21,

therefore, onlyS11 andS12 are displayed in the Fig. 6.5. Results show that at 5.5 GHz, the

reflection coefficient (S11) remains almost same for both the cases whereas the parameter S12

decreases from -22.46 dB to -34.87 dB showing a mutual coupling reduction by 12.41 dB as

compared to the conventional MIMO antenna system. Thus a very high amount of isolation

can be achieved with the help of proposed metamaterial absorber.

The operating mechanism for mutual coupling reduction using MA can be further under-

stood using surface current distribution plot. Fig. 6.6(a)and (b) respectively shows the surface

current distribution of the MIMO antenna without and with metamaterial absorber at 5.5 GHz
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Figure 6.6:Surface current distribution at 5.5 GHz (a) without MA, (b) with MA.

obtained by exciting antenna 1 and terminating antenna 2 by matched load. It can be seen that

without the use of MA, some amount of the surface current getscoupled from antenna 1 to

antenna 2. Whereas, in case of MIMO antenna with MA, the propagating current on the top

surface and bottom ground plane excites the absorber array in such a way that an anti-parallel

current starts propagating between the top flower shape structure and the ground beneath it.

This phenomenon results in trapping of the magnetic field within the MA array, thus not al-

lowing the surface current to flow further, as shown in Fig. 6.6(b). Therefore, use of the MA

stops the propagation of electromagnetic energy from antenna 1 to antenna 2, thus resulting in

high level of isolation between them.

Furthermore, the simulated 2D radiation patterns of MIMO antenna are studied at 5.5 GHz

to observe the effect of MA on the radiation performance of MIMO structure. Fig. 6.7(a),(b)

and (c) shows the 2D far field radiation pattern of proposed structure on xz, yz and xy planes

respectively. From the Fig. 6.7 it can be concluded that there is no significant effect on the

radiation-pattern of the antenna after placing the MA, except that the magnitude of the main

lobe is increased a little. This shows an improvement in the antenna parameters in terms of

radiation efficiency and gain along with preserving the radiation characteristics as an effect of

the reduced mutual coupling between the antennas. Fig. 6.8 shows the peak gain and radiation
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Figure 6.7:MIMO antenna far field radiation pattern at 5.5 GHz with (-solid line) 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 gainof 7.53 dBi without MA and

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

to 68.03%.
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Figure 6.8:Peak gain and radiation efficiency plot of MIMO with and without MA

Now, the diversity performance is studied in the next section to validate the optimum

performance of MIMO antenna.

6.3 MIMO DIVERSITY PERFORMANCE

The diversity performance of MIMO antenna is analysed on thebasis of different parame-

ters such as Envelope Correlation Coefficient (ECC), Diversity Gain (DG), and Total Active

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

∣

∣

∣

∣

|S∗11S12+S∗12S22|
|(1−|S11|2−|S21|2)(1−|S12|2−|S22|2)(ηrad,1ηrad,2)|1/2
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∣

∣

2

(6.5)

Table 6.1:Performance comparison of the MIMO antenna with and withoutthe proposed MA at 5.5
GHz

MIMO Simulated Simulated Measured Measured Peak Radiation

antenna S11 [dB] S12 [dB] S11 [dB] S12 [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 whichcan be analysed using ECC. It

can be obtained using the S-parameters and radiation efficiency, for a 2-port MIMO system,

given by eq. 6.5 [209], where,ηrad,1 andηrad,2 are the radiation efficiencies of antenna 1

and antenna 2. For a satisfactory performance MIMO antenna should 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 operating band which shows low

correlation between the two antennas. The diversity gain can be obtained using eq. 6.6 which

is also shown in Fig. 6.9. The value of diversity gain is observed to be close to 10 dB, which

indicates good diversity performance.

DG= 10×
√

(1−ECC2) (6.6)

Total Active Reflection Co-efficient (TARC) is another parameters to define the diversity
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Figure 6.10:Simulated and measured TARC of MIMO antenna with MA.

performance of MIMO structure. It is the square root of the ratio of total reflected power to

the total incident power and hence, it shows the apparent return loss of the overall MIMO

antenna system. For a side-by-side 2-port MIMO system, it isgiven by eq. 6.7.

TARC=

√

(S11+S12)2+(S22+S21)2

2
(6.7)

It is expected to have a TARC value of less than 0 dB for a MIMO system to work properly.

Fig. 6.10 shows the plot of TARC with respect to frequency andit is observed to have a TARC

value of less than -10 dB for the desired frequency which is well below the expected value.

6.4 EXPERIMENTAL RESULTS AND DISCUSSION

After studying all the simulated results, antenna is finallyfabricated and tested using Keysight

N9914A vector network analyzer. The fabricated prototype of the proposed structure along

with the measured S-parameters compared to the simulated ones as a function of frequency

are shown in Fig. 6.11 Result shows that a measured isolationlevel of -43.71 dB is achieved

between the two conventional patch antennas at 5.5 GHz WiMAXfrequency by using an

array of proposed metamaterial absorber between them. The values of measured gain and

radiation efficiency, shown in the Fig. 6.8, are observed to be 6.28 dBi and 56% respectively
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Table 6.2:A comparison of proposed technique with previously presented ones
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 5.5

at the resonant frequency 5.5 GHz. Measured value of ECC calculated 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 prototype of proposed structure.

Table 6.1 gives a performance comparison of the MIMO antennawith and without the pro-

posed MA at 5.5 GHz. Now, a comparison of proposed technique with previously presented

ones is given in Table 6.2, taking into account the structures operating at single resonant fre-

quency.

6.5 SUMMARY

The effect of utilizing a metamaterial based absorber for mutual coupling reduction in a MIMO

antenna system is examined. A novel flower shaped metamaterial absorber is designed with
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an absorptivity of 98.7 % and placed between the two conventional patch antennas to observe

a simulated isolation level of 34.77 dB and measured isolation of 43.71 dB at the 5.5 GHz

WiMAX frequency without effecting the return loss. An improvement in peak gain from 7.53

dBi to 7.74 dBi and radiation efficiency from 66.64 % to 68.03%is also observed. Other

parameters like ECC, diversity gain and TARC are also studied and are found to be fairly

below the expected limit of wireless communication application. Therefore, the proposed

structure is quite suitable for MIMO application showing high level of isolation and good

amount of radiation efficiency and peak gain.

154



CHAPTER 7

CONCLUSION



7.1 CONCLUSION

This thesis presents application of metamaterial in designing three different microwave com-

ponents i.e. antennas, filters and absorbers. The design technique is presented and discussed

for all the components. The proposed structures are low profile, simple in design which sim-

plifies their integration with advanced small wireless systems. It was validated that each of the

presented designs are suitable for multiple applications.

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

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

1. Dual band characteristics have been observed at 2.45 GHz and 5.45 GHz operating

frequencies with a gain of 1.9 dBi to 2.41 dBi and 2.2 dBi to 2.5dBi respectively.

2. The two bands are originated from the metamaterial used inthe antenna consisting two

triangular split rings and impedance matching is achieved using open circuited stub.

3. The antenna miniaturized by 2.5 times.

4. Nearly omnidirectional radiation patterns are observedat both frequencies.

5. The experimental results have a good agreement with the simulated results.

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

of application in wireless communication systems.

Secondly, a complimentary split ring resonator based microstrip bandstop 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 arrangement is defined to be a series con-

nected parallel resonant circuit followed by a series connected inductor.
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3. Simplified mathematical approach is described in detail to obtain the lumped circuit

parameters. Only three lumped components are used to define the circuit model, thus

reducing the circuit complexity.

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

capability by varying the dimensions of split rings.

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

results. The proposed bandstop filter shows good lower pass band performance.

The equivalent circuit approach used above is further validated by utilizing the approach to

find equivalent circuits of various filters presented in literature and a comparison based study is

also presented. Furthermore, another metamaterial inspired filter showing wideband bandpass

filter response using two closed coupled U-shaped resonators is presented in which following

points are observed.

1. The filter provided a 3 dB pass band from 2.44 GHz to 5.58 GHz which further 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 to increase the bandwidth accounts

for increase in electric coupling.

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

balanced CRLH line behaviour of the filter.

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

region.

5. A high return loss of 37.5 dB is achieved at the pass band resonant frequency.

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

The penta-band obtained are as a result of the three simple geometries combined on a single
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10×10mm2 FR-4 substrate. The dimensions of each geometry are optimised in order to obtain

nearly perfect impedance matching. Following observations are drawn:

1. The structure provides an absorptivity greater than 90% for five bands lying in four

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

2. The structure provides simulated absorption peaks at 3.35 GHz, 5.1 GHz, 9.5 GHz,

11.55 GHz and 16.9 GHz with absorptivity 99.59%, 95.49%, 97.5%, 99.25% and 93.89%

respectively.

3. The four-fold symmetry of the structure enable polarization insensitivity and high ab-

sorption over different angle of incidence of electromagnetic wave for TE and TM po-

larization.

4. The measured results shows absorption peaks at 3.75 GHz, 4.98 GHz, 9.5 GHz, 12.2

GHz and 16.8 GHz with absorptivity of 94.75%, 92.76%, 95.43%, 99.86 %, and 96.86

% respectively.

5. Radar cross section reduction can be done through the proposed metamaterial absorber.

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

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

proposed in the 3.5 GHz WiMAX band which is also analysed using its equivalent circuit.

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

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

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

antennas to observe the following:

1. A simulated isolation level of 34.77 dB and measured isolation of 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 and radiation efficiency from

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

be fairly below the expected limit of wireless communication application.

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

isolation and good amount of radiation efficiency and peak gain.

Therefore, different applications of metamaterials have been studied and tested during

the thesis and it is concluded that metamaterials have the potential 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 durationof this thesis, there are research

areas that would be very interesting for further investigation.

8.1.1 Metamaterial Antennas

1. In future higher gain and directivity of antennas can be achieved by utilizing metasur-

faces and also by developing multi-element MIMO systems.

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

dimensions of proposed structure.

3. Reconfigurability in pattern, bandwidth and frequency may also be achieved.

8.1.2 Metamaterial Filters

1. Filters can be made reconfigurable by introducing active components.

2. Other filter configurations as discussed in the literaturereview 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 reduction between antennas can be

explored further with improvement in gain and bandwidth.

3. Active components can be integrated to make the devices reconfigurable.

The structures can possibly be investigated in real world systems. The components may be

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