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ABSTRACT

ANALYSIS, APPLICATIONS, AND A NOVEL DESIGN OF DOUBL E
NEGATIVE METAMATERIALS

Cumali SABAH
Ph. D. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. SaydJckun

June 2008, 179 pages

Double negative metamaterials are composite méeria which both the
permittivity and the permeability are simultanegusiegative over a certain
frequency band and constructed artificially. They designed to show specific and
unfamiliar electromagnetic features not commonlynid in nature. Also, their
physical features are different from the converdlanaterials. Due to these unique
physical features, double negative metamaterisiacha¢d a great amount of attention
in recent years. In this thesis, the properties potkntial applications of double
negative metamaterials are explored. In additiomestools are presented to realize

new types of metamaterials in the microwave fregyeange.

First, the fundamental electromagnetic propertieE double negative
metamaterials are investigated. The plane waveoublé negative medium, left-
handed systems, the extraordinary features of donbbative metamaterials, and

negative refraction are given in detail. Second,dharacterization and realization of



double negative metamaterials are studied to forbase about how they can be
created and generated. In this manner, the anally{tgpothetical, Lorentz, Drude,
and cold plasma media) and physical models areyzedl Then, electromagnetic
wave propagation in the presence of double negatetamaterial is studied. Normal
and oblique incidence cases for the planar boueslaf two semi infinite media
containing conventional dielectric medium and deubkgative metamaterial are
examined. Both the theoretical and numerical resate given. Next, the slab of
double negative metamaterial sandwiched between dfierent semi-infinite
dielectric media is studied. Additionally, some slations are illustrated for the
application purpose of perfect lens and parabobwenrefractor. After that, double
negative metamaterials are used to design and znalgveral types of stratified
structures. Mirrors, high reflection coatings, dimited Bragg reflector, stratified
cold plasma stacks, and the combination of mukitagold plasma, Lorentz, and
Drude layers with conventional dielectric slabs areated in order and their
scattering characteristics are shown. The advaotmgef the stratified structures
containing double negative metamaterials versus ¢baventional multilayer
structures are also discussed. High reflection teemasmission coatings; band pass,
stop band, reflection, transmission, multi bandspasulti saw-comb, oscillating, and
multi notch filters characteristics at some fregquemegions are obtained in the
numerical investigation. These results can be usedenerate new devices and
equipments such as reflectors, coatings, anddilteth high efficiency. At last, new
types of metamaterials that exhibit negative reioacproperties at the microwave
frequency range are designed. This novel metaradgedre constructed using
triangular split ring resonator and wire strip. @&@mew metamaterials comprised of
triangular split ring resonator and wire strip aseeated and simulated. After
designing and creating processes, novel metamlagtaias are manufactured using
hot-press technique. Then, some transmission ewpats are provided to observe
the characteristics of these novel metamaterigiemxentally. These new materials
can be used for several potential applicationsoobte negative metamaterials in the

microwave, millimeter wave and optical regimes.

Key Words: Double Negative Medium, Metamaterial, Lorentz, @¥uCold Plasma,

Multilayer Structures, Triangular Split Ring Restora



OZET

CIFT NEGATIF METAMALZEMELER 1IN ANAL iZ, UYGULAMA VE YEN i
TASARIMI

Cumali SABAH
Doktora Tezi, Elektrik ve Elektronik MihendigliBolumu
Tez Yoneticisi: Prof. Dr. SagdJckun

Haziran 2008, 179 sayfa

Cift negatif metamalzemeler, elektrik ve manyetéciggenlikleri belirli bir frekans
aralginda negatif olan ve yapay olarak elde edilen siklenalzemelerdir. Bu
malzemeler, genel olarak gmda bulunmayan, kendine 06zgu ve farkh
elektromanyetik 6zellikler gosterebilmeleri icin sgalanirlar. Bunlarin fiziksel
Ozellikleride bilinen malzemelerden farklidir. Benzersiz fiziksel 6zelliklerinden
dolayi, cift negatif metamalzemeler son yillardgidi6lctde ilgi odg olmuslardir.
Bu tezde, cift negatif metamalzemelerin Ozellikiegi potansiyel uygulama alanlari
argtinimistir.  Buna  ilaveten, mikrodalga frekansi agalda yeni tir

metamalzemelerin gercekteilmesi icin bazi uygulamalar sunulrtur.

Ilk olarak, cift negatif metamalzemelerin temel #lekanyetik ozellikleri
incelendi. Cift negatif ortam icerisindeki diuzlerhs#alga, solak sistemler, cift
negatif metamalzemelerin @andsl Ozellikleri ve negatif kirilma kavramlari

detaylica verildi.Ikinci olarak, ¢ift negatif metamalzemelerin nasaratildg ve
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olusturuldusuna temel olgturmak icin, bu malzemelerin tanimi ve nigelcalisiidi.

Bu baglamda, analitik (hypothetical, Lorentz, Drude vedo plazma ortamlari) ve
fiziksel modeller analiz edildi. Daha sonra, ciégatif metamalzemelerin vatinda
bulunan elektromanyetik dalga yayilimi gdti. Bilinen yalitkan ortam ve cift
negatif metamalzemeden géun yari sonsuz iki dizlemsel ortama dik ve acilelge
dalga durumlari incelendi. Teorik ve nimerik soaugl ikiside verildi. Bundan
sonra, iki farkl yalitkan ortam arasina ystiglmis cift negatif metamalzeme dilimi
calisildi. Buna ilaveten, miukemmel mercek ve parabolikigd kirici amacl
uygulamalar i¢in bazi simulasyonlar gosterildi. @grgok katmanl yapilarin tasarim
ve analizi i¢in ¢ift negatif metamalzemeler kullanak c¢agitli yapilar olusturuldu.
Siraslyla, aynalar, ylksek yansimaya sahip katneakaplamalar, datici Bragg
yansiticilar, cok katmanli gok plazma dilimleri; ve bilinen yalitkan ortamlde i
birlestirilmi s ¢cok katmanh sguk plazma, Lorentz ve Drude tabaklari glurulup
bunlarin karakteristik 6zellikleri gosterildi. Ciftegatif metamalzemeler iceren gok
katmanli yapilarin, bilinen cok katmanl yapilaiask avantajlari targildi. NUmerik
sonuclarda, bazi frekans araliklari icin yikseksyamra ve iletime sahip katmanlar;
bant geciren, sondurme gag bandi, yansima, iletim, ¢coklu bant gegiren, coklu
testere-tarak, salinim ve ¢oklu ¢entik filtre kaeaistikleri elde edildi. Bu sonugclar,
yansiticilar, kaplamalar ve sizgecler gibi yeniiayg aletlerin Gretilmesi icin
kullanilabilir. Sonunda, mikrodalga frekansi agalda negatif kirilma ozellikleri
gdsteren yeni tip metamalzemler tasarlandi. Bu yegtamalzemler, ticgensel halka
seklindeki ucu acik (yarikli) rezonatotrler ve tgritler kullanilarak olsturludu.
Ucgensel halkaeklindeki ucu agik rezonatérler ve tefritlerden olgan U adet yeni
metamalzeme meydana getirildi ve simuilasyonu yapilhsarim ve okturma
islemlerinden sonra, sicak pres (ltuleme) yontemydiei metamalzeme katmanlari
imal edildi. Daha sonra, yeni metamalzemelerin lidefini deneysel olarak
gozlemlemek icin bazi iletim deneylerinin yapimglsadi. Bu yeni malzemeler,
mikrodalga, milimetre dalga ve optik sistemlerddt giegatif metamalzemelerin

cssitli potansiyel uygulamalarinda kullanilabilirler.

Anahtar Kelimeler: Cift Negatif Ortam, Metamalzeme, Lorentz, Drudegik
Plazma, Cok Katmanli Yapilar, Ucgensel Halkaklindeki

Ucu Acik Rezonator.
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CHAPTER 1

INTRODUCTION

Electromagnetic wave theory is well-establishee@rstiic discipline which has wide
variety of applications in science and technologglude, but are not limited to,
electromagnetic materials, remote sensing, powsEeR)s, wireless communications,
radar systems, and optics. Unconventional matesalsh as composite and/or
complex media are the part of electromagnetic nasaresearch and one of the most
challenging areas in the electromagnetics’ commuriletamaterials are well-
known composite/complex media and there has begnowing interest on the
studies of them due to their numerous potentialieggpns. Today, metamaterials
are classified with different names due to theniougs composition elements such as
plasmas, photonic crystals, double negative metadg, single negative materials,
and chiral media. It is very difficult to find a itble definition for the term
metamaterial. There are many definitions existmg¢he literature and some of them

are given as follows:

« Electromagnetic metamaterials are artificially stamed composites that can
be engineered to have desired electromagnetic giegpewhile having other

advantageous material properties [1].
e Structures composed of macroscopic scattering @lenf2].

* Meta-materials, materials whose permeability andngévity derive from

their structure [3].

* Metamaterials are a new class of ordered nanocatepothat exhibit

exceptional properties not readily observed in meatlihese properties arise



from qualitatively new response functions that a@ observed in the
constituent materials and result from the inclusobrartificially fabricated,

extrinsic, low dimensional inhomogeneities [4].

 Metamaterials are defined as macroscopic compobagslg a man-made,
three dimensional, periodic cellular architecturesigned to produce an
optimized combination, not available in naturetvad or more responses to a
specific excitation. Each cell contains metapagticinacroscopic constituents
designed with low dimensionality that allow eachmgmnent of the
excitation to be isolated and separately maximiz€de metamaterial
architecture is selected to strategically recomhioal quasi-static responses,

or to combine or isolate specific non-local ressn$].

* Metamaterials, which are broadly defined as efietyi homogenous
artificial structures with unusual properties, egent a new paradigm in
physics and engineering [6].

The prefixmetacomes from Greek (it is also used in Latin) anch@ansafter.
Often the prefix is used also falong with beyond among in the midst qf
according tg andbehind There are numerous words in English and otheguages
starting with meta like, for example,metabolism metalinguistics metamerism
metaphysics metamorphosis metastasis etc. However, the common word in
engineeringmetalis of different origin. With this background in nai, it seems that
in the choice and use of metamaterial, this metfxpemphasizes the transcendental
aspect of the meaning. A metamaterial needs touladitatively different from its
components. New phenomena and novel propertiesicsiemoerge wherordinary
pieces are brought together. The whole should bee rtian the sum of its parts.
Quantitative differences become qualitative ond®ré is a word such a behavior of

systems. It iEmergencé7].

The idea of double negative (DNG) metamaterials texently achieved a

significant importance in electromagnetics’ comntyciue to the exhibition of their



unusual properties different from any known mediaome microwave, millimeter-
wave and optical frequency bands. The progressheffabrication technologies
enables the construction of them at these frequéacyls, and so their potential
applications are growing day by day. Basically, DN@&tamaterial is, by definition,
a composite material in which both the permittivipd the permeability are
simultaneously negative over a certain frequencpdbavhose electromagnetic
features are different from the conventional matsriand constructed artificially.
These are the hand made structures that can bgnddsto show specific and
unexplored electromagnetic properties not commdolynd in nature. Several
terminologies are recommended for DNG metamatesiath as left-handed media
(LHM), double negative (DNG) materials, backwardveamedia (BW media),
negative index media (NIM), negative refractive @rdmetamaterials (NRM),
negative index of refraction media (NIR), and elhe phenomena of DNG
metamaterial and stratified DNG metamaterials aseussed in detail throughout
this thesis, and the results of this discussion nemable to design and
characterization of them for specific applicatiars new devices, components, and
apparatus such as filters, absorbers, lenses, wagm components, antennas, and

etc.

Basically, electromagnetic wave interactions thfoube semi-infinite, single
slab, stratiied DNG metamaterial layers, and thesigh of novel DNG
metamaterials will be analyzed and studied in tthesis. In addition, the
combination of stratified double negative metamateand dielectric layers will be
investigated. Perfect lens, parabolic refractod aome filter applications of DNG
metamaterials will be shown. Then, the design asalization of novel DNG
metamaterials based on triangular split ring resmaand wire strips will be studied.
Simulation results will be presented for the reatlan purpose. After that, some
transmission experiments will be performed usingv neetamaterial slabs to

examine their characteristics in the microwave ey band.



1.1 Background

The concept of artificial materials appears to bagithe late nineteenth century, in
1898, with the study of Indian scientist Jagadisui@ter (or Chandra) Bose on
optical activity [8]. He conducted the first micrawe experiment on twisted
structures which were essentially artificial chirahterials by today’s definition.
Later in 1914, Karl F. Lindman, who is the firstestiist showing the effect of a
chiral medium on electromagnetic waves, worked difiaal chiral media by
embedding many randomly oriented small wire helice® host medium [9]. In
1948, W. E. Kock made lightweight microwave lensss arranging conducting
spheres, disks, and strips periodically and effetitailoring the effective refractive
index of the artificial media [10]. Then, TinococdaRreeman were interested in chiral
phenomena and the rotation of the polarizationelainlinearly polarized waves in
1957 [11]. After that, Harvey showed that some desiand components can be
constructed by length scaling using artificial miatls for application in the lower
frequencies [12]. Since then, artificial complex tenels have been subject of
research for many scientist and DNG metamateriggstee last version of artificial
materials that extensively cover the recent studmesthe electromagnetics’

community at the present time.

DNG metamaterials were first envisioned by Russpghysicist Victor G.
Veselago in 1967 [13]. He investigated various tetewagnetic properties of such
material and presented that the electric field meet the magnetic vectadt, and the
wave vectok form a left-handed triplet of vectors, and the fog vectorS and the
wave numbek are in opposite directions. In addition, he showexlDoppler effect
and Vavilov-Cerenkov radiation is reversed in DN@tamaterial. He also showed
the negative refraction and backward waves in thetamaterial. However, some
ideas on negative refraction and backward waveg weggested by many scientists
long before Veselago’s work. In 1904, H. Lamb ssgge the existence of backward
waves in which the phase of waves moves in thectitire opposite from that of the
energy flow [14]. In his study, he proposed a deréatificial mechanical model of a



one-dimensional medium in which the group velocdén be negative. Apparently,
he himself did not think his example could have physical application. But as it
turns out, there exist entirely real media in whioh certain frequency ranges the
phase and group velocities are in fact directedatde/ each other. Note that, his
examples involved the mechanical systems rathen #lactromagnetic waves.
Around the same time, A. Schuster, who discussedl lihckward waves in
electromagnetism, briefly notes Lamb’s work in bisok and gives a speculative
discussion of its implications for optical refraxti should a material with such a
properties ever be found [15]. He cited the faat thithin the absorption band of, for
example, sodium vapour a backward wave will propadaut, because of the high
absorption region in which the dispersion is regdrshe was pessimistic about the
applications of negative refraction. In 1905, H. Ehcklington showed that in a
specific backward-wave medium, a suddenly activagedrce produces a wave
whose group velocity is directed away from the seuwhile its velocity moves
toward the source [16]. Then, Mandel’'shtam himsedérred to Lamb’s study; and
the problems of energy velocity and its relationgtoup velocity were presented
[17], [18]. The effect of negative group velocityn ahe familiar problems of
reflection and refraction and the negative grouloaity in crystal lattices were also
considered in his studies. Next, the radiation prigpas in the previous works was
rediscovered by G. D. Malyuzhinets in 1951 [19].mt¢ed that the phase velocity of
waves at infinity should point from infinity to theource in DNG metamaterials.
What was perhaps even more interesting, he comsidas an example a one-
dimensional artificial transmission line. After thageneral properties of wave
propagation in a medium with negative refractivdex have been discussed by D.
V. Sivukhin [20]. He noticed that media with negatiparameters are backward
wave media, but had to state that media with negatermittivity and permeability
are not known. The question on the possibility loéit existence has not been
clarified. Some unusual aspects of the transitamtiation and Cherenkov radiation in
the frequency region characterized by negative gnalocities have been revealed
by V. E. Pafomov in his studies between 1956 anB9121-23]. The negative
refraction phenomenon in periodical media was dised by R. A. Silin in 1959
[24]. Note that, the studies mentioned in [14—24}ewnot systematic studies and it is
assumed that they were related with the backwandeveand its negative velocity

works. But the study of Veselago was a systematiglys of electromagnetic



properties of materials with negative parameterge @ this reason the study of
Veselago has been usually considered as the tusly svhich was published in
Russian in 1967 and translated into English in 1968ddition, there were many

studies in the literature after Veselago’s studs24].

At last, the concept of negative permittivity anelgative permeability came to
true by Pendry’s studies. Pendzy al presented their studies in 1996 [35] on the
artificial metallic construction which shows thega#ive permittivity and in 1999
[36] on the split rings which show the negativerpeability. In 2000, Smitlet al
realized the construction of the DNG material usihg combination of the split
rings and wires [37]. They carried out many experits at microwave frequencies to
show the characteristics of DNG material. In 208elbyet al performed the first
experimental investigation of the negative ref@ction the DNG materials at
microwave frequencies [38]. The results of this eexpent done for the negative
refraction are criticized by Valanjet al. in 2002 [39]. They stated that negative
refraction is impossible for any real physical sigwith the finite bandwidth. This
statement was found incorrect by Pendry and SmitB003 [40]. Ziolkowski and
Heyman studied the electromagnetic wave propagatioDNG analytically and
numerically to observe the characteristic featwkgropagation and scattering in
DNG and to apply the results to perfect lens notjdh]. Kong examined the
electromagnetic wave interaction with stratified GNsotropic media [42]. He
investigated in detalil the reflection and transmis&nalysis, field solution of guided
waves, linear and dipole antennas in stratified DN@dia. Conceptual and
speculative ideas for potential applications of DG materials were suggested,
and physical remarks and intuitive comments weviged by Engheta in 2002
[43]. Mathematical analysis and physical explametidor some structures are also
given in his study. Chew studied some reflectiorttenDNG material in 2005 [44].
The energy conservation property of a DNG matexrad the realistic Sommerfeld
problem of a point source over a DNG material sdce and a DNG slab are

analyzed in [44].



The studies on DNG metamaterials continue to bgredt interest and practical
importance for the researcher due to the progressedabrication technologies and

the variety potential applications [45—-61].

1.2 Thesis Motivation

The main purpose of this thesis is to understared lhsic properties of DNG
metamaterials, to present their potential appliceti formed by stratiied DNG
metamaterials, and to show wave interactions wiGDmetamaterials. In addition
to these, the design of new DNG metamaterials thenmain goals of this thesis. In

the following, the organization of this thesis r&ely outlined.

The aim of Chapter 2 is understand the fundamesgitromagnetic properties
of DNG metamaterials in detail. The most importaomtribution of this chapter is to
provide the solid understanding of the plane waveDNG medium, left-handed
systems, the unusual and extraordinary featur&Ng metamaterials, and negative
refraction. This chapter will provide to easily ogoize the concept of DNG

metamaterials especially in the following chapters.

The major point of Chapter 3 is to study charaz&gion and realization of DNG
metamaterials. The contribution of this chaptetoigprovide a perceptive that how
DNG metamaterials can be generated both analyticatid physically. In the
analytical models, hypothetical, Lorentz, Druded anld plasma medium models are
used to create DNG metamaterials. Additionally, g)tg!l models are mentioned
throughout this chapter. The relationships betwé®: analytical and physical
models are also given. The results of this chapitrbe used in the design and
development process to generate novel DNG metaialateand new structures

containing DNG metamaterials for the potential aggpions.



In the fourth chapter, we will have the concepttlodé electromagnetic wave
propagation in the presence of DNG metamaterial. Wile begin from normal
incidence and continue with oblique incidence far planar boundaries of two semi
infinite media containing conventional dielectricedium and DNG metamaterial.
Both the theoretical and numerical results will gieen. Then, the slab of DNG
metamaterial sandwiched between two different sefimite dielectric media will be
studied. Hypothetical, Lorentz, Drude, and coldspla medium models mentioned
in Chapter 3 are used to realize DNG metamateiidditionally, for the purpose of
the potential application of the DNG metamatersme simulation will also be
provided. Especially, the applications of flat leavsd parabolic wave refractor will
be presented in these simulations. Most of the woekented in Chapter 4 appeared
as articles in Journal of Optoelectronics and AdeanMaterials [62] and Opto-

Electronics Review [63].

The final two chapters are concerned with addrgg$ie potential applications of
DNG metamaterials. In Chapter 5, DNG metamatemalsbe used to design and
analyze stratified structures. The motivation of tiwork was to investigate the
potential benefits of being able to design somatifd structures with DNG
metamaterials. So that, mirrors with DNG slabshhigflection coatings consisted of
DNG and DPS layers, distributed Bragg reflector )Based on DNG and DPS
slabs, stratified DNG stacks of cold plasma mediomaltilayer media comprised of
DNG stacks of cold plasma and conventional DPSr&gyand multilayer structure of
DNG Lorentz/Drude Medium with DPS slabs will be atexd and their scattering
characteristics will be shown in this chapter. Tduvantageous of the mentioned
structures containing DNG metamaterials versustmentional structures are also
discussed. Some important results are obtaineldisnirivestigation and they can be
used to generate new devices and equipments suefilexdors, coatings, and filters
with high efficiency. Some of the achievements espnted in Chapter 5 are
published as scientific articles in Chinese Physlesters [64], Journal of
Optoelectronics and Advanced Materials [65], andsghrift fur Naturforschung A
(A Journal of Physical Sciences) [66]. Some ofdbetents of this chapter have also

been submitted to the international SCI journaltiier consideration of publication.



In Chapter 6, new types of metamaterials that haagative permittivity and
permeability at the microwave frequency range vi#é presented. This novel
metamaterials are constructed using triangulat sjpig resonator and wire strip.
Three new metamaterials comprised of triangulait splg resonator and wire strip
are created and simulated. Then, it will be showat tthe mentioned novel
metamaterials have simultaneously negative pexmtyttand permeability over a
certain frequency band. Thus, they can be useddweeral potential applications in
the microwave, millimeter wave and optical regimaislast, some new metamaterial
slabs will be manufactured to make transmissionegrpents to explore the
characteristics of new metamaterial slabs. Somés pair this chapter have been

submitted to the international SCI journal for tumsideration of publication.

In the conclusion part, a brief summary of the lssobtained during this thesis
work will be included. Future works and furtherdies for potential applications of
the DNG materials will be suggested, and physiealarks and intuitive comments

will also be provided in this part.



CHAPTER 2

FUNDAMENTALS OF DOUBLE NEGATIVE METAMATERIALS

2.1 Introduction

In this chapter, common electromagnetic feature®NG metamaterials will be
introduced and discussed in detail. We will steotrf the dispersion characteristics
of DNG metamaterial and then continue with eleatr@nd magnetic properties of
such material. After that, general properties & #ind of media and the concept of
negative refection will be given. In this mannehe tfundamentals of DNG

metamaterials will be overviewed and examined.

2.2 Dispersion Characteristic and Plane Waves in DBl Medium

The dispersion characteristic or dispersion retatba medium is the basic quantity
which determines the propagation of electromagnetigces in matter. This relation
contains the information of the permittivity andrpeability of the medium. This is
due to the fact that they are the only parametetieosubstances that appear in the

dispersion equation [13]
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which gives the connection between the angularugaqy» of a monochromatic
wave and its wave numbér In the case of an isotropic substance, Equatidh) (2

takes simpler form as

n (2.2)

wheren? is the square of the refraction index of the sas and it is given by

n° =¢&u (2.3)

wheree andu are the permittivity and permeability of the saoste. From Equation
(2.2) and Equation (2.3), it can be said that a kanaous change of the signs of
permittivity ¢ and permeability. has no effect on these relations [13]. However,
DNG metamaterials with simultaneously negative penity and permeability have
specific and unique electromagnetic properties tifferent from conventional
materials. At this point, as it will be seen in tingcoming paragraph, it should be
better to call the Maxwell equations and the couistie relations to see what
happens to the electromagnetic laws because o tieggative parameters.

In a monochromatic plane wave, the electromagriegid vectorse andH can

be described as follows

E(r), H(r) =exp(jkr — jat). (2.4)

11



Let us write the Maxwell equations and see whay tb# us

_19B(r)

UxE(r)=—— 2.5a
(r) < ot (2.5a)
OxH(r) :EM (2.5b)
c ot
and the constitutive relations
B(r)=uH(r) (2.6a)
D(r)=¢E(r) (2.6b)
wheree = €,&, and ¢ = y, 14,. Substituting (2.4) into (2.5) and (2.6) gives
@
kKxE(r)=—puH(r) (2.7a)
C
@
kxH(r)=—-—¢E(r). (2.7b)
o

These are the main equations that carry all inftonaabout right-handed
(conventional or standard) and left-handed (DNG ameiterials) materials. In

conventional materials with both positive permitiive and positive permeability,

12



Equation (2.7) implies that the tri&] H, andk forms a right-handed system. But, if
the permittivitye and permeability. are simultaneously negative, the triedH, and
k forms a left-handed system. However, the time-ayerPoynting vector (average

power density) is still
s(r) :%D{E(r)x H () 2.8)

and it is independent of the signs and values @prmittivitye and permeability:.
According to Equation (2.8), Poynting vector alwdgsms a right-handed system
with the vectorsE andH. Also, Poynting vecto§ and the wave vectde are in the
same direction for right-handed materials, and #reyin opposite direction for DNG

metamaterials. The left- and right-handed systeiaslaown in Figure 2.1.

E E

(@) (b)

Figure 2.1: Configuration of the tridél H, andk in (a) left-handed system, (b) right-

handed system.

In addition, the wave vectdt is in the direction of phase velocity; while the

phase velocity and energy flux are in oppositedtiio@ in DNG metamaterials. Note

13



that, the group velocity is negative in DNG metamnats. Because DNG
metamaterials have negative group velocity, sonesiihis called as materials with
negative group velocity. Furthermore, Poynting secs always directed away from
the source of the radiation. The wave vettas directed away from the source for
the right-handed materials, but it is towards therese for DNG metamaterials. This
is the principal difference between the right-hahdenaterials and DNG

metamaterials.

2.3 Properties of DNG Media

In the pervious section, it is indicated that theection of the phase velocity is
opposite to the direction of power flow and to greup velocity in the DNG media.
It can be said that there is anti-parallelism betwéhe phase and group velocities
and several phenomena connected to the phase afahe are reversed in such
media. Now, let us look at other changes that ategiven in the previous section

happened in DNG media.

* Reversed Doppler EffecA detector of radiation moving in DNG medium will
pursue fewer wave fronts if it is moving towarde #ource due to the reversal of the
phase velocity. Whenw>0, an observer will see a receding source. Thesheit
will occur under approaching conditions, and blb#t svhen the source and receiver
more away. The experimental observation of thersev@®oppler shift in which the
frequency of a wave is increased on reflecting fleoneceding boundary is reported
in 2003 [6], [13], [67], [68].

* Reversed Vavilov-Cerenkov Radiatiofhe particle motion in a DNG medium
generates backward power. The angle of the emisgibrthange to concave. The

emitted radiation propagates backwardly [13], [¢G8].

* Goss-Hanchen EffectThe lateral shift phenomenon can be negativeotal t

internal reflection situation [6].
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» Lensing EffectPerfect and/or super lenses can be creatabletingtiuse of DNG
metamaterials. Convex (concave) DNG lenses aragiig (converging). [6], [45],
[69-72].

» Subwavelength Focusin§ubwavelength focusing of an image can be achleva
by flat DNG slab. Low spatial frequency features &mcused by reversed Snell's
law, while high spatial frequency features are ecbkd due to the reversed transfer

function associated with surface wave or plasmait&xon [6], [45], [69—72].

* Reversed Snell's Lawhe reversed Snell’'s law which relates the incadeangles

and refraction in materials is possible in DNG noedli

* Negative Refractive IndeXhe refractive index of a medium must be negaiiive

the permittivity and permeability of the medium ammultaneously negative.

» Backward WavesAs mentioned before, the power vector is in thmpasite
direction to the wave vectérand the phase velocity in DNG media. Also, theeec
E, H, andk form a left-handed system in these media. In $siystem, the power
propagates in the opposite directiorkofThus, the plane wave with the wave vector
of k in DNG media is a backward wave [13], [73], [74].

* Energy The simultaneously negative parameters (perntittiand permeability)
can only be realized in frequency dispersive medfa.the parameters are
simultaneously negative, it should be better taene\the equation of the energy. The

common energy equation is given by

W =¢E2+uH?2. (2.9)

If there is neither frequency dispersion nor absonp we can not have
simultaneously negative parameters. When thereeguéncy dispersion, Equation
(2.9) must be replaced by

15



w =98 g2 0(pa) o (2.10)
ow ow

For the energy to be positive, it is required that

M >0 (2.10a)
ow

opa) L. (2.10b)
ow

These inequalities do not mean that the parameians not be simultaneously
negative, but for them to hold it is necessary that permittivity and permeability
depend on the frequency [13].

2.4 Negative Refraction

DNG metamaterials have simultaneously negative pevity and permeability as

stated before. These stand in the third quadrathepermittivity and permeability
(e —u) diagram which is shown in Figure 2.2. As it igsdrom the figure, there are
four possibilities for sign of the paig, (©) which are (+, +), (-, +), (-—), and (+,-).
Basically, the first combination is well known iroreventional or right-handed
materials and the third one corresponds to the class of DNG metamaterials. For
the other two combinations, there are only evangseeves since one of the

permittivity or permeability values is negative ahé other is positive.
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I I
e<0,u>0 e>0,u>0
n=j|elu00 n=+/gu00,n>0
plasmas isotropic dielectrics
metals at optical frequencieg right-handed (RH) /
evanescent wave forward-wave propagation
» &
1 \Y,
e<0,u<0 e>0,u<0
n=-yJl&|0u|00,n<0 n=jelpu|C0O
DNG metamaterials ferrites
left-handed (LH) / ferromagnetic materials
backward-wave propagatior evanescent wave

Figure 2.2: Permittivity and permeability£ ) diagram.

The refraction index is very significant paramesdrich is mentioned in Figure
2.2. The refraction index of a medium is definedhasratio of the phase velocity of

a wave in a reference medium to the velocity ofrtfeglium itself. In general, it can
be written as

(@) =& (@) (@) (2.11)

where &(w) and u(w) are the frequency dependent relative permittivairyd
permeability, respectively. For DNG metamateritig, frequency dependent relative
permittivity and permeability are negative,(fv) < 0 andu(w) < 0} in a certain
frequency band. Thus, we may write
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£, (@) =&, ()] Bxp(i 7) (2.12a)

14, (@) =44, (00| X 7). (2.12b)

Then Equation (2.11) becomes

(@) =/l (@) 4, (@) Bxp@Rj )

= Jl& (@), ()| @xp(j 1) (2.13)

=—|& (@) 4 ()

The refraction indexi and its sign are important in the wave propagafidre sign
of refraction index is positive in the conventiomahterials in which the relative
permittivity and permeability are simultaneouslysiioe. Eventually, we deal with
the forward-wave propagation. But, in DNG metamatsrin which the relative
permittivity and permeability are simultaneouslygagve, the sign oh is negative
and thus there is backward-wave propagation. Irc#ses when one of the relative
permittivity or the relative permeability is negeti and the other is positive, the
value ofn is imaginary, so there is no wave propagation. géeeral sign rules are
given in Table 2.1. The sign of the refraction xa@g#so plays an important role in
the ray diagram. The ray diagram between two diffemedia is given in Figure 2.3.
Negative refraction can easily be observed frons figure. In addition, as it is
mentioned before, the reversed Snell’'s law is jpbssn DNG metamaterials and it

can be determined using Figure 2.3.
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Table 2.1: The sign rules for the refraction index.

>0 <0
,Ur>0 + J
<0 j -

Figure 2.3: Passage of a ray through the boundeinyden two media, 1 — incident
ray, 2 — reflected ray, 3 — refracted ray if theos®l medium is DNG metamaterial

(n2< 0), 4 — refracted ray if the second medium isvemtional mediumr(; > 0).

The usual Snell's law can be written using Figu® 2

sing _

—n. .= |E2t2
sing Ny, " (2.14)
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whereg; andy; are the permittivity and permeability of the filmedium and:; and
u2 are the permittivity and permeability of the sedtomedium, respectively.
Equation (2.14) has to be given a more precise fbthe rightnesses of both media

are different. Thus, it can rewritten as follows

sinH_n _Py

Sing _ Eak
sing  +? o}

(2.15)
&th

wherep; and p, are the rightnesses of the first and second méthée that, the
medium is right-handed or conventional medium; it +1, and left-handed or DNG
medium ifp, = —1. It is obvious from Equation (2.15) that tké&action index of two
media can be negative if the rightnesses of theare@ different. In particular, the
refraction index of DNG metamaterial relative tacwam is negative. Furthermore,
the negative refraction at the interface betweanm different media and the reversed
Snell’'s law can be observed, and the comparisonrefifaction in a DNG
metamaterial to that in a conventional material barseen in Figure 2.4. It is clear

that, Figure 2.4 is the basic verification of tkgersed Snell’s law.

Conventional material

n>0

DNG metamaterial

Figure 2.4: Negative refraction at the interfacenaen two different media.
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Moreover, it is a well-known and established remdgtechnique that calculates
an image of a scene by simulating the way raysgbt ltravel. It is called the ray
tracing technique. An example, regarding reflectisrshown in Figure 2.5 [75]. The
rod appears broken towards the left-hand side “wheng” side — for a negative
index when looking at the side of the glass. Nb&t the rod appears broken towards
the rear if one directly looks at the air-"watenterface in (c) because rays traveling
from the under-“water” part of the rod towards tlear are negatively refracted at

this interface towards the observer [76].

(b)

Figure 2.5: (a) Calculated ray tracing image of etahrod in an empty drinking
glass. (b) Same scenery, but the glass is fillett mormal water, leading to leading
to ordinary refraction. (c) The water is replacgdWwater” with a fictitious refractive

index.
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2.5 Summary and Discussion

In this chapter, the fundamentals of DNG metamalteare reviewed and examined.
The dispersion characteristic of this medium istliyr given and dispersion equation
is determined. Secondly, plane waves in these madiaexamined. Left-handed
system and the relation between the wave numbefpawers in such media are
illustrated. Then, the unusual and extraordinagtuees of DNG metamaterials are
discussed. Reversed Doppler Effect, reversed a@lerenkov radiation, Goss-
Hanchen effect, lensing effect, subwavelength fgysreversed Snell's law,

negative refractive index, backward waves, andsthetion of the energy in DNG

metamaterials are mentioned. Then, the phenomenoegative refraction is studied
in detail. In this way, the basics of DNG metamiaterare review and the DNG
phenomenon are described. All of these works valubeful and they can provide to
easily understand the concept of DNG metamategafsecially in the following

chapters.
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CHAPTER 3

CHARACTERIZATION AND REALIZATION OF DOUBLE NEGATIVE
METAMATERIALS

3.1 Introduction

The characterization and realization of DNG metamals are very important
because the physical models of DNG metamaterialslasigned and created in the
base of these descriptions. For this reason, it valtried to investigate how the
DNG metamaterials are formed. In this research, DiN&amaterials are described
using analytical/theoretical and physical/practicabdels. Hypothetical, Lorentz,
Drude, and cold plasma medium models are explait@dproduce DNG
metamaterials in the analytical models. Basic priogeeof these medium models are
given in detail and some numerical examples are plovided to illustrate the
features of them. After that, physical models aheirt properties are explained.
Furthermore, the relation between the analyticdl imysical models is also studied

throughout this chapter.

3.2 Analytical Models

From the past to the present, DNG metamaterialse vebraracterized by many
models consisting of non-dispersive and dispersivedia. Here, some DNG

metamaterial models and their basic propertiesheiltliscussed.
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3.2.1 Hypothetical DNG Medium Model

Hypothetical DNG medium is the theoretical mediumhwboth negative isotropic
dielectric permittivity and permeability, firstlyuggested and investigated by
Veselago in 1967. Basically, this medium is a n@persive medium and the
material parameters (permittivity and permeabiliegn be selected directly from
negative values such as —4¢, and p = -2 For this selection, the refraction index
n can be calculated from Equation (2.13)ras -2.8284. In addition, the wave

numberk becomek = k,n = —2.8284, wherek, is the free space wave number.

3.2.2 Lorentz Medium Model

Lorentz medium is a frequency dispersive mediunwinch the permittivity and
permeability of the material are the function of firequency. These materials have
resonance phenomena caused by the oscillatioreadldttron and nuclei subject to
an applied field. Lorentz was the first to studglsphenomena when developing the
theory of the electron. The model conceptuallyaee$ the atoms and molecules of a
real material by a set of harmonically bound etattoscillators, resonant at some
frequencyw,. At frequencies far belows, an applied electric field displaces the
electrons from the positive core, inducing a pakaion in the same direction as the
applied electric field. At frequencies near theoresice, the induced polarization
becomes very large, as is typically the case imnasce phenomena; the large
response represents accumulation of energy overyn@ycles, such that a
considerable amount of energy is stored in the umedelative to the driving field.
So large is this stored energy that even chandiagign of the applied electric field
has little effect on the polarization near resoredriat is, as the frequency of the
driving electric field is swept through the resooanthe polarization flips from in-
phase to out-of-phase with the driving field ané thaterial exhibits a negative
response. If instead of electrons the material mese were due to harmonically

bound magnetic moments, then a negative magnetponse would exist. Though
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somewhat less common than positive materials, inegataterials are nevertheless
easy to find. Materials with negative include metals (e.g., silver, gold, alwm) at

optical frequencies, while materials withnegative include resonant ferromagnetic
or antiferromagnetic systems [77, 78]. As a resthlle shape of the dispersive
components of the material parameters for DNG matanal can be described by

using Lorentz medium model.

The generalized permittivity and permeability ofstinedium can be expressed
as [77] (see also [2, 36—-38, 78-82])

f2_f2
e(f)=¢,|1- %0 3.1
(f) { fﬁ4£ﬂ¢f] (3.

(f)=p,|1- fnp = f (3.2)
H Ho f2-f2 +jo. f '

wherefep, fmp are the electric and magnetic plasma frequentig$n, are the electric
and magnetic resonance frequencies, aydo, are the electric and magnetic
damping frequencies, respectively. As it can balipted from Equation (3.1) and
Equation (3.2), the permittivity and permeability borentz medium can be
simultaneously negative over a certain frequenaydbdn light of Equation (3.1) and
Equation (3.2), some numerical examples are prdpgarsee and understand how the
material parameters @nd p) of Lorentz medium work. For simplicify, = frmp = fp,

feo = fmo = fo, @andde = o = 6 are selected to obtain the same response for the
permittivity and permeability. The following valuase considered, = 20 GHz f, =

5 GHz, andd =0, 0.1, 1, 10, 100 GHz. Figure 3.1 shows thatired permittivity and
permeability of Lorentz medium when the dampingjérencies change. According
to the theory of electrodynamics, the real partshef permittivity and permeability
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are negative while the imaginary parts of themmositive for DNG medium. This
condition is satisfied for all numerical resultstabed here. There is no imaginary
part for the permittivity and permeability when ti@emping frequency is zero. This
means that the medium is the lossless Lorentz medilso, the negative band for
the permittivity and permeability is narrow in Late medium model. In addition,
from the results obtained, the width of negativad&s directly proportional with
increasing the damping frequency. In addition, ¥ge aee that if damping frequency
o is very large, the plasma effect will completelisappear. Furthermore, the

negative region occurs between the plasma andaaserfrequencies.

Relative Permittivity and Permeability
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Figure 3.1: Relative permittivity and permeabildy Lorentz medium for different

damping frequencies.
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Figure 3.1: (continue) Relative permittivity andrpeability of Lorentz medium for
different damping frequencies.
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Figure 3.1: (continue) Relative permittivity andripeability of Lorentz medium

versus frequency for different damping frequencies.

3.2.3 Drude Medium Model

Drude medium model is simply a special case of ltbeentz medium model in
which the electric and magnetic resonance freqesnaie zerofg, = fro = 0. This
model is used in many studies such as those reportg85], [41], [78], [80], [83],
and [84]. Generally, this model can be used to ri@s¢he collective oscillation of
free electrons in metallic materials. The frequertdgpendent permittivity and
permeability of the medium can be easily determifieain Equation (3.1) and

Equation (3.2) as

fe2
f 2
u(t) = ﬂo{l_fz_'_—r}]pé.f] (3.4)
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Note that, the simultaneously negative frequencgdbéor the permittivity and
permeability is not narrow as in the previous motigre, this band is wider than the
band of the Lorentz medium model as it can be ekserfrom the material
parameters and 1. Some examples are presented numericatipgerve this band.
Plasma and damping frequencies are selected tasd each other for simplicity
(fep = fmp = fp, @ndde = dm = 0). The frequencies are selectedfgs: 20 GHz and =

0, 1, 100 GHz. Figure 3.2 presents the relativengvity and permeability of
Drude medium against the frequency when the damfygmuencies change. The
requirements of DNG medium, R 0, Re(n) <0, Im&) > 0, and Im(n) > 0, are
again fulfilled in all numerical results. Lossld3sude medium, In¥)= 0, and Im(u)
= 0, is obtained whed = 0. Negative band for the permittivity and periibty is
wide in Drude medium model. The width of negatiaad is not more affected from
the damping frequency except its high values sl @G GHz. In addition, the
imaginary parts of the permittivity and permeabpiltan be negligible at high
frequencies. Comparing Lorentz and Drude modetsirit be seen that Drude model
has wider negative band than Lorentz model. Thigatiee band is more easily
arranged in Drude model. Also, the damping freqyeimc Lorentz model has a
significant effect while managing the negative pénaity and permeability. In turn,

it has not such a significant effect in Drude model

Relative Permittivity and Permeability
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Figure 3.2: Relative permittivity and permeability Drude medium against the

frequency for different damping frequencies.
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Figure 3.2: (continue) Relative permittivity andrpeability of Drude medium

against the frequency for different damping frequies

3.2.4 Cold Plasma Medium Model

Another frequency dispersive medium is the coldmpia medium which has Lorentz
type dispersionk-w relation) relation. This model has also frequendependent
material properties(f) and p(f). The cold plasma medium model can be obtained
from the Drude medium model when the electric armdymetic damping frequencies
are set to be zerée = om = 0. Thus, the Drude medium will reduce to coldspha
medium as [45, 80, 85-87]:
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f2
g(f)=g{1—§} (3.5)

f 2
u(t)= u{l—%} (3.6)

Note that, the cold plasma medium model paramdtave pure lossless material
parameterse and p which means the frequency dispersive andlees DNG

metamaterials can be characterized using thesemptees. This is the main
difference among the other models. Numerical examfir cold plasma model are
provided wherfep = fp = fp. The following values are considerdgl= 1, 10, 30, and

50 GHz. Figure 3.3 displays the relative permityivand permeability of the cold
plasma medium for various$,. The negative band for the permittivity and
permeability in the cold plasma model is widest aghthe other models. Also, this

band is more easily managed in this model thaothers.
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Figure 3.3: Relative permittivity and permeabilay the cold plasma medium as a

function of the frequency for various plasma freagies.
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3.3 Physical Models

Nowadays, the realization of DNG metamaterial ire tmacroscopic view is
achievable and feasible by replacing the successionetallic rings and rods (wire
strips) in a homogeneous host medium. This appr@aphbssible since the rings and
the separations between the rods are very smallpamd to the operation
wavelength. In this approach, metallic rods areduseprovide negative permittivity
and metallic rings for negative permeability. Thedses of the negative permittivity
due to the metallic rods and the negative permiéabile to the metallic split rings
respectively can be found in Pendry’s works [35, 3&en, the combination of rods
and rings was firstly presented by Smathal. [37]. The first metamaterial realized
by Smith and his group is shown in Figure 3.4. Ting metamaterial consist of

periodic metallic rods and circular split ringsarost medium.
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Figure 3.4: First metamaterial comprised of meatatfids and circular split rings.

After the first metamaterial, several methods aedy\vadvanced technological
facilities to generate new types of metamateriasehbeen developed by many
research groups. Especially, design of split rihgsed on the shape and geometry
has been gained importance day by day in recems.yBamerous types of different
ring and ring-like structures such as circular,agiQ2-shaped, U-shaped, S-shaped
and etc. are used to produce new metamateriateelhght of the known structures,
triangular split rings are proposed in this thegisch is not studied yet. These will
be discussed in the subsequent chapters. Note filoah, the simulations and
measurements, the permittivity and permeabilityhef physical metamaterials were
shown to obey a Drude model and a Lorentz modspeively. As in explained in
the previous sections, the permittivity of Drudedmen has wide negative band and
its imaginary part can be negligible at high fremgies. But, the negative region
occurs between the plasma and resonance frequdocibe permeability of Lorentz
medium. This region is not wide as in Drude mediumpractice, the mentioned
frequencies and the negative band are depend osh#pe, geometry, size, class of
the metallization and host medium, and many othetofs. Detail explanation for
the behavior of the permittivity of Drude mediumdathe permeability Lorentz
medium can be found in Sections 3.2.2 and 3.2.8v,Nowill be better to give some
examples numerically for the refractive index ofygibal metamaterials. These
examples are not exact response for the refragtidex of physical metamaterials.

These are approximate examples to understand ttimagsd behavior of the
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refractive index of them. Note that, the refractivelex is calculated from the

equation ofn=,/&, 4, using the theory explained in Chapter 2.

In the first example, the effect of the dampingyfrency on the refractive index
is investigated. It provides to conclude the losct of metamaterial structure due
to the metallization and host medium. The thecaétarves for the refractive index
are calculated using the following parametéss= 18 GHz,fnp = 15 GHz,fo = 12
GHz [88], andde = om =0 = 0.5, 5, and 10 GHz. Figure 3.5 shows the rafract
index, n, as a function of the frequency when the dampiaguency changes. As it
is seen from the figure, negative band occurs bstwihe magnetic resonance
frequency and magnetic plasma frequency (12 GHzl&&Hz). This means that
the permeability is more effective than the perritit in the computation of
negative region. In practice, the metallic spliigs play the main roles when the
negative frequency band formed. In addition, thed part of the refractive index,
Re(), is zero before 12 GHZ € fy) and between 15 GHz and 18 GHgp(< f <
fep). Also, it is positive after 18 GHZ¢( < f ). The imaginary part of the refractive
index, Im{), is positive before 18 GH1 € fep) and it is zero after 18 GHE<f).
Furthermore, from Figure 3.5(a), Im(is zero in the negative band when the
damping frequency is small enough. In practice,réfeactive index of the feasible

metamaterials generally has the following form:

<O fpo<f<fy

Re(){=0 f<f,, and f,<f<fg (3.7)
>0 f>f,

mm 0 (3.9

m(n : :
=0 f>fg
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Moreover, when the damping frequency is high, tlegative band deforms and
metamaterial structure does not work well in thgatiz#e region. Thus, the damping
frequency must be chosen carefully in the numeredtulations. Physically, the
damping frequency represents the electric and nmi@gosses which are included in
the metallization and host medium. So, the mettin and host medium must be
selected carefully to make the metamaterials. Thigery important in the design,
realization, and fabrication of them. Thus, it ¢ensaid that the results obtained here
is very useful in the manufacturing process whersosing the metallization and host

medium.

In the second example, the refractive index is aatexb for the various plasma,
resonant, and damping frequencies different tham phevious example. The

computed results are presented in Figure 3.6. dll@ifing parameters are used:

fep=12.8 GHzfmp = 10.95 GHzfn, = 10.05 GHz, ande = m =0 = 10 MHz [38] for
Figure 3.6(a);

fep = 12 GHz,fnp = 12 GHz,fno = 10 GHz, ande = dm = J = 100 MHz [80] for
Figure 3.6(b); and

fep= 20 GHz fnp= 7 GHz,fno = 25 GHz, ande = 6m = 0 = 1 GHz for Figure 3.6(c).

As it seen from Figure 3.6(a) and Figure 3.6(®gtrency response of the refractive
index satisfies the conditions given in the equei(8.7) and (3.8). In Figure 3.6(b),
the imaginary part of refractive index is zero aftg (10 GHz) and it is greater than
zero before this frequency. The real part of izeso beforefy,, (10 GHz), it is
negative betweefy, (10 GHz) andn, (12 GHz), and it is positive aftés, since the
electric and magnetic plasma frequencies are expcl other. The bandwidth of the
negative region in Figure 3.6(c) is wider than thkers. The results show that for
well designed metamaterials, it is necessary towknbe effect of the shape,
geometry, size, class of the metallization and huwsdium of the structure.
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3.4 Summary and Discussion

The work in this chapter involved the modeling DN®tamaterials associated with
the analytical and physical models. First of alN® metamaterials are defined using
the theoretical formulations given in the analyticaodels. In these models,
hypothetical, Lorentz, Drude, and cold plasma meali@a used to define DNG
metamaterials. Basic properties of the mentionedimne models are given and then
DNG metamaterials are constructed using them. Enmigtivity and permeability of
each medium model and their characteristics artagqu. Then, physical models of
DNG metamaterials are clarified and the main festwof them are presented. The
behavior of the permittivity and permeability oktphysical DNG metamaterials are
illustrated. The relationship between the analytisad physical models is also
mentioned. In addition, numerical results are ptedito show the characteristics of
the models. After detail investigation, the chagdehtion and realization of the
analytical and physical DNG metamaterials are dedudhis is very important
because the design and manufacturing processémsed on these aspects. So that,
these work will provide some views to understand/ NG metamaterials can be
created analytically and physically. Consequerdly,results obtained here can be

used in the design and fabrication processes tiereew DNG metamaterials.
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CHAPTER 4

WAVE PROPAGATION IN DOUBLE NEGATIVE METAMATERIALS

4.1 Introduction

In this chapter, electromagnetic wave propagatloough the DNG metamaterial
will be discussed. Reflection and transmission fadehts will be derived to account
for the reflected and transmitted fields by the rmary. Normal and oblique
incidence cases will be considered and detail tiy&son for the monochromatic
incident plane wave will be given. The effect ok thtructure parameters on the
reflection and transmission will be pointed outefhthe slab of DNG metamaterial
embedded between two different semi infinite digleanedia will be constructed
and examined. The reflection and transmission mefits; and the reflected,
transmitted, and loss powers will be derived far BING metamaterial slab. After
that, DNG slab will be characterized by the fourdimen models explained in the
previous chapter to find the scattering charadiesi®f it. Some numerical examples
will also be provided to show these characteristi&l$ numerical examples are
verified and validated using transmission line miogemethod (TLM) which will be
explained in Appendix. In addition, some simulatigifi also be given to show the
application of the DNG metamaterial. Especiallyg #pplications of flat lens and
parabolic wave refractor will be presented in thassulations.

39



4.2 The Case of Normal Incidence

In this section, the reflection and transmission tfee monochromatic plane wave
with normal incidence on a semi infinite DNG metaenial will be discussed. In the
analysis, the standard procedure will be followedobtain the reflection and
transmission coefficients. First of all, two plamaundaries of double positive (DPS)
and DNG media are considered by assuming the intidave is traveling from the
DPS medium to the DNG metamaterial. Here, DPS nmmednepresents the
conventional dielectric material. The incident waseassumed to be perpendicular
(normal incidence) to the planar interface formgdtwo semi infinite media. The
geometry of the problem is illustrated in Figuré&.4n the figureE, H, andk stand
for the electric field, the magnetic field, and thhave number of the related media.
Also, & andy; (er andwy) represent the permittivity and permeability of ®medium

(DNG metamaterial).

AX

DPS medium DNG metamaterial
&§>0,4>0 &§<0,u <0

[
»

Z

E; =
R |
Hi H:

Figure 4.1: Reflection and transmission at nornmgidence by two planar semi
infinite DPS and DNG media.
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Therefore, the incident electric and magnetic 8eldith the wave numbek;

(=w\/ 14 ) can be written as follows:

H, =a, % E, [exp(- jk; 2) (4.1b)

whereE; is the amplitude of the incident electric fieldotd that, expft) is assumed
time dependence and it is suppressed throughanitrik. The reflected electric and

magnetic fields can be expressed as:

E, =a,E, [exp(k; 2) (4.2a)

H, =-a, % E. exp(jk; 2) (4.2b)

whereE; is the amplitude of the reflected electric field.the transmitted medium
(DNG metamaterial), the transmitted electric andynegic fields are:

E, =a, E [exp(ik, 2) (4.3a)

H, =a, % E, @xp(ik, 2 (4.3b)

t
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whereE; is the amplitude of the transmitted electric fiakdk; is the wave number

of DNG metamaterial.

The reflection and transmission coefficients wdlnbe determined by enforcing
continuity of the tangential components of the #leand magnetic fields across the

interface. This continuity at the interfacezof O leads to

E +E =FE (4.4a)

S (E-E)=SE. (4.4b)
al; W,

t

In electromagnetics, the reflection (transmissicogfficient is defined as the ratio of
the amplitude of the reflected (transmitted) fiegddthe amplitude of the incident
field. Solving Equation (4.4a) and Equation (4.&dgether using the definition of the

reflection and transmission coefficients, we carenthat

R:KM‘KM (4.5a)
Kt + Ko

__ 2Kip (4.5b)
kit + K
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Therefore, the plane wave reflectioR ) and transmissionT() coefficients are
functions of the constitutive properties, and tlaeg given by Equation (4.5a) and
Equation (4.5b).

Plots of the magnitude of reflection and transmoissioefficients versus relative
permittivity of hypothetical DNG medium are presshtin Figure 4.2. Here, DPS
and DNG media shown in Figure 4.1 are assumed foelkespace and hypothetical
DNG metamaterial, respectively. Note that, the hligptical DNG medium model is
explained in the previous chapter. The followin¢uea are used in the computations:
& = & andy; = uo for free spacey; = —u, for the hypothetical DNG metamaterial for
Figure 4.2(a), angd; = —5u, for the hypothetical DNG metamaterial for Figur2(8).

It is observed in Figure 4.2 that there is a re@permittivity where the reflection
coefficient vanishes and the transmission coefiicieduces to unity. The magnitude
of reflection coefficient decreases whereas thathef magnitude of transmission
coefficient increases up to this relative permityivof the hypothetical DNG
metamaterial. After this value, the magnitude diexion coefficient increases while
the magnitude of transmission coefficient decreages it is well known that
reflection coefficient becomes zero and transmissioefficient becomes one when
the matching condition of = — = &, andw; = —u: = uo 1S satisfied. This can be seen
in Figure 4.2(a). The same situation occurs whenrgiative permittivity and the
relative permeability become equal to each othéir@n be seen from Figure 4.2(b).
Mathematically, this is obvious from Equation (4.8ad Equation (4.5b). Note that,
the magnitude of reflection and transmission cogffits versus relative permeability
of hypothetical DNG medium shows the same behasadn Figure 4.2(a) wheg =
-1 and as in Figure 4.2(b) whep = -5. It means that the reflection coefficient
vanishes and the transmission coefficient becomesy uwhen the relative
permittivity and permeability are equal to eacheoth
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Figure 4.2: Magnitude of reflection and transmissimoefficients versus relative

permittivity of hypothetical DNG medium.

4.3 The Case of TE Wave Incidence

In this part, the case of TE wave incidence fromefrspace upon a DNG
metamaterial is studied. The incident electriadfisl assumed to have amplitudeEpf
and points in thg-direction as shown in Figure 4.3. In this figureandu; (er and)
stand for the permittivity and permeability of DRf@dium (DNG metamaterial). So
that, the incident electric and magnetic fieldshwtiie incident angle of; and the

wave numbek; (=w,/ & ) can be expressed as:

E; =a, E [exp[-jk; (xsing +zcosf])] (4.6a)

H, =(—a, cosg +a, sim9i)i E; [exp[- jk; (xsing +zcos8)] . (4.6b)
ap.
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Figure 4.3: Reflection and transmission of TE wawgs$wo planar semi infinite DPS
and DNG media.

Similarly the reflected electric and magnetic feetthn be written as follows:

E, =a, E [&xp[-jk; (xsing —zcosq)] (4.78)

H, =(a, cosd +a, sinéﬁ)% E, [exp[- jk; (xsin@ - zcosd)] (4.7b)

whereE; is the amplitude of the reflected electric fieddso, the transmitted electric

and magnetic fields can be written as:
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E, =a, E [&xp[-jk, (Xxsing —zcosh,)] (4.8a)

H, =(-a, cosb, —a, sinéft)LEt (exp[-jk; (xsing, —zcosE,)] (4.8b)
au

t

whereE; andk; are the amplitude and wave number of the transchigtectric field,

andé; is the transmission (refracted) angle.

The reflection and transmission coefficients, ahe trelation between the
incident, reflected, and transmission angles canobtined by applying the
boundary conditions on the continuity of the tariggrcomponents of the electric
and magnetic fields. That gives the following relatknown as Snell’s law.

ki sing =|k; sing, | (4.9)

Using Equation (4.9), the continuity of the tang@ntomponents of the electric and

magnetic fields yields:
E +E =F (4.10a)

icos@i (-E +E,) = —Lcosé?tEt : (4.10Db)
- a,

| t
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Solving the above two equations simultaneouslyther reflection and transmission

coefficients by means of their definitions giverthe previous section leads to:

R= ki t4 cOSE, — K 44 COSG,

4.11a
K14 0S8 + K 44 COSA, @413

2K 4 cos4

- _ (4.11b)
ki 14 COSB, + Ky 4 COSG,

R andT of Equation (4.11a) and Equation (4.11b) are Ugueaferred to as the plane
wave Fresnel reflection and coefficients for thesecaof TE wave incidence

(perpendicular polarization).

Now, same numerical example is provided to showadtiect of the incident
angle on the reflection and transmission coeffiisefhe classifications of DPS and
DNG media shown in Figure 4.3 are assumed freeespad hypothetical DNG
metamaterial, respectively. The permittivities gr@dmeabilities ares; = ¢, andy; =
o for free spaces; = %, andu; = —u, for the hypothetical DNG metamaterial for
Figure 4.4(a), and = —%, andu; = —5u, for the hypothetical DNG metamaterial for
Figure 4.4(b). From Figure 4.4, the reflection @mmhsmission coefficients show
ordinary increasing and decreasing behaviors, otispdy. Note that, | becomes

zero andT| becomes one when= —¢, andu: = —uo.
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Figure 4.4: Magnitude of reflection and transmiesawefficients as a function of
incident angle for hypothetical DNG metamaterial.< o, i = to; () &t = =560, it =
—to; (B) & = —Seo, ut = —uo}-

4.4 The Case of TM Wave Incidence

A x
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Figure 4.5: Reflection and transmission of TM wabgstwo planar semi infinite

DPS and DNG media.

48



In the previous two sections, we examined waveescéfin and transmission under
normal and TE wave incidence. Let us now examieerdflection and transmission
of waves under TM incidence. The geometry of thabj@m is shown in Figure 4.5.
Using the same method outlined in the previous s&otions, we can write the

incident, reflected, and transmitted electric arafjnetic fields as:

H; =a, H; [éxp[- jk; (xsing +zcosh)] (4.12a)
E; =(a, cosd —-a, sinéﬁ)% H; [exp[- jk; (xsing + zcos8)] (4.12b)
H, =-a, H, [&xp[-jk; (xsing —zcosb)] (4.12¢)
E, =(a, cosg +a, sinéﬁ)% H, [exp[-jk; (xsing —zcos8)] (4.12d)
H, =a, H, [&xp[-jk, (xsing, - zcosh,)] (4.12¢e)
E, =(a, cosd, +a, sin@t)% H, [exp[-jk; (xsing, —zcosE,)] (4.12f1)

t

whereH;, H;, andH; are the amplitudes of the incident, reflected, aadsmitted
magnetic fieldsk;, andk; are the wave numbers of the incident and tranechitt
fields, 6, and 6; are the incident and transmission angles. Them,plane wave

reflection and transmission coefficients of a plainéerface for TM wave incidence

49



can be formulated by imposing boundary conditionthe interface. Thus, at= 0,

we have
ki sing =|k; sing, | (4.13a)
H -H, =H, (4.13Db)
%cos@i(Hi +Hr):%coseth. (4.13c)

i t

At last, solving Equation (4.13b) and Equation 8&)1together, the plane wave

Fresnel reflection and coefficients for the caseTM wave incidence (parallel

polarization) can be found as:

R= -k & cosg +k.&, cosb, (4.14a)
k &, cosd +k.& cosh,

- k&cosf (4.14b)
k &, cosg +k.& cosg,

The effect of the incident angle on the reflectaomd transmission coefficients is
presented numerically in Figure 4.6. DPS and DNGliemshown in Figure 4.5 are
assumed free space and hypothetical DNG metamlatetias; = ¢, 1 = uo for free
spacegr = —5%eo, 1t = —1o for the hypothetical DNG metamaterial for Figuré(d),
ande; = —5,, it = —5u, for the hypothetical DNG metamaterial for Figur6(®). It is
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apparent that there is a Brewster angle wheredfiection coefficient vanishes at
66°. After the Brewster angleR|| increases. The transmission coefficient shows
decreasing response for both selections. From &iguB(b), the same response
occurs as in Figure 4.4(b) when= —-%,, i = —5u0. Note that,R] = 0 andT| =1

wheneg; = =, andu; = —o.

™ wave
1 1 ~——
IR|
,,,,,, T ~
0.8 il 0.8 )
Eooer - E 06
© N © \
% \\\ % \
_ 04 hN 17— 04 N
x N o \
0.2 02 \
0 ‘ ‘ \ 0 ‘ ‘ :
0 30 60 90 0 30 60 90
@) incident angle ei (degrees (b) incident angle ei (degrees

Figure 4.6: Magnitude of reflection and transmissmoefficients versus incident
angle for hypothetical DNG metamateriad;  eo, i = to; () &t = =50, it = —Ho; (D)
& = =560, it = —Buo}-

4.5 Reflection and Transmission by Double Negativ@lab

A DNG metamaterial has interesting properties witeés placed as a slab between
two dielectric media. In the light of previous tareections, it will be demonstrated
that the theoretical and analytical investigatiohslectromagnetic wave propagation
through double negative slab (DNS) embedded bettweersemi infinite media. It is

constructed that a DNS between two different dieleanedia with an incident

electric field of the perpendicular polarizationialhreflects, propagates within the
structure and transmits from the boundary. Aftarexing the electric and magnetic
fields using Maxwell’s equations both inside andsaie the DNS, the reflection and
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transmission characteristics can be determined.cbhéguration of the problem for

DNS comprised of two dielectric media is illustichia Figure 4.7.

&1 M &5 Hs Ero My
DNS
D
0, z>
0, 0.
Ei s kl k;’ kt
0; b,
05
Region 1 Kg Region 111
Region 11
z2=0 z=d

Figure 4.7: Geometry of DNS between two dieleatniedia for perpendicular (TE)

polarized wave incident with an oblique angle.

Region | ¢ < 0) and Region 111 £ > d) are filled with two different dielectric
media which have simultaneously positive permityivand permeability. In turn,
Region 1l (0< z < d) is filled with DNG metamaterial which has simulépusly
negative permittivity and permeability. A perpendarly polarized electric field
with the wave numbs; is incident on a DNS of the thicknedst the incident angle
6. Note againexp(jwt ) time dependence is assumed and suppressed thrudugho
this work. Referring to Figure 4.7, the incidergatic field with perpendicular (TE)

polarization can be written as follows:

E =a, E [@xpl] (ky X+, 2)] (4.15)
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whereE; is the amplitude of the incident electric fiekg, (kix = kising;) andk;; (ki; =
kicog)) are thex- andz-components of the wave numbei(k; = w,/ & ), anday is

the unit Cartesian vector. According to the incidelectric field given in Equation

4.15, the total electric fields in all regions danexpressed as:

E, =ay E @Xp[_j(kixx)] [[bxp(_jkizz)"'Rexp(jkizz)]’ z<0 (4.16a)
Ey =a, exp[-j(ksx X)] DAexp(-jks, 2) + Bexp(jks, z)], O<z<d (4.16Db)
Ey =2, TE @xpl-j(, x+ke, (z-d))], z2d (4.16¢)

whereks andk; are the wave numberR;is the reflection coefficient\ andB are the
amplitudes of the electric fields in the DNS, ahds the transmission coefficient.
Note that, the subscriptss, andt refer to the incident, slab and transmitted medium
respectively. Also, the subscriptsandz represent th&- andz-components of the
related wave numbers, respectively. These compsrfentRegion Il (DNS) and

Region Il (transmitted region) are given by

Kex = ki = kix =ki sin(@) (4.17a)

K, = = 0P E, — k2 (4.17b)

ky, = & 46 — ki (4.17c)
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whereus(i) andeg(e;) are the permeability and permittivity of the DNt&ansmitted
medium). Note that, Equation (4.17a) is known a®llSnlaw which gives the

relation among the-components of the wave numbers. Using the rightt left-

hand procedure with Maxwell’s equations, the magrfetlds for each region can be

written as:

H I :% EaXp[_j(kix X)] |:'ﬂ(_ax kiz +ta, kix ) @Xp[_jki z Z]

+ (ax kiz + az kix )R@Xp[jkiz Z]}

1 . .
H = @Xp[_J(ksx X)] Eﬁ(ax ksz -4, ksx )A@Xp[_Jksz Z]

S

+(-a, ks, —a ks, )BIEXP[jKs, Z]}

|_IIII :E(_ax ktz *ta, ktx)maxp[_j(ktxx-i_ktz (Z_d))] .
al

t

(4.18a)

(4.18b)

(4.18c)

Note that, the wave numbér =|k! F k. |, ki being the propagation vector of

forward wave andk, the propagation vector of the backward wave asvshim

Figure 4.7. In addition, the wave number of the Dsl8efined as

ks =~ e, = (-1 + jud(-eL+ jed) =K + k"

(4.19)

where 1, ., &, &, K" andk”are all positive real numbers. In Equation (4.19),

the real part of the complex wave number has tonégative. Because, for the

lossless DNS whereu; =£.= 0 the complex wave number must turn to
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ks = —aw\/ .5 =-K' which is the common knowledge assumed in manyiestygd5—

S__

66].

To find the reflection and transmission coefficgrthe continuity of tangential
components of the electric and magnetic fieldsh bofphase and magnitude, is used.

The continuity of these fields in phase requires

k sin@ =k, sing, =k sing; F|ksing; |=k, sing, (4.20)

where 8] and g are the reflection angle at 0 and the transmission anglez atd,
respectively. Equation (4.20) gives the relatiotween the incidence, reflection and
transmission angles. From this equation, we obteirk , 8 =6 , and
6, =6; =6, . Now, imposing boundary conditions at the integfaofz = 0 andz =

d, the reflection and transmission coefficients barfound as:

RTE = [(klZ/'[S B ksz/’1| )(kszl’lt + ktz:us) |]am] + [(kizﬂs + kszM )(kszﬂt - ktzlus) @_J:{ﬁ] (421)
[(Kia s+ Koot YKty + Ko hg) T8+ [( 1 — Kol ) (Ko, — k1) 7]

T™E = A Kbl . (422)
(Kl + K ) (Kot + K 1) [T+ (Kt = Kt ) (Kot = Kt 777

wherek,, = k,[tos@,), p=1i,s,t, andg =k, d. Note that,i, 4, andy; are

the permeabilities of the incident, DNS, and tram&t media. By using the same
procedure, the reflection and transmission coeffits for parallel (TM) polarized

wave can be formulated as follows:
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RTM - [(_kizgs + ksz‘ﬂ )(ksz‘gt + ktzgs) @W] _[(kizgs + ksz‘s‘i )(ksz‘gt B ktzgs) @_‘W] (423)
[(Ka&s Ko (Ko, + k) BT+ (K, 6, — K8 (Ko, — k8 (877

TTM =£D 4_kizksz£i£s — (424)
ki [(kizgs + kszgi)(kszgt + ktzgs) |]31¢] +[(kiz£s - kszgi)(kszgt - ktzgs) E? J¢]

where¢g;, £, and¢g, are the permittivities of the incident, DNS, amensmitted

media. Implicit form of these coefficients for bgiblarizations can be written as:

R= Rt Roexp(j2k, d) (4.25)
1+ R, R, exp(j 2, d)

4exp(k.,d)

T= : (4.26)
@+r,)A+r,)+RR,exp(j X,d )]
in which Ry; andRy, are the Fresnel’s reflection coefficients
T R L @20
where for perpendicular polarizations (TE waves)
= ks - ke (4.28)

lor=—7"» T2 ,
Yok, ks,
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and for parallel polarizations (TM waves)

— Eiksz [.= gsktz ) (4_29)

Then, thez-component of the incident, reflected, and tran®dipowers can be

represented as follows:

iz E2
1

P =  andp, = (4.30)

1z ’ F%Z =

&T.Z
M(E)

kiz 2
~iz (RE
M(E)

If the incident electric field is normalized to ggnand DNS is the lossy medium, the

conservation of the power yields

Kath

‘RTE,TM ‘2 + TE, ™™ ‘2 =1-P (4.31)
kiz:ut

0ss*

Note that, the power vector is in the oppositedtios to the wave vectdt and the
phase velocity. The vectoEs H, andk form a left-handed system. In this system,
the power propagates in the opposite directiok.ofhus, the plane wave with the

wave vectok in the DNG medium is a backward wave.
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4.5.1 Numerical Results for Hypothetical DNG mediunas a DNS

Since the reflected and the transmitted powers fanetions of the structure
parameters (the permittivities and the permeabditof the media), the incidence
angle, the slab thickness and the frequency, tflected and transmitted powers
have been calculated as functions of the frequeanay the incident angle for
different structure parameters. Operation frequeascgssumed to bé =10 GHz
and the slab thickness &= A /2 where /A, is the wavelength in free space at the

operation frequency,. The thickness of the slab is assumed to be cwnstaall

calculations. Magnitudes of the permeabilitiestoeé media are select to be equal

(4 =—l, =1 =, ), and six different cases are considered by cingnghe

permittivities of the media. Note that, some paftthis study is presented in [62].

Case (a):|g|<|e,| <|e| (& =9, , &, =4, , &, = &,); the first dielectric medium
Is denser than the other media and the last digleoedium is less dense than the
DNS. The critical angle at interface |8, =41.8 and at interface Il it i€, =30°.
Figure 4.8(a) shows the reflected and transmittesveps, P and B, versus
incidence angle. It is seen that total interndletion occurs for TE and TM waves

at the incidence angle greater than or equdl%t®’, becaused, becomes greater

than g, for 4 219.5.

Case (b): |&|<|e|<|e| (& =9¢,, & =-¢, & =4,); the double-negative
medium is less dense than the other media. Thectel and transmitted powers
versus incidence angle are presented in Figur®)i8( this case. Here total internal
reflection occurs at the critical angle 1.5 . But in this caseP. (R) for the TE

wave does not go sharply to the value of one (z&ftej the critical angle.
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Case (c):|g|<|s|<|e| (& =4¢,, 6,=-%,, & =¢,); The results obtained for
this case are shown in Figure 4.8(c). The critaagle is19.5 at interface Il and
there is no critical angle at interface I. Howe\as, it can be observed form Figure

4.8(c) that the total reflection occués=>30° sinced, becomes greater thd®.5 .

Case (d):|s|<|g|<|e]| (& =¢,, & =-%,, &, = %,); Figure 4.8(d) present®
and P, versus incidence angle for this case. Total réflacmccurs aB0° for TE and

TM waves. R, becomes nearly unity arour&¥° for TM wave. It means that Quasi-

Brewster angle occurs at this angle of incidence.

Case (e): |&|<l|e|<|e| (&=4¢, & =€, 6=%,); The reflected and

transmitted powers as a function of incidence amlgéeshown in Figure 4.8(e) for
the case where the DNS is less dense than thesotblearacteristics of the reflected

and transmitted powers of TE and TM waves are amhdl the case (b) except for the

total reflection angle. Here the total reflectiartors at incidence ang{°.

Case (f):|g| <|&|<|e| (& =¢,, & =—4¢,, £, = %,); Figure 4.8(f) illustrates the
reflected and transmitted powers versus incidemggeawhen the first dielectric
medium is less dense than the other media®@®t total reflection occurs for both

TE and TM waves. Quasi-Brewster angle for TM wageurs around) = 65°.
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Figure 4.8: Reflected and transmitted powers ofahl TM waves versus incidence

angle. Figures on the left hand side denote tHeatefd powers and on the right hand

side denote the transmitted powers. The solid lowsespond to the TE wave and

the dotted lines correspond to the TM wave.
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Figure 4.8: (Continue) Reflected and transmitteevgrs of TE and TM waves versus
incidence angle. Figures on the left hand side @etie reflected powers and on the
right hand side denote the transmitted powers. sitie lines correspond to the TE

wave and the dotted lines correspond to the TM wave

Another important parameter that influences theecédéd and transmitted powers
is the frequency of operation. In this paper, tigected and the transmitted powers
of the TE and the TM waves are calculated at varfoequencies for different values

of &,&,, & . Note that the permeabilities of the media drelthickness of the slab

are the same as in the previous examples. It ssvatsth mentioning that although
the permittivity and the permeability of the DN dunctions of the frequency, it is
assumed that both parameters are constant overqaeficy band in this study.
However, this approximation also allows commentnghe effect of the frequency.

P andR versus frequency are presented in Figure 4.9¢ahtocases,| <|g | <|g|
(g =9¢,, &,=-¢,, £, = %&,) at an incidence angle &f =19° that is very close to

the angle where total reflection occurs. It is st#et, at low frequency values, both

the TE and the TM waves are totally transmittedweleer, as the frequency
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increases, the incident power is almost totallyec#éd in the TE polarization case.
The reflected and the transmitted powers remairosiroonstant over the frequency
range studied for the TM polarization case. Thsuliesuggests the possibility of
separating the TE and TM components of a generaéwaa frequency band for a
given incidence angle, at which the transmitted evess almost the TM polarized

wave and the reflected wave is almost the TE prddriwave. Figure 4.9(b) shows

the reflected and transmitted powers as a funcbbnfrequency for the case
| <|e|<|e| (& =¢, & =-4¢,, =%,). For this case, the incident angle is
chosen to be80°, and it can be deduced thBt and B make oscillations at all

frequencies considered® and R, oscillate as the fraction of the thickness of the

DNS is varied; this caused by interference. Thellason has a period and the

response oPR, and PR is symmetric with respect to this period. For givaructure

parameters, Figure 4.9 suggests the possibilitgoofstructing the reflection and

transmission coatings by tuning the fraction of DNS

Note that, as a first method for the verificatitihe conservation of the power is
satisfied for both polarizations. As a second metreotransmission line equivalent
circuit model is obtained for the structure givenHigure 4.7 [89]. Details of this
method are given in Appendix. Both methods givedtwime numerical values for all
computations. Thus, the results are verified aridlagd by means of two methods.

As a conclusion, at a specific frequency of opertit is deduced that there
occurs total internal reflection or total transnossfor a given permittivity and
permeability set of the structure under investwatiThe frequency also changes the
behavior of the reflected and the transmitted pswér special case, where the
incidence angle is close to the total reflectioglanis also studied and it is seen that
the TE wave is almost totally reflected as the dimery increases as opposed to the
TM wave which is almost totally transmitted throoghthe frequency range studied.
This observation suggests the possibility of sepagahe TE and TM components of

a general wave for a given incidence angle in quieacy band. Furthermore, DNS
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can be used in layered structures for construgtiegreflection and/or transmission

coatings by tuning the thickness of DNS.

1 ]
_I§\SI<I8 d<lel
a” a~ 0.5
0 ‘
@ o 5 10 15 20
1

; | —_ . | | |5i|<|‘gs|<|gt|i
0 5 10 15 20 (b o 5 10 15 20
frequency (GHz frequency (GHz

Figure 4.9: Reflected and transmitted powers ofahld TM waves as a function of
frequency. Figures on the left hand side denotedfiected powers and on the right
hand side denote the transmitted powers. The Bobd correspond to the TE wave

and the dotted lines correspond to the TM wave.

4.5.2 Numerical Results for Lorentz Medium as a DNS

In the previous section, the loss power is not icEmed in the computations due to
the lossless DNS. As it is explained in ChapteL@&entz medium has frequency
dispersive parameters and it is in the form of yossedium. The reflectedr,,
transmittedP;, and los$,ss powers for the Lorentz medium model are calculated
a function of the incidence angle, the frequenay e slab thickness for changing

values of the damping frequency. In the calculatibe DNS is described by using
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the Lorentz medium model in which the permittivatyd permeability of the medium
are given in Equation (3.1) and Equation (3.2)tHa calculations, the following
parameters are used as in References [38] andf{§63,13.0 GHz fn, = 8.0 GHz,
fep = 12.80 GHz, ande, = 10.30 GHz. The electronic damping frequency tred
magnetic damping frequency are selected to be ezpal otherge = 0, = I". The
design frequency is assumed to becdgre 11.5 GHz. The design frequency was
chosen by an arbitrary decision, but it must behi& frequency band where the
permittivity and the permeability of the DNS arettbasimultaneously negative.
Region | and Region Ill given in Figure 4.7 areusmsed to be lossless and the
permeabilities of them are equal to the permeghdftthe free spacey = i = o.
The relative permittivities of them are 1.0 (frgmse) and 16.0 (Germanium),
respectively. The slab thickness is assumed toneehalf-wavelength long at the
design frequencfy when the incidence angle and the frequency chamdest of the
work presented here appeared as a journal amicDpto-Electronics Review [63].

Figure 4.10 shows the reflect®], transmittedP;, and lossP\,ss powers for TE
and TM waves, respectively, as a function of tled@nce angle. We can see that the
reflected power slowly decreases up t8 84 TE wave and up to 89or TM wave.
After this angle, it increases consistently witle thcidence angle for both waves.
The transmitted power remains almost constant upeanentioned angles and after
that it decreases for both waves. The loss powerases between® Gnd 46,
reaches its maximum values betweerf 4bd 45 and after that it decreases
consistently for TE wave. The loss power for TM wahows similar characteristic
as in TE wave. Note that, as the damping frequéhiticreases, the initial values of
the reflected and transmitted powers decrease. fButthe loss power, the initial
value increases with the increasing values of #imaping frequency. In addition, the
low loss condition is happened whe&r= 100 MHz, due to the loss power has small
values. This means that the real part of the pauityt and the permeability of the
DNS are much greater than the imaginary part ahthehis implies the real part of
the complex wave number given in Equation (4.19al& much greater than the
imaginary part of it.
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Figure 4.11 depicts the frequency variation of réféected, transmitted, and loss
powers at the incidence angle of°3®hen the damping frequency changes. The
frequency is changed between 10.31 GHz and 12.79z, Gbecause the
simultaneously negative permittivity and perme#pitian be realized in this range,
according to Equation (3.1) and Equation (3.2).sThainge can be expanded and/or
narrowed by using different resonance, plasma,damaping frequencies that is used
in this computation. It can be seen that, from Fegti11,P;, P;, andP,.ssfor TE and
TM waves have a nonlinear characteristic and viiploperties when the frequency
changes. They show increasing, decreasing andatsoyl behaviours in different
frequency ranges. The oscillatory decreasing aoctasing features of them can be
seen easily. One interesting property is thashows the oscillation characteristic
like one-dimensional Fabry-Perot slab oscillati@holw ~11.5 GHz and it increases
rapidly and approaches to unity after ~11.5 GHz whiee damping frequency
decreases. Thus, it is said that the frequencyrespof the powers has a non-fixed
characteristic in the Lorentz medium model as aueacy-dispersive and lossy
DNS.

Figure 4.12 presents the reflected, transmitted, lass powers for the Lorentz
medium model versus the slab thickness at the enciel angle of 30 The slab
thickness is changed froat5 (0.522 cm) tol (2.609 cm). From Figure 4.12(a), the
reflected power changes like an oscillation functfor all values of the damping
frequency. From Figure 4.12(b), the characterigfithe transmitted power like an
oscillatory decreasing function. But this charaster turns to the ordinary
decreasing function when the damping frequencyeemsss. From Figure 4.12(c), the
loss power varies as the increasing function withinhcreasing damping frequency.
Also, there is some oscillation in the responsetld powers. This allows
constructing the reflection and transmission ca@gtiby tuning the fraction of the
thickness of DNS.
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4.5.3 Numerical Results for Drude Medium as a DNS

In this section, the Drude medium model as a DN&sexd to compute the reflected
Py, transmitted?;, and los$,ss powers versus the incidence angle, the frequendy a
the slab thickness when the damping frequency asardote that, most of this work
is presented in the journal of Opto-Electronics iB&v[63]. The permittivity and
permeability of the Drude medium model are caladatising Equation (3.3) and
Equation (3.4). In our calculationi,, = 10.95 GHz and, = 14.50 GHz are used as
in References [36] and [38]. The electronic and meéig damping frequencies are
selected to be equal each other. The design fregusrassumed to becormie= 6.0
GHz. The slab thickness is again assumed to behalevavelength long at the
design frequency, in which the permittivity and the permeability thfe DNS are
both simultaneously negative when the frequencytaedncidence angle changed.
The permeabilities and the relative permittivitedsRegion | and Region Ill are the

same with the Lorentz medium model.

Figure 4.13 points out the reflected, transmittadd loss powers versus the
incidence angle for TE and TM waves, respectiveline reflected power is
monotonically increasing with the angle of incidentor TE and TM waves.
However, the transmitted and loss powers for bothtves are monotonically
decreasing with the angle of incidence. The vammtin the damping frequency
affects the initial values of the reflected, traitssd and loss powers. The initial
value of the loss power increases with the increpsialues of the damping
frequency. For the reflected and transmitted powedecreases when the damping
frequency increases. In addition, the low loss d@rdis again happened as in the
Lorentz medium model whefi = 100 MHz, due to the loss power has small values

which refers toyg >> 1., £, >> €., andk' >>Kk".

Figure 4.14 illustrates the frequency responseadHected, transmitted, and loss

powers at the incidence angle of°3for the changing values of the damping

69



frequency. Here, the frequency range is betweelGRI® and 10.94 GHz. This range
is wider than the range of the Lorentz medium modethis point, we can say that,
the simultaneously negative permittivity and perhilst can be realized in the wide
frequency band for the Drude medium model morelydblan for the Lorentz

medium model. From Figure 4.14(&), for TE and TM waves displays a slightly
oscillatory rising property up to ~10 GHz and tlieimcreases. From Figure 4.14(b),
P, for both waves behaves as an oscillatory incrgaiinction up to ~10 GHz and
after that it decreases. From Figure 4.14Rg)ss for TE and TM waves shows an
oscillatory decreasing behavior. Thus, it can bd #at, the powers generally have
oscillatory characteristics in the Drude medium elaghich is used as a frequency-

dispersive and lossy DNS for the given configuratio

Figure 4.15 shows the reflected, transmitted, aos$ Ipowers for the Drude
medium model as a function of the slab thicknegbeaincidence angle of 30The
slab thickness is changed frolfb (1.0 cm) tod (5.0 cm). It is observed that, the
characteristic o, of TE and TM waves for this arrangement like agiltzory
function for all damping frequency valueB; for both waves has an almost
periodically decline characteristic whdn = 100 MHz. It shows an oscillatory
decreasing behavior whéh= 500 MHz and” = 1 GHz. On the other hanB,ss for
both waves shows an oscillatory increasing behawith the increasing values of
the damping frequency. Also, the reflection andngmission coatings can be
constructed by tuning the thickness of DNS.
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4.5.4 Numerical Results for Cold Plasma Medium as BNS

Here, the cold plasma medium model as a DNS is tssedmpute the reflected,
transmitted?;, and los$,ss powers versus the incidence angle, the frequendyttee
slab thickness. The main difference of this medamong the others is that it has
frequency dispersive and lossless parameters. €haifbivity and permeability of
this medium are calculated using Equation (3.5) &wguation (3.6). In the
calculations, 8.50 GHz and 14.50 GHz are used Her flasma frequencies. The
design frequency is assumed to becdge 6.0 GHz. The slab thickness is again
assumed to be one half-wavelength long at the deBigguencyf, when the
incidence angle and the frequency varied. The palitiges and the relative
permittivities of Region | and Region Il are thanse with the Lorentz medium
model. In all calculations, dotted line correspomml&, = fn,, = 8.50 GHz, solid line
to fep = 14.50 GHzfy, = 8.5 GHz, and dashed lineftg = f,, = 14.50 GHz.

Figure 4.16 shows the reflected and transmittedepsvwof TE and TM waves
versus incidence angle for the cold plasma mediwdeifor different values of the
plasma frequencies. It is apparent that as thel@ncie angle increases, the reflected
and transmitted powers for TE wave show ordinargraasing and decreasing
behavior, respectively. In the case of TM wavess, iehavior appears only when the
electric and magnetic plasma frequencies are 18139. In the other two situations,
there is Brewster angles around &@d 77 (solid and dotted lines) for TM wave in

which the reflection and transmission coefficidmsome zero and one, respectively.

The reflected and transmitted powers of TE and T&¥eg against the frequency
for the cold plasma medium model are presentedgar€ 4.17 when the incidence
angle is 30 The reflected power for TM wave has more osdilathan the reflected
power of TE wave between the frequency ranges 8f®Hz. Also, the behavior of
the reflected wave for both waves show similar diestpy response as in the Drude

medium (Figure 4.14a). Note that, the reflected groshows also similar behavior
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when the plasma frequencies are 14.50 GHz, butatinge is not given in this figure.
The transmitted power for both waves shows the ¢emm@ntary behavior of the

reflected power.

The reflected and transmitted powers of TE and Tédes for the cold plasma
medium model as a function of the slab thicknesthatincidence angle of 3@re
illustrated in Figure 4.18. The slab thicknessharged fron¥/5 (1.0 cm) tal (5.0
cm). The reflected and transmitted powers for bedlres periodically oscillate when
the slab thickness changes. This oscillation is \isible in the figure when the
plasma frequencies afg = fn, = 8.50 GHz. The reflected power oscillates between
the values of 0.41-0.412 for TE wave and 0.30733%b3for TM wave; and the
transmitted power oscillate between the values .68&-0.59 for TE wave and
0.6905-0.6925 for TM wave. The reflected power bbee® zero for TM wave and it
becomes nearly zero for TE wave periodically. Oa ¢ther hand, the transmitted
power becomes unity for TM wave and it becomes atmmity for TE wave
periodically. For the given parameters, Figure 4stBngly recommends that
possibility of manufacturing anti-reflection andtotal-transmission coatings and/or
filters by tuning the fraction of the thickness BDNS. Thus, DNS can be used in
layered structures for manufacturing the mentiooeatings and/or filters. In many
studies, these coating and filters are obtainedgusiore than one slab. Here, we
obtained these coatings and filters using one DN@. §hus, size reduction for the
layer numbers has been realized in this study.
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4.6 Numerical Simulations

In this section, DNG metamaterial is used to dertrates some simulations of two
semi infinite media (DPS and DNG media) and sirgigdd of DNG material. These
are used especially to create perfect/flat lenss&sactors, surface plasmon, novel
microwave antennas, resonators, waveguides, anfbtfl3], [42—-88]. Here, we
deal with the application of flat lens. Such a flans is not possible with
conventional microwave substrates or materials. ddreept of flat lens is based on
Snell’'s Law of Refraction and is depicted in Fig@& and Figure 2.4. If a point
source is placed in DPS medium, an image of thetgaurce will be reproduced in
DNG medium. DNG medium for the flat lens is reatizesing the commercial
software package, ANSOFT’s High Frequency StrucBineulator (HFSS), based on
finite-element method (FEM) with an effective madi@approach. In this approach,
the substrate of DNG medium is assigned a consiagetive value of permittivity

and permeability in the simulations.

4.6.1 Simulation of DPS and DNG Media

To realize the simulation, two DPS and DNG med&aaeated in HFSS. Figure 4.19
shows the model setup used for the simulation. kage point source is placed in
the middle of the DPS medium and it is expected itisaimage will occur in the

DNG. The refractive index of DNG will be the negatiof the DPS according to the
effective medium approach. In the first example, rigsfractive index of DPS medium

isn = 1.0, while the DNG medium has a negative refractndex ofn = -0.995,
wheren=4=,/¢, 4 . DPS medium is created with a relative permitgivof 1.0 and a

relative permeability of 1.0, while DNG medium wihrelative permittivity of —1.1
and relative permeability of —0.9. The differennghe numerical values between the
DPS and DNG is to create an impedance mismatchravept the formation of
constructive interference at the interface. Afterfprming the excitation and

analysis setup, the simulation can be done to $&ts pf the electric field and
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Poynting vector. They can be seen in Figure 4.20 Figure 4.21. Both figures
confirm that the flat lens works. Since the DNG med supports a backward wave,
the field in this region appears to be moving bamkls as it is seen from Figure
4.20. In addition, Poynting vector is in the oppeglirection of the propagation in

DNG medium as it seen from Figure 4.21.

Figure 4.19: Simulation model of semi infinite DB& DNG media.
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In the second example, another flat lens applinaiso provided using Drude
medium parameters given in Chapter 3. The followiagameters are used to obtain
the permittivity and permeability [573; = —3.5032 4, = —1.0014 for DNG medium
ande; = 9.0, = 1.0 (mica-glass) for DPS medium. Using the spnoeedure as in
the previous example the electric field and Poyntwector can be plotted as in
Figure 4.22 and Figure 4.23, respectively. Bothurigg validate that the flat lens
works for the given parameters. From Figure 4.22an be seen that DNG medium
produces a backward wave and the field is movingkwards. From Figure 4.23,

Poynting vector is in the opposite direction of grepagation in DNG medium.

In the third example, the application of DPS and@hhedia to the parabolic
wave refractor is presented. The parameters of DiNEium is selected to be the
same with the previous example. DPS medium is asdigs the vacuum with =
1.0, 4 = 1.0. By using the same procedure as in the dixaimple the electric field
and Poynting vector can be plotted and they arBigure 4.24 and Figure 4.25,
respectively. As it is seen from Figure 4.24, thexiic field in DPS medium is in
the circular shape. It transmits to the DNG med@amd propagates in the form of
parabolic shape. Thus, this structure can be dedigmd used as a parabolic wave
refractor. Note that, Poynting vector is again e topposite direction of the

propagation as in the previous examples.
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Figure 4.22: Magnitude of the electric field foreteecond examples (= 9.0, =
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Poynting[w/m~2]

5, SEEEe+EAE
5.1563e+AA6
4, 8125e+BEE
4. 4685e+BAE

4. 1250e+A86
3. 7813e+BEE
3. 4375e+0E6
3.8938e+086

2. 7588e+BEE

I 2. 4Y063e+A86
2, 8625e+BEE6

- 1.7183e+0E6
- 1,3758e+B06
1.8313e+006

6. 8758e+AA5

3., 4375e+085
8, A58 e+A08

Figure 4.23: Poynting vector for the second examfle= 9.0, = 1.0 for DPS
medium and; = -3.5032, = -1.0014 for DNG medium)

83



E Field[¥/m] £

2. BEEEe+BRY
1. 8758 e+E0Y
1, 75EEe+BEY
1. 6Z58e+08Y4

1, 5A6E+AAY
1, 37oEe+BEY
1, Z5E8e+E@Y
1, 1258e+B8Y4
1. BEEEe+BEY
G, 7508 e+803
7. SBEEe+BE3
6. Z5EE8e+B@3

I 5, 8008 e+B03

3, 7EEEe+BA3
2. 5AREe+EAS
1, 2508 e+BE3
B, BE0E e +A6E
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4.6.2 Simulation of Single DNS

To simulate the single DNS, the process outlinedhin previous section is used.
Figure 4.26 shows the geometry of the simulatioNGDmedium is assigned using
the same parameters as in [%{]7 —3.5032,u, = —1.0014. DPS-I is the mica-glass
with & = 9.0,y = 1.0, and DPS-II is the vacuum with= 1.0,u, = 1.0. The electric
field is given in Figure 4.27. As it is seen frohistfigure, there is backward wave
propagation in DNS. In addition, the second imafé¢he voltage source is at the
middle of the third medium (DPS-I1). But, the fiigtage of the voltage source is not
at the middle of the DNS. It shifts toward the DP&d DNS interface. This is
caused by interference and impedance mismatcheaintkrface. If the effective
medium approach is used to simulate single DNS fiteeand the second images
will be at the middle of the DNS and DPS-II, redpasty, as it is seen from Figure
4.28. Note that, DPS-I and DPS-II are selectecetthle vacuum, and DNS is created
with & = —=1.1 and4, = —-0.9, in the second simulation.

Figure 4.26: Geometry of DNS used in this simulatio
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4.7 Summary and Discussion

In summary, this chapter has discussed the fundaineproperties of
electromagnetic wave propagation in the presend@\g metamaterial. It was seen
by plane wave analysis, the reflection and transimnscoefficients can be derived
by means of the recursive method and by using -rightl left-hand rules with
Maxwell’'s equations. These coefficients are forrmedafor both normal and oblique
incidences. The effects of the structure paramefstxh as permittivity and
permeability), the incidence angle and the fregyemmn the reflection and
transmission coefficients are also investigated enigally. Analysis of the double
negative slab is also given in this chapter. DN8higracterized by the hypothetical
and frequency dispersive media, in order. Then ptheers of carried by the wave
are computed and examined. In the numerical resties effect of the damping
frequency on the powers for both TE and TM wavgwésented when the incidence
angle, the frequency and the slab thickness chdnigeobserved that, the behaviors
of the powers are very sensitive to the varyingjdency when the medium have
frequency-dependent permittivity and permeabilitypractice, an infinite number of
surface wave modes can exist on the DNG slab mediuinthey do not carry the
power away in both transverse and longitudinaldiioes. Simply, the wave cannot
propagate very far into a metal, but metals areimest to the wave. It is possible for
the wave to be existed at the surface of a metdlG Dnaterials support a host of
surface modes commonly observed at metal surfdoethe physical system, the
surface modes are easily excited on the interfabe.surface modes, however, are
negligible on the surface in some cases due taliserption inside the slab. They
are highly dependent on and very sensitive to theenal parameters. The surface
mode, on the other hand, is sometimes unaffectddray can be removed if the top
and bottom interfaces are coated with a thin PE@rlasince the PEC-vacuum
interface does not support a surface mode. Invibik, the material parameters are
arranged to allow the surface modes are negligibl@ot impress the scattering
characteristics (reflection, transmission, and)edt.the frequency dispersive and
lossy DNG slab. In addition to the surface wave espdve can talk about the
relation between the scattering characteristicsDING slab and Fabry-Perot

condition/resonance. If the Fabry-Perot conditian fulfilled, the unwanted
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reflections can be reduced and/or eliminated. Alstutne reflections can be nearly
cancelled out and it can be achieved to the togaistmission. The maximum and
minimum transmissions occur if the transmitted vgaaee in phase and out-of-phase,
respectively. Whether the multiply-reflected waweee in-phase or not, depends on
the wavelength of the wave, the angle of the wéwe thickness of the slab and the
refractive index of the material. The Fabry-Peegonances can be observed from
where the transmission power has maximum and mmmalues. In addition to
these, the results show that the manufacturing raf-raflection and/or total-
transmission coatings and/or filters is achievable using the suitable design
process. Furthermore, the combination of DPS andsDhedia are simulated to
show the perfect/flat lens and the parabolic wafeactor applications. It can be said
that these combinations can be used to manufaitteneew lenses and refractors. At
last, these results can be used to analyze, fabrigad integrate the metamaterials in

various structures.
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CHAPTER 5

DESIGN AND ANALYSIS OF STRATIFIED STRUCTURES

5.1 Introduction

This chapter will present the analysis of electrgnaic wave interaction with the

multilayer media comprised of pure DNG metamatsraadd mixed DNG-DPS slabs.

Theoretically, the multilayer structure is formedrh N pieces slabs with different

material properties and thicknesses. The inciddattrec field is assumed a

monochromatic plane wave with any arbitrary poktitn. Transfer matrix method

will be used in the analysis. After obtaining tHectric and magnetic fields both

inside and outside the multilayer structure andasipg the boundary conditions, the
transfer matrix can be obtained. Note that, thenetgs of the transfer matrix are

expressed as a function of the incidence anglesttiheture parameters, the thickness
of each stack, and the frequency. Then, the intidesilected, and transmitted

powers can easily be determined to observe thaitufes. Thus, the scattering
characteristics of the multilayer structure for thlectromagnetic wave with any

arbitrary polarization will be computed and presénin numerical results. Several

applications of DNG metamaterials and mixed DNG-DBI&bs will also be

performed and the results of them will be discussed
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5.2 Theoretical Modeling and Analysis

A DNG medium has interesting properties when @¢dsposed as the stratified DNG
stacks embedded between two DPS media. The paiN@-DPS layers are also
interesting and they will be explained later. Imsthtudy, we consider any arbitrary
polarization plane electromagnetic incident elecfield from free-space that is
encountering the dielectric-DNG stack interface.e Thtratified DNG stacks
considered in this paper is composed of N DNG kywith different material

properties and thicknesses as shown in FigureIb6.the analysis, expft) time

dependence is assumed and suppressed througrsowbtti.

DPS
gm SN
o | %
7 tm It N E tif
Eq
 d
DNG-m DNG-N &t Y
dm dN ‘ut
P b e Y

Zm-1  Zm Il Iy

Figure 5.1: The configuration of the stratified DN@Gcks.

Referring to Figure 5.1, the incident electricdiglith any arbitrary polarization can

be written (by using the theory outlined in theyaoeis chapter):

E, =[E,(cosf a, +sing a,) + Eja,] [&xp[-j(-k, x+K, 2)] (5.1)
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whered; is the angle of the incidende, (= ki sin @) andk;; (= ki cosé#,) are the x-
and z- components of the wave numket= w,/1;&; ). Note that, the subscripts //

and [ refer to the parallel and perpendicular componehtke electric field vector,
respectively. According to the incident electrield given in Equation (5.1), the

reflected E,) and the transmittede() electric fields can be expressed as:

Er :[Er// (Cosei ax _Singi az) + ErDay] @Xp[— J (_kix X= kiz Z)] (52)

Et :[Et// (Coset ax +Sin9t az) + Etl]ay] IjeXp[_j(_ktx X+ ktz Z)] (53)

where 6; is the transmission anglé; (=w\/& ) is the wave number of the

transmitted mediumky = k; sin 8; andk;; = k; cos6; are the x- and z- components of

the wave numbék;.

The electric field in any stack reflects back arah$mits to another stack upon
reaching the transmitted medium. Therefore, in nife DNG stack there are two
waves, one propagating toward the right interfacd the other one propagating
toward the left interface. Thus, in thé"®NG stack, the total electric field can be

stated as:

E,, =[A, (cos8,a, +sind,a,) + Aa,] lexpl-j (K, X +k,,2)]

5.4
+[B// (COSHm ax +Sinem az) + BDay] IjaXp[_j(_kmxx_kmz Z)] ( )

where A,, A,, B,, andB, are the amplitudes of the electric fields insitle ti"

DNG stack,0n, is the refracted anglé, is the wave number of the"hDNG stack,
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Kinx = km Sin O andkn; = ky, c0SHy, are the x- and z-components of the wave number
kn. In all representations, the subscripts), andt stand for the incident medium, the
m™ DNG stack, and the transmitted medium, respegtivébte that, the magnetic
fields inside and outside the DNG stacks can badaasily using the right- and left-
hand procedure with Maxwell’'s equations and theyskipped here. In addition, the
wave number of the fhDNG stack must be negative and it can be given as:

K = ~W\ Hném (5.5)

To solve the general problem for the incident,eettd, and transmitted power
for the stratified DNG stacks shown in Figure 5tlis necessary to investigate the
interfaces between DPS-DNG media and two DNG medius, imposing the
boundary conditions at the interfaces 0,z=z,(m =1, 2, 3, ...... , N-1) and= z,
the relationships among the fields in all regioas de obtained by the transfer

matrix [U] which is expressed as:

Eo Upp Upp

E o Z[U]{Eﬂ]}z Uy, Usp {Em} (5.6)
i E Usq Usy || By

E Ugq Ugo

where U] = [A] [Bi] [B2] [Bs]:-:[Bm]--Bn-1] [C]. Note that, pA] and By] are both
square matrices of order 4C][is a4x2 matrix and ] is in the form of4x2
matrix. The elements ofA], [By], and [C] are expressed as a function of the
incidence angle, the structure parameters, th&rtbgs of each DNG stack, and the
frequency. Then, according to Equation (5.6), we waite the reflected and the

transmitted electric fields in terms of the incitefectric field as:
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E = (UpqUgp —Upp Ugg) iy + (Upg Upy —Upp Upy) By
r

(5.7)
(Up1 Usp — Uy Usy)
E,, = (Usp Ugy ~ Uy Ugp) By + (Ung Uy — Ui Ugy) By (5.8)
(Upg Usp — Uy Uzy)
E, = (Usp) Eip = (i) By (5.9)
(Upg Usp — Uy Ugy)
E, = ~[(Us) Eip —(U1) Ei ] (5.10)

(UpgUsp —Ugp Ugg)

whereugy (@ =1, 2, 3, 4; b =1, 2) are the elements of4Re transfer matrix [ ].

Now, the z-component of the incident, reflected] &nansmitted powers can be
represented as follows:

|Piz|_ k|z (Er2D+Er//

2; (E|2D + E|// | | =

(5.11)

, and|R,| :‘2%(525 +Ef)
h

The conservation of the power without loss for aspitrary polarization is
expressed as:
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_ke

e =

fE? +E2) +% f(E? +E2) (5.12)
t
If one of the stacks is the lossy stack, Equattoh?) has to be modified as:
ke E%+E5)|-R -k E% +E? +& 2 +E2 5.13
U i0 |//) loss P [0 r//) P E’(IZI Et//) ( ' )
i i t

All formulations found above have to be modifiedemtthe stratified structure is
the paired DNG-DPS layers embedded between twealred media. The multilayer
structure is composed by alternating DNG and DB@rfawith different material

properties and thicknesses forming an N-tier stmgcas shown in Figure 5.2.

XA
Em EN
Hy | My
DPS
Hm n N
>
DPs | DNG ¥ J
m dN
o o S
Ty o I w -

Figure 5.2: The geometry of the stratified DNG &RIS layers.
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If the m" layer is DPS medium, the wave numkgmust be positive. On the other
hand, the M layer is DNG medium, the wave numbgrmust be negative. Thus, the

wave numbeky, can be given as:

K = 2ty Uném (5.14)

wherea = +1 for DPS layera = -1 for DNG layer. In addition, if the thlayer is
DPS medium, the fields must be re-shaped using-highd rule with Maxwell’s
equations. Thus, the equations from (5.6) to (5m0kt be revised using suitable
sign for the phase of the fields with the help ajuBtion (5.14) and the theory
clarified in Chapter 4. After that, some applicasmf stratified DNG layers and the

combination of DNG-DPS layers will be provided retsubsequent sections.

5.3 Mirrors with DNG Slabs

Mirrors with DNG slabs are the special case of BG multilayer media. It is
formed from DNG layers similar to dielectric or @i mirrors. Here, we intend to
construct the left-handed mirrors to observe thp#ysical characteristics in the
millimeter wave band. The DNG mirrors, shown inu¥ig 5.3, are comprised of an
array of alternating DNG layers with two differeefraction indicesr(x andng) and
thicknessesdy anddg) sandwiched between free spaces. The computaoribe
reflectance and transmittance have been presemtelserve their characteristics in
the millimeter wave band using the results obtaine8ection 5.2, when the incident
electric field is normalized to unity. Two mirroese considered in the numerical
results as:ABA) and AB)’A. The mirror | has three DNG layers and the mitior
has fifteen DNG layers. In all figures, the solidels correspond to mirror | and the
dotted lines to mirror Il. Furthermore, to verifyet computations, the conservation of
power, as a first method, is satisfied for all epéega. As a second method, a

transmission line equivalent is obtained for theittre given in Figure 5.3 [89].
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Details of this method are given in Appendix. Boththods give the same numerical
values for all computations. Thus, the resultsvardied by means of two methods.

X
incident

field

<0z <0l o o o |25 <05, <0

Z

=
free free
space dA dB dB dA space

Figure 5.3: The geometry of the DNG mirrors.

In the first example, the reflectance and trangmdaeé are calculated as a function
of the frequency and the incidence angle when nbelént electric field is a plane
electromagnetic wave with the s-polarizatiéy € 0). The operation frequency is
selected to b& = 60 GHz. The thicknessels anddg are arranged fronm4da|=Ao/2
and hgds|=Ao/4 Wherel, is the wavelength in free-space at the operatiequiency.
The permittivity and permeability of the left-hamdenediumA and left-handed

mediumB are given as in [53ka = =20, ua = —3uo, &8 = %0, andug = —2uo.

Figure 5.4 points out the reflectance and tranamigt as a function of the
frequency at normal incidence. As it is seen, theqdency response of the
reflectance and transmittance is periodic and sytmenaccording to the operation
frequency. From Figure 5.4 (a), the mirror | traitsrthe most of the incident wave,
because the transmittance is greater than thetaflee when the frequency changes.
For the mirror I, reflectance and transmittancacteto unity at different frequency
bands. Also, the mirror Il acts as a full-refleatigpband-pass) filter and a full-

transmission (anti-reflection) filter at these fweqgcy bands. At this point, it can be
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said that, the mirror shows both filter charactarssat some frequency bands for

increasing the layer numbers.
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Figure 5.4: Reflectance and transmittance for tireoml and mirror Il as a function
of the frequency at normal incidence. Solid linesrespond to mirror | and dotted

lines to mirror II.

Figure 5.5 presents the reflectance and transro#t&ersus the incidence angle
at the operation frequency. The transmittance midant between Vand ~50 for
the mirror | and between®Oand ~60 for the mirror 1l. The reflectance and
transmittance for the mirror | show the monotoricahcreasing and decreasing
behaviors with the incidence angle, respectivelyewster angle occurs at the
incidence angle of 47for the mirror Il which means there is no refleatiat this

angle. In addition, full reflection occurs at timeidence angle of 90

In the second example, mirror | and mirror |l agaia considered to calculate
the reflectance and transmittance as a functiotheffrequency and the incidence
angle for the s-polarization. The structure paramseand the operation frequency are
the same with the first example except for thekisses of the left-handed layers.
Here, the thicknessek andds are assumed @k = A,/2 anddg = A/4, respectively.
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Figure 5.5: Reflectance and transmittance for tlweoml| and mirror Il versus the
incidence angle at the operation frequency. Safidsl correspond to mirror | and

dotted lines to mirror Il.

Figure 5.6 displays the reflectance and transnu#damgainst the frequency at
normal incidence. As it is seen, the frequencyaasp of |R| and |T| is not periodic
and not symmetric according to the operation freagyeThe mirror | again transmits
the most of the incident wave as in the previousngXe. For the mirror I, |R| and
|T| reach to unity at some frequency bands. Comgafigure 5.4 and Figure 5.6, the
frequency bands where |R| becomes unity are nat agdin the first example, but
they are more than two here. Also, the frequencylbavhere |T| reaches to unity are
more than one in this configuration. Thus, it candaid that, the mirror has more
frequency bands where it shows a band-pass reftefilier and an anti-reflection

filter behavior at the narrow ranges.

Figure 5.7 illustrates |R| and |T| against thedemte angle at the operation
frequency. |T| for the mirror | is dominant ovewrle range of the incidence angle.
But in the mirror 1, |R| is more dominant. In aiiloh, |R| is the unity and |T| is zero
up to 60. After this angle, |T| has a sharp peak and ithesito unity at 77 In turn,
|R| has a reverse sharp peak and it becomes z&@. athis means that Brewster

angle occurs at the incidence angle df 77
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Figure 5.6: Reflectance and transmittance for tireoml and mirror Il against the

frequency at normal incidence. Solid lines represanmirror | and dotted lines for

mirror II.
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Figure 5.7: Reflectance and transmittance for tireoml and mirror Il against the

incidence angle at the operation frequency. Sohdsl represent for mirror | and

dotted lines for mirror II.

It is confirmed that, similar numerical resultsgivin Figure 5.4 — Figure 5.7 can
easily be obtained for the incident wave with theotarization. Also, from the

numerical results, we can say that high magnitedieatance and transmittance in

wide ranges can be obtained by arranging the layerbers and thicknesses of the

DNG mirrors. The DNG mirrors show the band-pasterfiand the anti-reflection

filter characteristics at some frequency regionthwithe millimeter wave band. The
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results obtained here can be applied to desigmefobth filters at the millimeter
wave, optical, and microwave regimes. Moreoves #tudy will make a foundation

for future works and provide some insight into fifter application of LH materials.

5.4 High Reflection Coatings

In the previous section, the scattering charadierss stratified structure formed by
DNG metamaterials in the base of the low and higflection coatings is

investigated. Reflection and transmission filtepplecations are also shown in the
millimeter wave frequency range. In this sectiore imtend to create a stratified
structure comprised of DNG and DPS layer to obiag reflection. High reflection

coatings and all computations are based upon theryhexplained in section 5.2.
Generally quarter wave length thicknesses of ateiy high and low refractive

index materials are applied to the substrate tmf@aitDNG-DPS multilayer stacks, as
shown in Figure 5.2. By choosing materials of appede refractive indexes, the
various reflected wave fronts can be made to ietertonstructively to produce a
highly efficient reflector. The peak reflectancduais dependent upon the ratio of
the refractive indexes of the two materials, asl w&elthe number of layer pairs.
Increasing either increases the reflectance. Tigedahe ratio is, the wider the high
reflectance region will be. Furthermore, the cagimare effective for both parallel
and perpendicular polarization components, andoeadesigned for a wide angle of

incidence range.

Propagation properties in multilayered structuresscsting of metamaterial and
dielectric layers are studied in [90]. A structamntaining several identical pairs of
alternating dielectric and metamaterial slabs isnalestrated to maximize the
reflection for the high frequency range. It is fduthat for these metamaterial
dielectric high reflection structures the pass biandrger and the effects of angle of
incidence and polarization is less dominant as @etp to the all dielectric

structures. Moreover, these structures show nolesppnd a monotonous quasi
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symmetric rise in their transmittance to the leftido the right of central frequency
IS observed.

These structures are further studied to decreaskdfjuency range and to reduce
the number of layers. In the computations, thediewt electric field is assumed as
the plane electromagnetic wave with the perpendicpblarization E;, = 0). The
operation frequency is selected tofpes 10 GHz. The thicknesses are arranged to
become quarter wave length long at the operatiequigncy. In our configuration,
seven DNG and DPS layers embedded in air are cenesid

First of all, the frequency response of all digiecstructure with the high and
low refractive indexes is shown. The permittivitgdapermeability of are selected
12.2500 and 1.0 (silicon-Si) for high index layensd 1.8225 and 1.0 (cryolite-
NasAlFg) for low index layers [91]. Figure 5.8 presents theflectance and
transmittance for all dielectric layers as a fumctof the frequency for the incidence
angles of 8, 2C°, and 46. Solid lines correspond to°,0dotted lines to 20 and
dashed lines to 40As it is seen from the figure, the reflectancedmes unity and
the transmittance becomes zero at and around titeat&equency. The symmetry
shifts in frequency to the right side when the decit angle increased. The
reflectance region is wider than the coating ingeséd in [90]. In addition, there are

more ripples in the frequency behavior of the flace and transmittance.
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Figure 5.8: Reflectance and transmittance for ialledtric layers as a function of the
frequency for the incidence angles 6f 2¢°, and 46. Solid lines correspond td,0

dotted lines to 20 and dashed lines to 40

Secondly, the frequency response of seven DNG dPfl [@yers is presented.
The permittivity and permeability are —12.2500 aiid0 for DNG layers and 1.8225
and 1.0 for DPS layers, respectively. Figure 5.9wsh the reflectance and
transmittance for the combination of DNG and DPg&ila versus frequency for the
incidence angles of°’020°, and 406. Solid lines correspond td,dotted lines to 20
and dashed lines to 240lt is found that, for these DNG-DPS high refleati
structures the pass band is larger and the effdbeancident angle is less dominant
as compared to the all dielectric structures. Iditazh, these structures have no
ripples and no sharp shifts and therefore theybeansed as high reflection coatings.
Furthermore, the reflectance band achieved hexisr than the region obtained for

the coating investigated in [90].
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Figure 5.9: Reflectance and transmittance for DM@ RPS layers versus frequency
for the incidence angles of, @, and 40. Solid lines correspond td,dotted lines
to 2@, and dashed lines to 40

The reflectance and transmittance for stratifiedicstires consisting of half
wavelength long DNG and DPS layers are also condpiasteshow the effect of the
layer thickness. The same parameters are usedtlas previous example except the
thicknesses. The computed results are presentégyume 5.10. From the figure, the
frequency band for high reflectance is narrow aptit snto two parts in this
example. Also, there is high transmission at therajon frequency. Figure 5.10

recommends creating high transmission coatinggu3kG and DPS layers.

Using the results of the previous example, we tteedreate high transmission
coatings using DNG and DPS layers. After proper lwoation of seven DNG and
DPS layers, a high transmission coating createddd this, DNG layers is selected
to be a quarter wavelengths long while DPS layezsaahalf wavelengths long. The
permittivity and permeability of are selected —286nd -1.0 for high index layers
and 2.1025 and 1.0 for low index layers. The resale shown in Figure 5.11.
According to the figure, high transmission occurgnany frequency bands. At this
band, transmittance sometimes becomes unity wheeréflectance vanishes. At

some bands shown in the figure, the reflectanceornes greater than the
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transmittance. Thus, the structure can be utilagdhigh and partially transmission
coatings. Note that, the numerical computationgiobt here can easily be extended

for the incident wave with the parallel polarizatio
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Figure 5.10: Reflectance and transmittance for walfelength long seven DNG and

DPS layers against the frequency.
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Figure 5.11: Reflectance and transmittance for kedfzelength long DNG and
quarter wavelength long DPS layers versus the &eqy
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5.5 Distributed Bragg Reflectors

A stratified Distributed Bragg reflector (DBR) isstab of layers of two alternating
materials with different permittivities and permdiiles exhibiting very high
reflectance in the Bragg regime. In a plot of retface versus wavelength of the
normally incident plane wave on the DBR, the Braggjme can be clearly observed
due to the rectangular feature with an almost tibgt and two vertical sides. The
Bragg regime gets shifted when conventional mdseima DBR are replaced by
DNG metamaterial. This property of DNG metamateriahn be used for their
characterization [92]. The geometry of the stratifiDBR consisting of DNG and
DPS layers is the same with the geometry givenigureé 5.2. For the analysis,
normally incident plane wave with the operatiomgfrency of 10 GHz on a stratified
DBR with 16 DNG and DPS layers is considered. Weduk6 layers (instead of 20
layers as in [92]) for the purpose of the size otida in the number of layers. The
total thickness of two adjacent DNG and DPS laygidenoted by P. The thickness
of DNG layer is equal to gP. The loss tangent of@lyer is taio = 0.001 and then
the permittivity and permeability of it is selectéd become 4(-1+j0.001) and
1.02(-1+j0.001), respectively [92]. DPS layers amdected to be air. Plots of
reflectance versus wavelength for three valuesaregshown in Figure 5.12. The left
side of the figure shows the reflectance when Did@&is is DPS layers with the
permittivity and permeability of 4(1+j0.001) and2(1+j0.001) for the comparison
purpose. It can be seen that the width of Braggmedgs nearly same for each values
of q for DBR with all DPS layers. Also, in this tyf DBR, Bragg regime shifts to
the longer wavelength. On the other hand, DBR whth combination of DNG and
DPS layers has wider regime when q = 0.6 and ¢g/=18.this type, Bragg regime
becomes wider when g increases. In addition, gggme gets shifted to the longer
wavelength when g increases as in the previous Bukethis shift is large enough
when the conventional DPS layers are replaced b Di¢tamaterial. Thus it can be
said that the results obtained here can be utilimedconstruct high efficient

reflectors.
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Figure 5.12: Reflectance versus wavelength fotifegad DBR. The right side of the
figure corresponds to all DPS layers and the liefé $0 combination of DNG and

DPS layers.
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5.6 Stratified Double Negative Stacks of Cold PlasaiMedium

The stratified DNG stacks considered in this seci® composed of N frequency
dispersive cold plasma layers with different matlepgroperties and thicknesses as
shown in Figure 5.1. We have carried out the coatprts for the powers to observe
the characteristics of them using the theoreticahfilations obtained in Section 5.2,
when the incident power is normalized to unity. Toenputations are verified using

the transmission line equivalent method as exptainé\ppendix.

Example I: Here, we intend to find the characteristic of tlom-dispersive DNG
stacks. It is also worth mentioning that althougbk told plasma medium has the
frequency dependent parameters given in Equatids) ghd Equation (3.6), both
parameters are assumed to be constant over a fi|gband in this example. To do
this, fmp andfe, must be expressed as a function of the frequéfikg f,, = ¢ f and
fep = & f. Note that, ¢ and ¢ must be real constant and greater than one to get
negative permittivity and permeability for the DN§Backs. This is the hypothetical
approximation which allows making a comment oneffect of the frequency for the
non-dispersive DNG stacks characteristic. Note, tina non-dispersive and negative
permittivity and permeability were used in manyds#s as in [42-45], [49], [53],
[57], [62], [65], [88], [90], and [92].

The reflected (ff and transmitted ¢(Ppowers for the seven non-dispersive DNG
stacks are calculated as a function of the frequand the incidence angle when the
incident electric field is a plane electromagnetvave with the perpendicular
polarization E; = 0). The incident and the transmitted media aseiimed to become
free-space and Germanium with= u; = uo, & = & ande = 16¢&,. The operation
frequency is selected to lie= 1.0 GHz. The seven non-dispersive DNG stacks are

composed of two media H and L as (Bt)whereuy = . = —po, &1 = —%, ande, =
—& in which f,,=v2f and f,,=+10f for the H medium, and,, = f,, =+/2f

for the L medium. The thicknessdg andd, are arranged from Jdy|=|n.d_|=Ao/2
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where iy and n are the refractive indices, anglis the wavelength in free-space at
the operation frequency.

Figure 5.13 points out the reflected and transiehigewers as a function of the
frequency at normal incidence. $hows a band-pass filter characteristic between th
frequency regions 0.28-0.72 GHz and 1.28-1.72 GMrethe other hand,.Reaches
to unity between the ranges of 0-0.28 GHz, 0.728-TGBz, and 1.72-2 GHz and
shows a saw-comb filter characteristic. It is daiat, the frequency response of the
non-dispersive DNG stacks acts as the band-passrandeflection filters at some
frequency regions for the given configuration.

Figure 5.14 displays the reflected and transmifieders versus the incidence
angle at the operation frequency. The reflectedguds/ nearly constant betweeh 0
and 30, and then it increases up to unity. The transuchifpewer is dominant
between Band 50, after that it decreases and becomes nearly feno74’. We can

say that, after 70there is no transmission, there is only reflectfon the given

example.
1 1
0.8 ] 0.8
0.6 1 0.6
o o
0.4 ] 0.4
0.2 ] 0.2
0 ‘ ‘ ‘ ] 0 ‘ ‘ ‘ ]
0 0.5 1 15 2 0 0.5 1 15 2
frequency (GHz) frequency (GHz)

@ (b)

Figure 5.13: Reflected and transmitted powers i@ seven non-dispersive DNG

stacks as a function of the frequency at normatlarce.
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Figure 5.14: Reflected and transmitted powers lier $even non-dispersive DNG
stacks versus the incidence angle at the operiggnency.

Example II: In this example, we desire to find out the chamastics of the
frequency dispersive double-negative stacks. Thrersérequency dispersive DNG
stacks are again considered as in the previous mgaim compute the reflected and
transmitted powers as a function of the frequenuy thhe incidence angle for the
perpendicular polarization. The structure paramsefer the incident, the DNG
stacks, and the transmitted media are the samethgttiormer one except for the
permeability and permittivity of the DNG stacks. relethey are calculated using
Equation (3.5) and Equation (3.6) with the appratgriplasma frequencies. In
addition, the effect of the plasma frequenciesnipleasized in this computation. In
our calculation, there are four plasma frequendes,for the H medium and other
two for the L medium. For emphasizing the effectld plasma frequencies, three

frequencies are fixed and the fourth one is varied.

Figure 5.15 corresponds te &d R against the frequency at normal incidence
with fe=5 GHz,fen =4 GHz, andiy=fmp.=3 GHz. It is seen that from this figure,
P, and R show an oscillatory behavior at some frequencydbd&urthermore, the
given structure transmits the most of the incideatve, because; s greater than P

in a wide range of the frequency.
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Figure 5.16 depicts the reflected and transmitiaadgrs against the frequency at
normal incidence witliey:=10 GHz,fen =4 GHz, andiyy=fmp.=3 GHz. Herefep is
increased from 5 GHz to 10 GHz, to observe thecetiethe plasma frequency. As it
is observed from Figure 5.16, the frequency respafsR and R is similar with
Figure 5.13. Pacts as a band-pass filter between the frequeang$0.3-0.7 GHz
and 1.3-1.7 GHz. In turn,;Rloses to unity between the ranges of 0-0.3 GHz,
0.7-1.3 GHz, and 1.7-2 GHz and it acts as a sawbcfiiter. Comparing Figure
5.13 and Figure 5.16, one can see that, there small difference between the
frequency bands and it can be neglected. Thudreheency dispersive DNG stacks
have not fixed scattering characteristics due ®wariable plasma frequencies. In
addition, the same scattering characteristics athénhypothetical non-dispersive
DNG stacks can be obtained by arranging the plasetgencies of the frequency

dispersive DNG stacks.

1 1
0.8 ] 0.8
0.6 1 0.6
o o
0.4 ] 0.4
0.2 ] 0.2
0 ‘ ‘ ‘ ] 0 ‘ ‘ ‘ ]
0 0.5 1 15 2 0 0.5 1 15 2
frequency (GHz) frequency (GHz)

(@) (b)

Figure 5.15: Reflected and transmitted powers f@r seven frequency dispersive
DNG stacks against the frequency at normal incidemith fep:=5GHz,feq =4 GHz,

Figure 5.17 illustrates the reflected and trangdigpowers versus the incidence
angle at the operation frequency. The solid liferseto R and R with fex=10 GHz,
fen=4 GHz, and fyw=frp=3 GHz and the dotted line with

fer = T = fropn =+/2GHz and for =J10GHz. As it is seen from solid lines, P
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is monotonically increases and B monotonically decreases with the angle of
incidence. The transmitted power is dominant ugdband full reflection occurs at

90°. Note that, the same response as in Figure 5.bbtained when the plasma
frequencies are arranged &g = f,; = fn =+/2GHz and form =J10GHz, as

seen from the dotted lines.
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Figure 5.16: Reflected and transmitted powers l@r seven frequency dispersive
DNG stacks against the frequency at normal incidewth fex=10 GHz, fey =4
GHz, andmpi=fmp.=3 GHz.

0 30 60 90 0 30 60 90
incidence angle (degrees) incidence angle (degrees)

(@) (b)

Figure 5.17: Reflected and transmitted powers l@r seven frequency dispersive

DNG stacks versus the incidence angle at the aperfiequency.
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Example Ill: In the last example, the effects of the plasmgueacies on the
reflected and transmitted powers are presented.sEllen DNG stacks are again
considered with the same parameters as in the quewexample except for the
plasma frequencies. Here, the plasma frequenciesaaanged a$p=19 GHz,
fen =8 GHz, andmgi=fmp.=7 GHz.

Figure 5.18 shows the reflected and transmittedgpevas a function of the
frequency at normal incidence witg=19 GHz,fen =8 GHz, andfmgi=fma.=7 GHz.
There are multiple bandwidths in which the refldgp@wer acts as a band-pass filter.
There are also multiple frequency bands for thastratted power which shows a
saw-comb filter characteristic. It can be said thia¢ structure can be utilized as a
multi band-pass and multi saw-comb filters. Fumhere, stop band regions in
Figure 5.13(b) can be narrowed by arranging thectire parameters and plasma
frequencies. Thus, the structure can be used adtanotch filter.
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Figure 5.18: Reflected and transmitted powers l@r seven frequency dispersive
DNG stacks against the frequency at normal incidewth fe=19 GHz, fey =8

It is confirmed that, similar numerical results givin this study can easily be

obtained for the incident wave with the parallelgpzation. Also, as a conclusion,
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electromagnetic filter applications of DNG matesialking cold plasma medium are
examined in this study. It can be said that frone thumerical results, the
hypothetical non-dispersive DNG stacks acts ad#ral-pass and saw-comb filters
at some frequency regions for the given examplduiln, the frequency dispersive
DNG stacks have not stable scattering charactesistue to the variable plasma
frequencies and frequency dependent parameters, Bt same scattering
characteristics as in the hypothetical non-disperBING stacks can be provided by
re-arranging the plasma frequencies. Furthermdwe,ftequency dispersive DNG
stacks can be arranged to show the multi band-pads,saw-comb, and multi notch
filters characteristics. Thus, the structure canubed as electromagnetic filters at
some frequency bands. Design of these filters eapdsformed using the numerical

results obtained here.

5.7 Multilayer Media Comprised of Double Negative ©ld Plasma and Double

Positive Slabs

In the previous section, scattering characterisiichhe DNG stacks of cold plasma
medium is studied. Here, the combination of DNGdcplasma and conventional
DPS layers are analyzed in base of the geometgngdiv Figure 5.2. The magnitude
of the reflectance (|R|) and transmittance (|Tq)tthe nine slabs are calculated as a
function of the frequency. The first and the lagtf®media are assumed to become
free space and glass. The DPS slabs are seledbedmiica. The operation frequency
is f,=1.0 GHz. The thicknesses for DNG slabs are arichtigen hd|=A,/2 and for
DPS slabs frormg|=A./4 wheren is the refractive index of the related medium, and
Lo Is the wavelength in free-space at the operatiequency. The permittivity and
permeability of the DNG slabs are calculated udiggiation (3.5) and Equation
(3.6).

Figure 5.19 points out the magnitude of reflectazuoe transmittance against the

frequency at normal incidence witg=10 GHz and,=4 GHz. It is seen that from
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this figure, |R| and |T| show an oscillatory bebawith the frequency. Furthermore,
the given structure transmits the most of the iecidvave, because |T| is greater than

|IR| in a wide range of the frequency.

Figure 5.20 depicts |R| and |T| versus the frequabamormal incidence with
fe=22 GHz andy,,=4 GHz. Herefgpis increased from 10 GHz to 22 GHz, to see the
effect of the plasma frequency. Note that, whenpglasma frequencies increase or
decrease, the refractive indaxchanges. In turn, to keepd|=\,/2, the thicknessl
must be also changed. As it is observed from Figutée frequency response of |R|
acts as a band-pass filter between the frequenegsb@.25-0.7 GHz and 1.25-1.7
GHz. In turn, |T| closes to unity and acts as dnrafiection filter between 0.7-1.25
GHz. At this point, it is said that, the given stiwre have not fixed frequency
response due to the variable plasma frequencies feeguency dependent
parameters. In addition, this structure can be wsetand-pass filter and an anti-

reflection filter in some frequency band by arramggihe plasma frequencies.
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Figure 5.19: Reflectance and transmittance agaimestrequency witife=10 GHz
andfyn=4 GHz.
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Figure 5.20: Reflectance and transmittance versasfrequency withfe=22 GHz
andfyn,=4 GHz.

In conclusion, frequency response of the multilayexdia comprised of DNG
and DPS slabs are investigated with the emphastbeplasma frequencies. It can
be said that from the numerical results, the gisteacture have not stable frequency
response due to the variable plasma frequencie# ants as the band-pass and anti-
reflection filters at some frequency bands. Theltesan be applied to design of the

both filters at the optical, millimeter-wave, anicrowave regimes.

5.8 Multilayer Structure of Lorentz type Double Negtive Metamaterial with

Double Positive Slabs

Numerical analysis of paired DNG-DPS layers as dtilayer structure embedded

between two dielectric media is presented withube of the transfer matrix method
given in Section 5.2. The multilayer structure édeeed in this analysis is composed
of N pieces DNG and DPS slabs with different matgsroperties and thicknesses as
shown in Figure 5.2. Once again, to verify the catapons, firstly the conservation

of power given in (5.13) is satisfied for all exdeg Secondly, a transmission line
equivalent is obtained for the structure as expldim Appendix. Both approaches

give the same numerical values for all computations
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Two structures are considered in numerical res8hsicture | (with three layers,
N=3) and Structure Il (with fifteen layers, N=1%tructure | is in the form of DNG-
DPS-DNG and Structure Il is (DNG-DPSNG. Furthermore, the incident electric
field is assumed a monochromatic plane wave withghlrpendicular polarization

(Es = 0) when the incident angle is zero in all exasmspl

Example I: The reflected (), and transmitted (Ppowers are calculated as a
function of the frequency. The incident and trartedi media are assumed to be free
space and glass respectively witkr ui = po, & = €0, ande = 6¢,. The DPS layers are
selected to become silicon dioxide (9i@ith upps= 1o ande; = 2.1316,. The DNG
layers are realized using Lorentz medium paramefigen in (3.1) and (3.2). In the
calculations, the following parameters are usethd86] and [38]:fn,= 8.50 GHz,
fm= 12.05 GHzfe= 12.80 GHz, and.= 10.30 GHz. The electronic and magnetic
damping frequencies are selected to be equal ébehand zerodt= 6,=I'=0) as in
[93]. This means that the structure is losslesdeNloat, lossy and lossless Lorentz
types of DNG metamaterials are characterized theatly, used in several
experiments, and fabricated for new devices ingh&sidies. For example, wave
propagation through the double negative Lorentd stmbedded between two
different dielectric media is studied in [41], [49$3], and [93-96]. Lorentz types of
DNG metamaterials have frequency dispersive paemmand they can be fabricated
using a mixture of conductive spirals or omegaigad on a printed circuit boards.
In addition, they can be manufactured using spig resonators and wire strips on a
circuit board materials. Numerous forms of DNG Ldremetamaterials can also be
found in the literature. The operation frequencgetected to b&=11 GHz within
the frequency band (10.31-12.04 GHz) whereas thmifierity and permeability of
DNG medium are simultaneously negative. The thiskae are arranged fronpya
dong|=CiAe and |Bpsdopd=CGAo Where mng and myps are the refractive indices of the
related medium,;cand ¢ are positive real constant, akglis the wavelength in free-

space at the operation frequency.
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Figure 5.21 points out the reflected and transiehigewers as a function of the
frequency for Structure I. From this plot, wherr@=1/4, the bandwidth extends
from 10.31 to 11.5 GHz and the transmitted powardnaharp peak at 10.86 GHz. At
this specific frequency, the structure can be addi as a transmission (anti-
reflection) filter in which the transmitted poweedomes unity and the reflected
power becomes zero. Also, from 11.5 to 12.04 GHzan be used as a reflection
(anti-transmission) filter in which the reflectecbweer becomes unity and the
transmitted power becomes zero. Wherilé2 and g=1/4, it is seen from the dashed
lines, the structure behaves like an all pass fiitea wide range of frequency since
the transmitted power is almost constant aroundamkethe reflected power is zero.
When g=1/4 and ¢=1/2, it appears that the reflected and transmittegers show
similar behavior as in dashed lines. But in thisegdhe frequency range is narrower
than the previous one, and the transmitted powerasind 0.8 and the reflected
power is around 0.2 at that range.
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Figure 5.21: Reflected and transmitted powers #&snation of the frequency for
Structure 1. Solid lines stand fof=c,=1/4, dashed lines for€1/2 and ¢=1/4, and
dotted lines for &=1/4 and ¢=1/2.
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Figure 5.22 shows the reflected and transmittedgpsvas a function of the
frequency for Structure Il. From this figure, thieusture can be used a reflection
filter between 10.31-12.04 GHz except for the rarige7-11.1 GHz when
c1=C,=1/4. Comparing Figure 5.21 and Figure 5.22, omesee that the bandwidth
where transmitted power has a sharp peak is narrihaa as in the Structure I. The
transmitted power is dominant over a wide rangkemfuency for ¢=1/2 and ¢=1/4.
But it is only dominant between the 10.6-11.2 Gbizd=1/4 and ¢=1/2.
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Figure 5.22: Reflected and transmitted powers &snation of the frequency for
Structure Il. Solid lines stand fof=c,=1/4, dashed lines for€l/2 and e=1/4, and
dotted lines for =1/4 and e=1/2.

Example II: In this example, we intend to investigate the affef layer
thicknesses on the characteristics of the refle@ed transmitted powers. All
parameters are the same with example | except Her thicknesses. Here, the

thicknesses ard,nc=CsAo anddpps=Csho Where g and g are positive real constant.

Figure 5.23 displays the frequency response ofrétiiected and transmitted

powers for Structure I. From solid, dashed, andedotines, it is said that, the
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characteristics of the powers are not smooth Heve.all values of £and ¢, the
transmitted power has sharp peaks. Also, it closesity at 10.46 GHz when=l/4
and g=1/2. On the other hand, the reflected power readoe unity at many
frequencies for all cases. In addition, the tratgaipower has the wide pass band
and narrow stop band regions throughout the frequepectrum for all cases of c
and q. In contrast, the reflected power has the narragssgpand and wide stop band

regions.

Figure 5.24 presents the reflected and transmjitaglers versus the frequency
for Structure II. As it is seen from this plot, theflected and transmitted powers are
again not smooth as in Figure 5.23. Pass bandmrrégidhe transmitted power is not
wide as in the previous figure for all cases o&nd G. Also, it has more stop band
regions. In return, the reflected power has moss fand and stop band regions for
all cases.
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Figure 5.23: Reflected and transmitted powers etka frequency for Structure I.
Solid lines correspond tosec,=1/4, dashed lines to;x€1/2 and ¢=1/4, and dotted
lines to g=1/4 and ¢=1/2.
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Figure 5.24: Reflected and transmitted powers \&etlsa frequency for Structure Il.
Solid lines correspond tosec,=1/4, dashed lines to;€l/2 and ¢=1/4, and dotted
lines to g=1/4 and ¢=1/2.

According to Figure 5.23 and Figure 5.24, two dutes act as the band pass and
stop band filters at some frequency regions. Desigrefficient filters can be
considered using numerical results obtained here alnanging the structure

parameters, layer numbers and thicknesses.

5.9 Multilayer Structure of Double Negative Drude Medium with Double

Positive Slabs

In this section, the same analysis is providedtlierpaired DNG-DPS layers. Here,
the DNG layers are realized using the Drude meddanameters given in Equation
(3.3) and Equation (3.4). In our calculations, fibllklowing parameters are used as in
[36] and [38]:fm= 10.95 GHz ande= 14.50 GHz. The electronic and magnetic
damping frequencies are zero as in [93]. The oeréitequency i$,=6 GHz within
the frequency band (2-10 GHz) where the permigtiahd permeability of DNG

medium are simultaneously negative. The frequeange is wider than the range of
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the Lorentz medium. At this point, we can say thhg simultaneously negative
permittivity and permeability can be realized ire tvide frequency band for the
Drude medium more easily than for the Lorentz medi®nce more, two structures
are considered in numerical results as in the ptevsection with the thicknesses of
|nonG dong|=Cihe and |Bpsdopd=Gho. The other parameters are assumed to be same
as in the previous section.

Figure 5.25 depicts [Pand R against the frequency for Structure I. As it is
observed from this plot, RP;) power shows monotonically decreasing (increasing)
up to 6.5 GHz and then it increases (decreaseb)thd frequency whenc,=1/4.

Full transmission occurs around 6.5 GHz for thisecAVhen =1/2 and ¢=1/4, the
powers behaves like an oscillatory function up 8GHz. Also, they are constant up

to this frequency whenzl/4 and g=1/2.
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Figure 5.25: Reflected and transmitted powers agdire frequency for Structure I.
Solid lines represent;sc,=1/4, dashed lines;€1/2 and ¢=1/4, and dotted lines
¢1=1/4 and g=1/2.

121



Figure 5.26 demonstrates &d R against the frequency for Structure II. The
powers do not show monotonically characteristicsdsgure 6 when&c,=1/4. R
is dominant up to 8.5 GHz in this case.aRd R changes periodically between 2-8
GHz when ¢=1/2 and g=1/4. The powers show slightly periodic behaviorewh
c:=1/4 and ¢1/2. In the last two cases; B dominant in all frequencies studied

here.
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Figure 5.26: Reflected and transmitted powers agaime frequency for Structure Il.
Solid lines represent;®sc,=1/4, dashed lines;€1/2 and ¢=1/4, and dotted lines
c1=1/4 and ¢=1/2.

From Figure 5.25 and Figure 5.26, it can be coredudhat, the structure
parameters, layer numbers and thicknesses candegad to design high efficiency

transmission filter.

In the second example, we present the effect oérlahicknesses on the
characteristics of Fand R. All parameters are the same with example Il pkder
the thicknesses. Here, the thicknessesdatie=cs\, anddpps=CsA, Where g and g

are positive real constant.

122



Figure 5.27 corresponds t@ &d R against the frequency for Structure 1. It is
seen that, Poscillates between zero and 0.2 in all casessand G. In turn, R
oscillates between 0.8 and ong.i$ dominant over a wide frequency band in all

cases of £and q.

Figure 5.28 indicate ;Pand R against the frequency for Structure II. Only
cs=C4=1/4 case is illustrated in this figure. The otbases skipped here sinceaRd
P; have high oscillating behavior. Whesgrc,=1/4 R and R show frequent oscillating
behavior up to 9.6 GHz. After this frequencyifitreases and it become unity at 10
GHz. On the other hand; &ecreases and it become zero at 10 GHz.

From Figure 5.27 and Figure 5.28, it can be saadl thigh efficiency oscillating
filters for the transmitted wave can be designed d&wyanging the structure

parameters, layer numbers and thicknesses.
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Figure 5.27: Reflected and transmitted powers agdire frequency for Structure I.
Solid lines representsec,=1/4, dashed lines;el/2 and ¢=1/4, and dotted lines
cs=1/4 and ¢=1/2.
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Figure 5.28: Reflected and transmitted powers agdire frequency for Structure Il

when g=c,=1/4.

In the last two sections, the DNG layers are redligsing the Lorentz and Drude
media parameters in which their properties are @xaanin Chapter 3. It can be said
that from the numerical results, the structureggiin this study can be utilized as
reflection and transmission filters at some fregqeband. Specifically, pass band,
stop band, all pass and oscillating filters cardbsigned by arranging the structure
parameters, layer numbers and thicknesses. Furtiherrie structure transmits the
most of the incident wave because the transmittedep is dominant over a wide
frequency range in some cases. Thus, the tranemisi#iers with high efficiency

can be designed in a wide range.
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5.10 Summary and Discussion

In conclusion, we have successfully demonstratedsttatified structures comprised
of pure DNG metamaterials and mixed DNG metamdseaad DPS layers. First,
the stratified DNG stacks and the paired DNG-DR&r& are constructed and then
they are analyzed theoretically. In the analysengfer matrix method is used. After
that, several numerical examples and applicatidri3NG multilayer metamaterials
are presented. Mirrors with DNG slabs, high reftectcoatings consisted of DNG
and DPS layers, distributed Bragg reflector (DBR¥dd on DNG and DPS slabs,
stratified DNG stacks of cold plasma medium, majtr media comprised of DNG
stacks of cold plasma and conventional DPS layerd,multilayer structure of DNG
Lorentz/Drude Medium with DPS slabs are studied athetir scattering
characteristics are shown in this chapter. Accaydmthe results obtained here, the
studied stratified structures show distributed Bregflector behavior, high reflection
and transmission coatings characteristics, bang, gagp band, anti-reflection, multi
band-pass, multi saw-comb, oscillating, and mutitch filters characteristics at
some frequency regions. High efficiency reflectormatings, and filters for
electromagnetic wave with any polarization can lesighed by arranging the
structure parameters, layer numbers and thicknesgds work will cover the
absence in the literature and make a foundatiothfofuture application of the DNG
medium. Moreover, it will provide to realize and modacture high efficiency
reflectors, coatings, and filters at the millimetwave, optical, and microwave

regimes.
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CHAPTER 6

NOVEL METAMATERIALS: TRIANGULAR SPLIT RING RESONATO R
AND WIRE STRIP

6.1 Introduction

The purpose of this chapter is to realize novelameterials based on the shape and
geometry. Several theoretical and experimental sohave been studied by
researchers to create new metamaterials [13], [@5178—-88], [90], [92—-105]. The
design of metamaterial based on shape and geoiisetihye most interesting work
among the others [97-105]. Especially, the desigaptt rings which provide the
negative permeability is very important to constroew types of metamaterials.
Numerous types of different ring and ring-like stures such as circular, squage,
shaped, U-shaped, S-shaped and others are usedate oew metamaterials (see
[49] and [88] for a brief history). In the light dhe known structures, we will
construct new metamaterials using triangular shajmgdwhich has not been studied
yet. Thus, we will build and analyze a new metamgte that contains triangular
split ring resonator (TSRR) and wire strip (WS).the analysis, S parameters and
retrieved effective material parameters (wave inaped, refractive index,
permittivity, and permeability) will be computeddapresented. We will also show
that the novel metamaterials are well designed thegt can be manufactured for
several potential applications in the microwave llimeter wave and optical
frequency bands. Furthermore, novel metamateradssiill be manufactured to

construct multilayer structures and to make soestnission experiments.
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6.2 Analysis and Simulations

As it is well known, the combination of split rimgsonator (SRR) and WS structures
are commonly used to engineer artificial metamakershowing unconventional
properties not found in nature. In literature, sal/¢ypes of SRR are proposed for
construction purposes. TSRR is one of them andyfissudied in this work. Figure
6.1 illustrates the geometry of the unit cells cosgr of TSRR and WS for three

different structures. In this figure, MTM represettie metamaterial.

(2) (B (e

Figure 6.1: Three different types of metamateriat gells (a) MTM1 (b) MTM2 (c)
MTM3.

An FR4 of 0.25 mm thickness (with relative permityf £, = 4.4 and loss tangent
6 = 0.02) is used as a substrate for each configmralt SRR and WS are made of
copper with conductivity of 5.8x1®/m and thickness of 0.017 mm. The width of all
TSRR is 0.4 mm. TSRR is located on one face of BRd WS is etched on its
opposite face. WS is continuous along the wholeR4 substrate in all structures, as
shown in Figure 6.1. Metamaterial unit cells arsigieed and simulated using the
commercial software package, ANSOFT’s High Freqye&tructure Simulator
(HFSS), based on finite-element method (FEM). Opelectric, magnetic and
periodic boundary conditions are used in the sitiarlaEach configuration is placed
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in a two-port waveguide formed by a pair of bothf@et electric conductor (PEC)
and perfect magnetic conductor (PMC) walls. All FRdstrates with TSRR and WS

are centered in the waveguide.

To show the physical properties of the designedcsires, S parameters for a
single unit cell is calculated with the mentionedubdaries along the wave
propagation. Next, the effective material parangetan be extracted from the S
parameters as [97], [98], [100]

_[@+S8)°-S5 6.1
’ Ja—sn)z—szi e
_1 | P S

n=-cos Lsna sl+sn)} 6.2)

wherez andn indicate the wave impedance and refractive indespectively. Then,
the electric permittivity and magnetic permeabilitgn be computed from the

equations ofc =n/z and y =nz.

6.2.1. Simulation of MTM1

In the first simulation, we simulated the MTM1 whiis shown in Figure 6.1(a). The
simulated structure in a waveguide configuratiothvapen (OB), electric (EB) and
magnetic (MB) boundaries is presented in Figure Bt width of WS is 0.5 mm.
The base and the height of TSRR are 7.794 mm attdrém, respectively. The gap
in each TSRR is 0.3 mm and the separation betw&&RTis 0.4 mm.
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Figure 6.2: The simulated unit cell in a waveguabmfiguration with open (OB),
electric (EB) and magnetic (MB) boundaries for MTM1

The S parameters for the MTM1 are computed and etffiective material
parameters are extracted by means of S parametiexg HFSS which are given in
Figure 6.3. In this figure, the magnitude and tlirage of S parameters, real and
imaginary parts of wave impedance, refractive indgeemittivity and permeability
are illustrated. S parameters and wave impedareglatted in the range of 0-8
GHz. But, the refractive index, permittivity andrpeability are plotted between 2.5
GHz and 5.5 GHz to see the negative region eafsitytiie zooming purpose). As it
is seen, all parameters are frequency dependenplerniunctions which satisfy
certain requirements of causality. The dip in thage of & indicates the presence
of negative region which is observed at 4.33 GHux. gassive materials, real part of
the wave impedance and imaginary part of the refti@index must be greater than
zero. The wave impedance and refractive index fgatisis condition for our
configuration. According to the refractive indeketnegative band approximately
lies between 3.5 GHz and 5 GHz. In the theory ofamaterials, the real parts of the
permittivity and permeability must be negative. Bidge real parts of the
permittivity and permeability lies in the negatiband (3.5-5 GHz). Also, the
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permittivity and permeability show Drude and Lomnesponse behavior in the
studied frequency region, respectively. While negapermittivity occurs between
the region of 2.5 GHz and 5.5 GHz, negative peritigabccurs over the range of ~
4.4 GHz to ~ 5 GHz. Thus, it can be said that rnegapermittivity has wider
frequency band than the permeability.
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Figure 6.3: Magnitude and phase of S parameteas,ared imaginary parts of the
wave impedance, refractive index, permittivity gpetmeability for MTM1.
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In Figure 6.4, we present the electric field andaste current density for MTM1.
The color map shows the electric field amplitudad ahe arrows indicate the
direction and size of the surface current denditye electric field is strong at the
apex and at the gaps as it is desired. The indeaddce current density is in the
circular form and it is weak at the gaps. Thusuatbthe apex and the gaps of TSRR
and around the center and ends of WS, the eldatictis resonantly enhanced. In
addition, the contribution of WS to the inducedface current density is very weak

in this type of metamaterial.

Note that, some parts of this study are acceptedublication in the Proceedings
of XXIX General Assembly of the International UniohRadio Science [106].

E Field {(V/im) Jsunf (Adm)
g

Figure 6.4: Electric field and surface current dignfer MTM1.

131



6.2.2. Simulation of MTM2

As the second simulation, MTM2, shown in Figure() lis simulated. The width of
WS, the base and the height of TSRR, the gap ih #&RR, and the separation
between TSRR are the same with the previous exampéonly difference between
MTM1 and MTM2 is the position of TSRR. In the fishe, TSRR is located apex to
apex while in the second one base to base. S paaTend the effective material
parameters (real and imaginary parts of wave impegla refractive index,
permittivity and permeability) for the MTM2 are gented in Figure 6.5. The same
frequency range as in the first simulation is usédte dip which shows the negative
region in the phase of,Sis at 3.63 GHz. The negative region approximatey
between 3 GHz and 4.5 GHz. Comparing Figure 6.5Figdre 6.3, the data clearly
shows that negative region shifts toward the lefé ©f 4 GHz. Also, all computed
parameters shift to the left side in this simulatiblere, the wave impedance changes
from -2.75 to 2.75. But in the previous one, it mpes from -2.5 to 2.5. Similar
variations can be observed for the other compusedrpeters. As it is seen from the
figures, negative permittivity occurs between 2.BzGand 5.5 GHz which is the
same with MTM1. The only difference is magnitudeegdtive permeability occurs
over the range of ~ 3.75 GHz to ~ 4.25 GHZz.

Figure 6.6 shows the electric field amplitude amdfexe current density for
MTM2. The electric field for MTM2 is stronger thahe electric field for MTM1.
But, the surface current density is weaker hersoAthe electric field is strong at the
apex, the base and the gaps. The surface curresityles again in the circular form
and it is weak according to the first structureu3hthe electric field is generally
around the apex, the base and the gaps of TSRRrandd the center and ends of
WS. Again, the contribution of WS to the inducedface current density is very

weak.
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Figure 6.6: Electric field and surface current dignfer MTM2.

6.2.3. Simulation of MTM3

In the last simulation, we present the simulatibiM®M3 which is shown in Figure
6.1(c). The dimensions of WS are 0.3 mm x 7.3 méhQ4d7 mm, respectively. The
base and the height of TSRRs are given as: 7.98mir6.91 mm for outer TSRR;
2.942 mm and 2.548 mm for inner TSRR. The gap ah&6RR is 0.5 mm and the
separation between TSRR is 3.603 mm from the apexiter TSRR to the base of
inner TSRR. Figure 6.7 indicate the S parameterd e effective material
parameters for the MTM3. Here, the dip in the phafs®;; is observed at 3.80 GHz.
The negative band approximately lies between 3.2 @htl 4.6 GHz. Negative real
parts of the permittivity occurs in the region 0525.5 GHz, but negative real parts
of the permeability lies between 3.85 GHz and 45B8%.

For MTM3, the electric field and surface currenhsiey which are shown with
the color map and the arrows are presented in &i§8. In this configuration, the
electric field is not strong at the apex and atdghaps as in the previous structures.
Here, it is strong at the legs of TSRR and at th® &cept the ends. The induced
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surface current density is again in the circulanf@and it is too weak at the TSRRs
on the contrary of the other two structures. Irs theometry, the surface current
density is very strong at WS especially acrossatex of TSRRs. The electric field
is again enhanced in almost all of WS and somes prthe legs of TSRR in this
configuration. Here, the surface charge densiipdsiced by the strong contribution

of WS on the contrary of the previous structures.
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Figure 6.7: Magnitude and phase of S parameteas,ared imaginary parts of the

wave impedance, refractive index, permittivity gpetmeability for MTM3.
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Figure 6.8: Electric field and surface current digner MTM3.

6.3 Construction of Physical Metamaterial Unit Cell

In the previous section, three types of new DNGamiterials using TSRR and WS
are created by means of the known DNG metamatestaldied in the literature.
Here, it will be used the actual size to createnin DNG metamaterial using TSRR
and WS. MTM1 shown in Figure 6.1(a) is used in tmmstruction. The shape,
geometry, and all dimensions are the same as in M@iMen in Section 6.2.1 except
the thicknesses. The thicknesses of FR4, TSRRWdre 1.0 mm, 0.125 mm, and
0.125 mm, respectively. This kind of FR4 substiatased because it is found only
such class of substrate in the market. The sinmnagsult of the refractive index for
this DNG metamaterial (MTM4) is shown in Figure .6l9can be observed that the
refractive index of this physical metamaterials (MA) shows the mixed Lorentz-
Drude response as explained in Chapter 3. Accordirige simulation, the negative
region for the real part of the refractive indeargts between the 3.23 GHz and 4.43
GHz. In addition, from the simulation, it can beufd that the magnetic plasma
frequencyfmp = 4 GHz, the electric plasma frequerfgy= 5.1 GHz, the magnetic
resonance frequencym, = 3.7 GHz, and the electric and magnetic damping
frequenciesde = om = 6 = 0.23 GHz according to the theory given in thensa
chapter. These frequencies are used to calculateetractive index analytically for
MTM4 using the formulation of Chapter 3. Calculateffactive index for MTM4 is
given in Figure 6.10. As it can be seen from Figbi@and Figure 6.10, although the
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simulated and calculated frequency responses ofrdfractive index are similar,
there are some differences between them. In trealedions, the refractive index is
computed based on the assumption explained in €h&o{mixed Lorentz-Drude
combination). These differences are caused by dssumption. However, this
calculated example gives some aspect that the lmehal/ the refractive index is

analogous in the calculations, simulations, andsmesments.
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Figure 6.9: Real and imaginary parts of the reivadndex for simulated MTM4.

Refractive Index (n)

frequency (GHz)

Figure 6.10: Calculated refractive index for MTM4twf, = 4 GHz,fep = 5.1 GHz,
fmo = 3.7 GHz, ande = m =9 = 0.23 GHz.
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6.4 Manufacturing of New Metamaterial consist of TRR and WS

In this part, the production of new metamateria given with the use of the results
obtained in the previous section. FR4 substratebeaprocessed to create single and
double faced metamaterials. Here, it is strugglét the double faced metamaterial.
In this form, the TSRRs are located on one facd~R# substrate and WSs are
situated on the opposite face. In the industryretfage lots of techniques to produce
metamaterials such as positive-20, serigraphy, idgawith the printed circuit pen,
hot-press, and etc. The most preferred method dashtht-press technique among
them. The hot-press technique is used to produecadkiel metamaterial slabs in this

thesis. The stages of the production are giveherfallowing form:

» Drawing of the printed circuit scheme in the congput
« Print out the drawing to the transfer film papessig laser printer
» Transferring the printed drawing to FR4

* Melting the copper using the chemical operation

Drawing in the computer, the first step, forms thest important stage of the
production. Recently, several types of programsumsex for the drawing purpose.
The printed circuit scheme can be obtained autaaliti by using one of them.
Besides these programs, this scheme can also levedhby hand drawing if the
scheme is easy to draw and the drawer is profesisiém the end of drawing, the
pattern of the conductor ways which provide thenamtion between the components
and the location plan of the components on FR4&ppeared. The sample figure for
the printed circuit scheme of designed metamateaalbe seen in Figure 6.11. Note
that, the TSRRs are placed on the front face and 8& placed on the back face.
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After completing the printed circuit scheme, thénpiout which include only
conductor ways has to be taken. The aim of thepheds technique is to transfer the
toner to the selected paper. Due to this reasemnyjle of the paper is very important
in this technique. There are special transfer mapethe market for such works. The
PnP transfer flms are used as a special trangfperp in this work. In addition,
photograph, glossy, and acetate papers can betaigakle the print out the scheme.
However, to obtain well metamaterials, the useddtier papers have to be in a good
quality. The PnP transfer films are the best qualiapers in the market.
Furthermore, the resolution of the laser printes ttabe 1200 dpi to get good print
out. Figure 6.12 shows the front and back viewgraited scheme using 1200 dpi
laser printer. In the print out, the ways of thenpmnents are covered with toner and
other parts are completely empty. The scheme inptireded papers has to be the
mirror image of the real scheme. Note that, mulieps of metamaterial shown in

Figure 6.12 can be printed on a transfer papeneint out process.

Figure 6.11: Printed circuit scheme of the desigmetimaterial.

><]P><LD<LD<PD<ID<ID<D]

(@)

(b)

Figure 6.12: Print out of the metamaterial scheadront view, b) back view.

In the third step, transferring process is happdnethe interaction of heat with
toner. To provide the required heat, it is necgstause the old model flatiron with
no heat. Before the hot-press, FR4 substrate neisidaned with water and then
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copper faces must be rubbed with thin sandpapeerfermpaper). A cleaned and
rubbed FR4 substrate is illustrated in Figure 6Tk8start to the transferring process,
PnP transfer films are positioned on the coppeedaaf FR4 substrate and they are
glued with the sticker at the edged. The flatiremmiranged to provide required heat.
The best arrangement is turning the screw to thk leivel. Then, the transfer papers
are ironed with the circular movements. Thus, thaths distributed uniformly on
FR4. Transfer papers can be removed after enowging. It takes at least 3 or 5
minutes. Removing process can be done slowly duhagroning or it can be done
after FR4 and transfer papers cooled. Figure éhbdvs the pictures of the front and
back views of new metamaterial after completingtthasferring process. If toner is
not transferred so good to the FR4 substrate aare tire broken ways, the necessary

corrections can be made by using the printed dippens.

2T |

Figure 6.13: A cleaned and rubbed FR4 substrate.

Front Back

Figure 6.14: Front and back views of new metamaitefter transferring process.
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In the last step, the copper without toner (emmyt)pis melted using chemical
process. To do this, the mixture of hydrochloriecdaand diluted hydrogen peroxide
(perhydrol) is used. The ratio of the hydrochlaamd to the perhydrol must be 4/1.
The mixture is prepared in the plastic contained &R4 substrate is left into the
container. The container can be swung slowly frafh fo right to speed up the
solubility. The melting process can be seen fromufé 6.15. The gas appeared
during the chemical reaction must not be breathedddition, it is necessary to not
touch to the mixture by hand or metal things. Themgical process has to be done
with wearing gloves in open air or out door. Afeefew minutes, the substrate is
removed from the container and cleaned with wat#ngia sponge. Figure 6.16
presents new metamaterial after the chemical apaholg processes. As it is seen
from this figure, the conductor ways with tonernist affected from the chemical
mixture. So that, the printed circuit scheme of maetamaterial which is drawn in
the computer is transferred to FR4 substrate byguie chemical process. Finally,

the produced substrate can be sliced accordintetdesired size.

Figure 6.15: Melting process with the use of chexnigixture.

Figure 6.16: New metamaterial after the chemicdl @aaning processes.
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6.5 Transmission Experiments

In this section, some transmission experimentseof metamaterial are provided. All
experiments were done in Nanotechnology ResearoleCENANOTAM) at Bilkent
University. The transmission spectra of manufactureovel metamaterial are
performed in free space by using an Agilent TecbgwIN5230A network analyzer.
Two monopole antennas were used in the experimentsansmit and detect the
electromagnetic waves through the metamaterial Eanife monopole antennas
had been constructed by removing the shield aramedend of a microwave coaxial
cable. The exposed centre conductor, which is alded as the transmitter and
receiver, was 2 mm long. This length is on the pfel/2, arranged to work at a
frequency range covering resonance frequencies.optla antennas were then
connected to the network analyzer to measure #msitnission characteristic of the
novel metamaterial. The schematic representatie@xpérimental setup is shown in
Figure 6.17. For all measurements, electromagnetice propagates along the
direction. The electric field polarization is kegdbng they axis, and magnetic field
polarization is kept along axis. Shortly, the incident field has wave-vector

electric fieldE, and magnetic fielé, alongx, y, andz directions, respectively.

Metamaterial sample
Network Monopole
IRNNENEE

X

Figure 6.17: Schematic drawing of the experimesgalip.
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The absorber units were used during the experimeniget rid of unwanted
reflections. All measurements were performed ire fepace (air) rather than a
waveguide environment. In our experiments, we firstasured the transmission
spectra in free space without metamaterial sampihese data was used as the
calibration data for the network analyzer. Thenyalanetamaterial samples were
inserted between monopole antennas, and we perdorthe transmission
measurements by maintaining the distance betweentrdnsmitter and receiver
monopole antennas fixed as shown in the figure mgibelow. Note that, all

transmission measurements are normalized to unity.

In the first experiment, we measured the transmissspectrum of one
metamaterial slab comprised of 8 unit cells as showFigure 6.11. There are 16
TSRRs and one WS in this slab. The measured trasgmi characteristic of one
metamaterial slab is displayed in Figure 6.18. Treguency response of the
transmission for one metamaterial slab shows sirbddnavior as in Figure 4.11(b).
The frequency response of the transmission hasdixed characteristic as in the
numerical results of Lorentz medium slab. Thusai be said that the experimental
result for one metamaterial slab comprised of TSRRRd WS agrees with the
numerical results obtained for Lorentz medium skatChapter 4. Here, the main
important point is that the high transmission b@néh the negative region or not.
According to the simulation results given in Fig®, the negative band stands
between 3.23 GHz and 4.43 GHz. The negative bandiie metamaterial slab
consists of 8 unit cells lies approximately in #&ne region of the simulation result
given in Figure 6.9. Consequently, it can be shat the high transmission occurs in
the negative region where our novel periodic stmectworks as a DNG
metamaterial. Note that, the measured high trarssomgpeak is not in the calculated
negative region (3.7 GHz - 4 GHz) shown in Figurg06 In the calculation, the
permittivity and permeability are computed usingtimeanatical formulations given
in Chapter 3. Thus, the negative region is caledlatising these mathematical
approximations. In the real case, the permittiatyd permeability are not exactly
equal to the approximated parameters. Also, theeenat accurate mathematical
functions to express the permittivity and permegbibf real metamaterials in the

literature. As a result, the measured transmissgp@ttrum can not be involved in the

143



calculated negative region. But, it must be in iegaregion obtained from the

simulation results.

Transmission

0.0 I I I

frequency (GHz)

Figure 6.18: Measured transmission spectrum ofroe@material slab comprised of

8 unit cells.

In the second experiment, the transmission spectfione metamaterial slab
with two columns is measured. This metamaterid) slégh two columns consists of
16 unit cells is shown in Figure 6.19. For this ameaterial slab, the measured
transmission characteristic versus the frequendjusirated in Figure 6.20. In this
measurement, a transmission band is observed het®@8 GHz and 4.43 GHz
which is agree with the negative region obtainenfrsimulation. The transmission
peak is measured to be nearly unity at 3.796 GHis peak stands in the negative
region obtained from calculated and simulated tssilherefore, it can be said that
the calculated and simulated results agree with e#oer for the one metamaterial

slab with two columns consists of 16 unit cells.
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Figure 6.19: Schematic representation of one mdatmhslab with two columns

consists of 16 unit cells.

Transmission

3.5 4 4.5 5
frequency (GHz)

Figure 6.20: Measured transmission characteriséicsus the frequency for one

metamaterial slab with two columns consists of ti cells.

Figure 6.21 shows the measured transmission spict@ne metamaterial slab
with 8 unit cells (one column) and 16 unit cellwdtcolumns), respectively. Gray
line corresponds to 8 unit cells and black lineregponds to 16 unit cells. As it is
clearly observed from the figure, the measuredstrassion peak shifts to the right
from 3.614 GHz to 3.796 GHz when metamaterial slab 16 unit cells. In addition,

the high transmission band is wider in the 16 oeit metamaterial slab.
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Figure 6.21: Measured transmission spectra for me&amaterial slab with 8 unit

cells (one column) and 16 unit cells (two columr@lay line corresponds to 8 unit

cells and black line corresponds to 16 unit cells.

As the third experiment, the transmission measunéemir multilayer
metamaterial slabs is considered. To do this, teww metamaterial slabs is arranged
consecutively with 2 mm spacing between them. lamsethat there are 3 layers in
the environment consisted of two metamaterial skt one dielectric (air) slab.
The dielectric slab is embedded between two metmaatslabs. The measured
transmission spectrum for this three layered stinecis presented in Figure 6.22. The
high transmission band stands in the negative negsoit is expected. The measured
spectrum is in agreement with the numerical resolitained in Chapter 5. The
measured result offers to design a high transmiddiers as in the numerical results
obtained in Chapter 5. All pass filters for the akge region and/or band pass filter
for the desired frequency region can be designedl manufactured using the

measured results obtained here.
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Figure 6.22: Measured transmission spectrum fordermsecutive metamaterial slabs

with 2 mm spacing.

Our forth experiment was arranged to study thecefiéthe spacing between the
layered structure used in the previous experim@htarrangements are the same
with the previous experiment except the spacingeHeis increased from 2mm to 4
mm. The measured transmission spectrum for thigtstre is displayed in Figure
6.23. The high transmission band again stands énrtbgative region and the
measurement agrees with results obtained in Chdptérhis result suggests to
construct the high transmission filters using tleevmmetamaterial as recommended
in the numerical results obtained in Chapter 5. Tésults of this and previous
experiments are plotted together and they are tiflted in Figure 6.24 for
comparison purpose. Gray line corresponds to thectstre arranged with 2 mm
spacing and black line corresponds to the struawmanged with 4 mm spacing. As
it is observed from this figure, the high transnauesinterval is wider in the 4 mm
spacing experiment. Thus, it can be concluded thatuitable dielectric slab
thickness between the two metamaterials is arratigedvidest transmission band
can be obtained. Then, more efficient transmisditiars can be designed and

fabricated.
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Figure 6.23: Measured transmission spectrum fordermsecutive metamaterial slabs

with 4 mm spacing.
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Figure 6.24: Measured transmission spectra for dammsecutive metamaterial slabs
with 2 mm and 4 mm spacing. Gray line corresponda tnm spacing and black line

corresponds to 4 mm spacing.

In the fifth experiment, we tried to construct fiv@yered configuration to
observe the transmission characteristic. For tl@ason, we combined three
metamaterial slabs with 2 mm spacing. The measua@dmission spectrum for this
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structure is demonstrated in Figure 6.25. Oncenadhe high transmission peak is
observed in the negative region at 3.717 GHz. Taesmission bandwidth of the
negative region is narrower than the transmissanrdividth achieved in the previous

experiment.

Transmission

0.0

3 3.5 4 4.5 5
frequency (GHz)

Figure 6.25: Measured transmission spectrum fore fieayered configuration

comprised of three metamaterial slabs and two cliéte(air) layers.

In the last experiment, seven layered structureasgastructed for measuring the
transmission spectrum. To do this, four metamdtstabs with 2 mm spacing are
combined together. Figure 6.26 presents the traassom spectrum for this seven
layered structure. The transmission peak is actli@vehe negative region at 3.717
GHz. This is the same frequency observed in theigue experiment. In addition,
the transmission bandwidth obtained here is nanrdlagn the previous experiment.
Therefore, according to the measurements, the nrgson bandwidth in the
negative region is narrower when the number ofrjgincreased. It means that the

transmission bandwidth is inversely proportionalhwhe number of layers.
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Figure 6.26: Measured transmission spectrum forerselayered configuration
comprised of four metamaterial slabs and threedigt (air) layers.

6.6 Summary and Discussion

In summary, this chapter has discussed the desggtization and manufacturing
processes of the novel metamaterials consistaridtilar split ring resonator (TSRR)
and wire strip (WS). Three different types of newtamaterials were designed and
simulated. According to the results obtained instheshapter, the designed
metamaterials exhibited double negative propeitigbe frequency band of interest.
It means that the modeled structures were wellgdesi and successfully worked
around the operation frequency. The metamateriaictsires were designed to
display double negative characteristics around 4z.GNote that, the negative
frequency band can be retailored by rearrangingsike and dimensions of the
structures. Therefore, our novel metamaterials paovide new ways to design,
characterize, and manufacture new metamaterialthén microwave, millimeter

wave, and optical frequency regions. Then, thei¢abon processes to manufacture
new metamaterial slabs were explained in detaihalf, some transmission

experiments were provided using the manufacturaglossio observe the transmission
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characteristics of the multilayer structure comguli®f new metamaterial slabs and
dielectric (air) layers. In the transmission sp&cthigh transmission peak was
achieved in the negative region as it was expedikd.incident waves were nearly
transmitted through the constructed structures awmithbeing reflected at the
metamaterial — air interface at the negative regibne low reflection from the
surface can be attributed to either matched impszlaat the interface or the
thickness of the slabs. In addition, the transraissiandwidth in the negative region
narrowed when the number of layers along the prafay direction is increased.
This was expected due to the losses. As it is knthah the losses increases if the
number of layers is increased. The measured tr&sgni spectra were also
compared with the numerical results obtained inpiteious chapters. It is observed
that the experimental results agree with the numakniesults. It means that the
characteristics of the experimental and numeriesllts are approximately the same
with each other. Furthermore, the results of tlnapter propose to design, realize,
and manufacture transmission coatings and filteith vaigh efficiency at the
millimeter wave, optical, and microwave regimes iass recommended in the

numerical results acquired in previous chapters.
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CHAPTER 7

CONCLUSION

In this thesis, analysis, some applications, antbeel design of double negative
metamaterials have been investigated. In this ena@ brief summary of the
investigation and the results of thesis work aresented. In addition, some future

directions are mentioned in the base of the refmliisd.

The first two chapters concerned with the basiorimfation of the double
negative metamaterials. In Chapter 1, some dajimsti of double negative
metamaterials, historical background, and thesisivaimon were given. The detail
literature search was presented and some termileslogbout double negative
metamaterials are explained. In the second chapi@n electromagnetic properties
of double negative metamaterials were explicated aiscussed. Dispersion
characteristics and plane waves in such medium weseribed. In addition, the
concept of negative refraction was clarified anchecexamples from the literature

were shown.

In the third chapter, classification and realizatiof double negative
metamaterials were given to understand the chaistitefeatures of them. Both the
analytical and physical models were presented @&ntity how double negative
metamaterials can be constructed. These were ngrgriant because the design and
manufacturing processes were based on these aspdsts the theoretical and
numerical analyses which were explained in thefalhg chapters constructed in the
base of the subject constructed in the third cliapte
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Chapter 4 presented the wave propagation in theepoe of double negative
metamaterials. First of all, two adjacent seminié conventional and double
negative media are examined. The case of normal,wBke, and TM wave
incidences are investigated. Then, double negatietamaterial slab embedded
between two dielectric media was studied. This sfalk characterized by using the
concept explained in Chapter 3. The results obtkineghis chapter showed that the
manufacturing of anti-reflection and/or total-tramission coatings and/or filters was
achievable by using the suitable design procesghé&unore, the combination of
conventional dielectric and double negative media simulated to illustrate the
perfect lens and the parabolic wave refractor appbns. It can be said that these
combinations can be used to manufacture the neseseand refractors. Finally,
these results can be used to analyze, fabricatkjrdagrate the metamaterials in

various structures.

Chapter 5 demonstrated the design and analysisaified structures containing
double negative metamaterials. First, the theostraitified structure consists of pure
double negative metamaterials and the combinatiohssuch materials with
conventional dielectric materials are constructétien, several applications of
stratified structure were presented. Accordinghresults obtained here, distributed
Bragg reflectors, high reflection and transmissawatings, band pass, stop band,
anti-reflection, multi band-pass, multi saw-combgitlating, and multi notch filters
can be constructed with high efficiency at the frexacy regions where double

negative metamaterial works.

In the last chapter, novel metamaterials are desiggnd manufactured using
triangular split ring resonators and wire striperde new metamaterials are designed
and simulated. The designed new metamaterials weceessfully worked at the
operation frequency. Then, the manufacturing preegsvere explained to construct
new metamaterial slabs to make some experimenter Aiat, some transmission
experiments were provided and the transmission achenistics of the new
metamaterial slabs were illustrated. It is obserted the experimental agreed with

153



the numerical results. Moreover, the design andidaton of high transmission
coatings and filters using these novel metamater@main new topics for further

study and it can be suggested as a future work.

The studies on the double negative metamaterial® HmBeen continuing to
become a hot topic in the scientific and engingedommunities due to the various
potential applications of them. In the near futuhe studies on the double negative
metamaterials will be more commonplace by meanghef modern engineering
applications and technologies. However, severaflissuon the double negative
metamaterials can be suggested for the present @me of them can be the design
and production of the highly efficient electromagmdilters with the use of our
novel double negative metamaterials as it is maetiothroughout the thesis work.
Also, some multilayer structures consist of doubégative metamaterials can be
determined and arranged to obtain well-organizedicds and apparatus. For
example, tunable cold plasma layers can be consttyghysically to obtain high
transmission. In addition, new metamaterials cancteated by playing with the
shape and geometry of triangular split ring resoma®t present, our novel
metamaterials can open a way to design, charaeteaimd manufacture new double
negative metamaterials. Complementary trianguldit ;g resonators can be
proposed as an example to create new types of meteais and the examples can
be increased. Additionally, our novel metamaterizd® be retailored to work at
optical and millimeter frequency bands. Furthermgrerfect lenses and parabolic
wave refractors can be realized and constructezk dime verification of them were
successfully provided in the simulation results. rdtiver, there are no exact
formulations for the permittivity and permeabiliby the physical metamaterials in
the literature. There are only some approximattongefine of them. The research to
describe the new formulations or approximations fbe permittivity and

permeability of the physical metamaterials can dlssuggested for the future work.
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APPENDIX

TRANSMISSION LINE MODELING METHOD FOR STRUCTURES
CONTAINING DOUBLE NEGATIVE METAMATAERIALS

In this appendix, the transmission line modelinghuod (TLM) for DNG structures

is examined. In Chapter 2, the reflection and tmassion coefficients were

determined by enforcing continuity of the tangent@mponents of the electric and
magnetic fields across the boundaries. Here tmsngsion line circuit components
are derived to obtain the reflection and transmrsstoefficients. Note that, the
transmission line circuit components are functiohshe thickness of the dielectric
layers, its electric and magnetic parameters angevpeopagation factor inside the

layers.

The boundary conditions at the junctions of thexgraission lines specify that
both the voltage and current be continuous acresh ¢unction. The boundary
conditions for the plane wave interfaces forcettrgential components & andH
to be continuous, and sinéeld,, ~ &hdH &, - |, these two sets of boundary

conditions are also equivalent. Note thaf, (N=x,y, ap the unit vectors

tangential to the reflecting interface.

The transmission line equivalent circuit for twarsenfinite media formed from
DPS and DNG materials shown in figures 4.1, 4.8, 4% is very simple and it is

shown in Figure A.1.
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Figure A.1l: Transmission line equivalent model wb tsemi-infinite media formed

from DPS and DNG materials.

The reflection and transmission coefficients casilgde found as follows:

— Zot B ZOi (Ala)
Zot + Zoi
T=1+R=_2%0 (A.1b)
Zot + Zoi

whereZ, andZy are the characteristics impedances of the incidadttransmitted
media. The main important point is to write the reltéeristic impedances for normal

and oblique (TE and TM) incidences. These are ginghe following equations.

for normalincidence (A.2a)
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Zoi = Zi
cosé
for TE waveincidence (A.2b)
— Zt
ot cosf,
Z, =Z;cosf
for TM waveincidence (A.2c)
Z, =Z,cosf,

where Z; =i /& and Z, =./14 /& are the wave impedances of DPS and DNG

media. At present, some numerical examples arstridited in figures A.2, A.3, and
A.4 to validate the results obtained in sectior®s 4.3, and 4.4. The results in these
sections were obtained recursively as explaingddann Chapter 4. Here, the figures
4.2, 4.4, and 4.6 are reproduced using TLM andrsasei method (RM). As it is seen
from these figures, TLM and RM give the same nuoakniesults. Thus, the results

are verified and validated using two methods.

IRl and |T|

oOX———=="—

X 0 .
0o O : 5
Relative Permittivity

-5
Relative Permittivity

Figure A.2: Reproduction of Figure 4.2 using TLMJIaRM.
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Figure A.3: Reproduction of Figure 4.4 using TLMJaRM.
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Figure A.4: Reproduction of Figure 4.6 using TLMJIaRM.

Now, the electromagnetic wave propagation throinghQNS which was studied
in section 4.5 is considered. Figure 4.7 showsgikemetry of the problem. The
theoretical formulations are achieved recursivelg aumerical results are specified
using this recursive method in section 4.5. Novesthformulations and numerical
results will be obtained using TLM. The transmissiime equivalent of Figure 4.7 is

shown in Figure A.5.
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Figure A.5: Transmission line equivalent model oN® between two different

dielectric media.

If the input potential difference/() indicated in the figure above is normalized to
the value of one and Figure A.5 is rearrangedsiimple form can be obtained. This

form is illustrated in Figure A.6.

Zoi I_

1V C-D ? Zos ? Lot
T R =3

L |
| d g
A B

Figure A.6: Reorganized form of Figure A.5.

In Figure A.6,Zi, represents the input impedance at poinZ\; Z,s, andZ; are the

characteristics impedances of the incident, slat,teansmitted media; R is the total
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reflection coefficient, and Ris the reflection coefficient at point B. If the
transmission line given in Figure A.6 is analyzed solved, the following equations

can easily be obtained. First of all, the input @d@nce at point A can be given as:

7 = Z, + |2, tank,d)
in — “os . '
Zos + Jzot tan(kszd)

(A.3)

Thus, the total reflection coefficient for the waostructure can be specified as

follows:

= Zn %o (A.4)
Zin + Zoi

Then, the reflection coefficient at point B cangpeen as:

_ Zot - Zos (A.5)

1= - -
ZOt+ZOS

The potential difference and current between thatpcA and B can be written as

follows:

V(2) =V *[exp( jky,2) + R exp(iksy,2)] (A.6a)
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I(z):\Z/

[expE jks,2) - R exp(ikg,2)] (A.6b)

oS

where V' shows the amplitude of the forward wave. Afterwatde potential

difference at the point A can be given as in Equa{.7).

Zin
+Z

A 7.

n

=V*[exp(jks,2) + R expt jk,2)] (A7)

oi

Using above equation, the amplitt)vfecan be found as:

v+ = Zn 1
Zin +Zy; [exp(jks,2) + R expE jko,2)]

(A.8)

Therefore, the potential difference and the curatihe point B can be formulated as
in Equation (A.9a) and Equation (A.9b).

g+ _ Zin L
Ve =V - Rl) B ZintZy [EXp(ijZZ) +R exp(_jkszz)] ¢

+R) (A.9a)

lp=o ) Zn : = : . (A.9D)
Zos Zin + Zoi [eXp(ijZZ) + Ri exp(— Jkszz)]
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At this point, we can define the output impedarigeoant B as follows:

(A.10)

At last the reflection coefficient at the outputdatihe transmission coefficient for

whole structure can be formulated as in Equatiod TA.

-Z

Ry = =2 out A.lla

w7 iz ( )

T=1+R,, =— 22 (A.11b)
ZOt +ZOUt

Therefore, the total reflection and transmissionffaents for DNS embedded
between two different DPS media were found and fdated as in Equation (A.4)
and Equation (A.11b). Note that, the characterisiipedances for normal and
oblique incidences are given in Equation (A.2) Iyr and Z,. The characteristic
impedance&,s for normal and oblique (TE and TM) incidences camhb#en as:

Z,.=Z2Z; - fornormalincidence

Z,.= Zs - for TE waveincidence . (A.12)

cosb,

Z,.=Z,cos6, - for TM waveincidence

163



where Z, =,/ 1,/ €, is the wave impedance of DNS. Now, reproductiorFigure

4.8(f), Figure 4.11(a), and Figure 4.11(b) arestitated in figures A.7 and A.8. Here,
the mentioned figures in Chapter 4 are reprodusatgul LM and RM. As it is seen
from reproduced figures, the same numerical resarisachieved using TLM and

RM. Thus, the results are verified and validatedgi$ivo methods.

o o
0 30 60 90
incidence angle (ei) incidence angle (ei)
Figure A.7: Reproduction of Figure 4.8(f) using Tlavid RM.
TE wave
1 1
TLM
e RM
0.8 0.8
0.6 0.6
o o
0.4 0.4
0.2 0.2
0 ‘ ] 0 ‘ >
10.31 11 12.79 10.31 11 12.79
frequency (GHz) frequency (GHz)

Figure A.8: Reproduction of Figure 4.11(a) and Fegd.11(b) for TE wave when
I'=100 MHz using TLM and RM.
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