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ABSTRACT

DESIGN, FABRICATION AND CHARACTERIZATION OF NOVEL METAMATERIALS
IN MICROWAVE AND TERAHERTZ REGIONS: MULTI-BAND,
FREQUENCY-TUNABLE AND MINIATURIZED STRUCTURES

Ekmekci, Evren
Ph. D., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. Goniil Turhan Sayan

December 2010, 133 pages

This dissertation is focused on the design, fabrication, and characterization of novel metama-

terials in microwave and terahertz regions with the following outcomes:

A planar y-negative metamaterial structure, called double-sided SRR (DSRR), is proposed in
the first part of this study. DSRR combines the features of a conventional split ring resonator
(SRR) and a broadside-coupled SRR (BC-SRR) to obtain much better miniaturization at mi-
crowave frequencies for a given physical cell size. In addition to DSRR, double-sided multi-
ple SRR (DMSRR), double-sided spiral resonator (DSR), and double-sided U-spiral resonator
(DUSR) have been shown to provide smaller electrical sizes than their single-sided versions

under magnetic excitation.

In the second part of this dissertation, a novel multi-band tunable metamaterial topology,
called micro-split SRR (MSSRR), is proposed. In addition to that, a novel magnetic resonator
structure named single loop resonator (SLR) is suggested to provide two separate magnetic

resonance frequencies in addition to an electric resonance in microwave region.
In the third part, two different frequency tunable metamaterial topologies called BC-SRR
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and gap-to-gap SRR are designed, fabricated and characterized at terahertz frequencies with
electrical excitation for the first time. In those designs, frequency tuning based on variations
in near field coupling is obtained by in-plane horizontal or vertical displacements of the two
SRR layers. The values of frequency shifts obtained for these tunable metamaterial structures
are reported to be the highest values obtained in literature so far. Finally, in the last part of
this dissertation, novel double-sided metamaterial based sensor topologies are suggested and

their feasibility studies are presented.

Keywords: split ring resonator, frequency tunable metamaterials, multi-band metamaterials,

electrically-small metamaterials, metamaterial based sensors
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MIKRODALGA VE TERAHERTZ BOLGESI OZGUN METAMALZEMELERIN
TASARIMI, URETIMI VE KARAKTERIZASYONU: COK-BANTLI, FREKANSI
AYARLANABILIR VE KUCULTULMUS YAPILAR

Ekmekci, Evren
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Goniil Turhan Sayan

Aralik 2010, 133 sayfa

Bu tez, mikrodalga ve terahertz bolgesinde ¢alisan 6zgiin metamalzemelerin tasarimi, iiretimi

ve karakterizasyonu konularina yogunlagsmis ve asagida siralanan sonuclar elde edilmistir:

Bu calismanin ilk kisminda, cift tarafli ayrik halkal rezonatdr (CAHR) ad1 verilen diizlemsel
bir p-negatif metamalzeme yapist onerilmistir. Bu CAHR yapisi, alisilmig ayrik halkali re-
zonator (AHR) yapis1 ve diizleme dik baglasmis AHR (DB-AHR) yapilarinin 6zelliklerini
birlestirerek verilen bir fiziksel hiicre boyutu i¢in mikrodalga frekanslarinda elektriksel olarak
cok daha kii¢iik yapilarin tasarimini miimkiin kilmaktadir. CAHR yapisina ek olarak, cift
tarafli goklu-halkali AHR (CCAHR), cift tarafl1 spiral resonator (CSR) ve cift tarafli U-spiral
resonatdr (CUSR) yapilarinin manyetik uyarim altinda tek tarafli uyarlamalarina gore elek-

triksel olarak daha kii¢iik olduklar1 gdsterilmistir.

Tezin ikinci kisminda, mikro-ayrikli AHR (MAAHR) yapisi olarak adlandirilan ¢ok bantl
frekansi ayarlanabilir 6zgiin bir metamalzeme yapis1 Onerilmigtir. Ayrica, tek dongiilii re-
zonator (TDR) olarak adlandirilan ve mikrodalga frekans bolgesinde iki ayr1 manyetik re-

zonans frekansina ek olarak bir tane de elektriksel rezonans sergileyen 6zgiin bir manyetik
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metamalzeme yapisi sunulmustur.

Tezin lciincii kisminda, DB-AHR ve ayrik-ayria AHR olarak adlandirilan iki ayrn frekansi
ayarlanabilir metamalzeme topolojisinin terahertz frekanslarinda ve elektriksel uyarim altinda
tasarimi, iiretimi ve karakterizasyonu yapilmistir. Literatiirde ilk kez 6nerilen bu tasarimlarda,
yakin alan baglagsmasindaki degisimlere dayali frekans ayarlamasi paralel AHR diizlemleri
arasindaki diisey ve yatay kaydirmalarla elde edilmistir. Bu ayarlanabilir metamalzeme yapilari

icin elde edilen frekans kaydirmalari literatiirde simdiye kadar sunulan en yiiksek degerlerdir.

Tezin son kisminda ise, 6zgiin ¢ift tarafli metamalzeme bazli algilayici topolojileri 6nerilmis

ve bunlara ait fizibilite caligmalar1 sunulmustur.

Anahtar Kelimeler: ayrik halkali rezonatorler, frekansi ayarlanabilir metamalzemeler, ¢ok-

bantli metamalzemeler, elektriksel kii¢iik metamalzemeler, metamalzeme bazl algilayicilar
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CHAPTER 1

INTRODUCTION

In 1968, Veselago’s proposal of an artificial medium having simultaneously negative values
of permittivity (€) and permeability (i) was the starting point for the research on left-handed
metamaterials [1]. It was claimed that unlike the ordinary (i.e. right-handed) materials, wave
vector k, electric filed vector E, and magnetic field vector H of such materials would form
a left-handed triplet, hence they were called “left-handed” materials. Besides, a left-handed
medium was expected to exhibit some extra-ordinary properties which were not observed in
naturally existing materials. These were backward propagation, reverse Doppler effect, re-
verse Vavilov-Cerenkov effect and negative index of refraction [1]. Possibility of designing
artificial materials with such unique properties was very exciting. However, the problem was
the realization. In fact, realization of e-negative (ENG) media was known to be possible by
using the thin-wire array structures, based on the plasma theory [2, 3]. Therefore, the limit-
ing issue was the realization of u-negative (MNG) media. Due to the lack of free magnetic
charges in the nature, the use of plasma-like behavior was not possible to obtain MNG re-
gions. Fortunately, in 1999, Pendry et al. broke the peace and they proposed the use of Swiss
rolls or split ring resonator (SRR) structures to obtain MNG spectrum [4]. As the follow-up,
Smith et al. proposed the use of a composite medium consisting of periodic SRR arrays and
thin-wire structures, to obtain simultaneously negative values of € and y [5]. In 2001 finally
the dream came true when, Shelby et al. demonstrated the first physical left-handed medium
(LHM) [6]. This realization was the starting point of so many new frontiers in metamaterial

applications, within the last decade.

The number of metamaterial related journal papers, which have been indexed by ISI Web
of Knowledge since 2000, is over 2200. It looks that there has been an almost exponential

increase in the number of published metamaterial work over the last decade. There are var-



ious research topics related to the theory and applications of metamaterial structures. The
most popular of those are the investigation of fundamental properties of the negative in-
dex metamaterials [7, 8, 9, 10], designing miniaturized (i.e. electrically small) metamate-
rials [11, 12, 13, 14, 15, 16, 17, 18], circuit modeling for metamaterials [12, 13, 14, 19, 20,
21, 22], frequency tunable metamaterials [23, 24, 25, 26, 27, 28, 29, 30], investigation of
anisotropy and bianisotropy in metamaterial structures [11, 31, 32, 33, 34], extraction of ef-
fective medium parameters [35, 36, 37, 38, 39, 40], coordinate transformations/invisibility
cloaks [41, 42, 43, 44, 45, 46, 47], imaging / perfect lens designs [10, 48, 49, 50, 51, 52, 53],
use of metamaterials in the design of antennas [54, 55, 56], and transmission line models of

metamaterials [49, 57, 58, 59].

1.1 Metamaterial Research Topics Studied in This Dissertation

In the following sub-sections, the research topics studied within the context of this dissertation

will be briefly introduced.

1.1.1 Split Ring Resonators

Split ring resonator (SRR) is one of the most common metamaterial resonator structures re-
ported in literature. The schematic view of the conventional SRR and its well-known variants
are given in Figure 1.1. When a time-varying magnetic field H applied perpendicularly to the
SRR plane, a MNG region is provided around its resonance frequency [4]. SRR also promises
ENG regions, when it is excited electrically [60, 61]. This type of excitation is commonly pre-
ferred by the terahertz (THz) metamaterial community due to the difficulties in performing
experiments by using magnetic excitation. Detailed information on the excitation types of

SRR structure will be given in Section 2.3.

Effects of fundamental SRR design parameters (i.e. unit cell size, width of the metal strips
and gap, separation distance between the neighboring rings, etc.) on the resonance frequency
of the structure were throughly studied in literature [13, 31, 62, 63, 64, 65, 66]. In 2002,
electromagnetic polarizabilities of the conventional SRR were investigated by Marqués et al.

to figure out its bianisotropic behavior. Since bianisotropy is not a desired feature for many



(@) (b) (c)
(d) (e) (f

Figure 1.1: Common split ring resonator (SRR) structures: (a) Conventional circular SRR,
(b) single-ring SRR, (c) square-shape single ring SRR, (d) single ring SRR with two gaps, (d)
single ring SRR with four gaps, (f) extended gap SRR.

applications, an alternative double-sided SRR topology called BC-SRR was also proposed to

avoid bianisotropic behavior [11, 31].

Magnetic metamaterial designs different than the conventional SRR and BC-SRR have also
been proposed in literature. They are; spiral resonators (SR) [14, 16], V-shaped resonators
[67], labyrinth resonators [68, 69], S-shaped resonator [70, 71, 72], Q-shaped resonator [72,
73], sigle loop resonator (SLR) [74] and double-sided SR (DSR) [16, 75], broadside-coupled
SR (BC-SR) [17, 18], double-sided SRR (DSRR) [13, 64, 76].

1.1.2 Miniaturized Metamaterials

The theory of metamaterials is based on the effective medium approach [11, 31] that assumes
the presence of an approximately homogeneous medium which consist of unit cells whose
physical dimensions are much smaller than the free space wavelength. In other words, smaller
the electrical size of the unit cells, better the homogenization will be. Thus, the studies on

miniaturized (i.e. electrically-small) metamaterials become very important.

The typical electrical size of an SRR is about one tenth of the free space wavelength [11, 31].



Moreover, it has been demonstrated that the BC-SRR, multiple SRR (MSRR) and DSRR
structures have the advantage of being electrically smaller as compared to the conventional
SRR structure [11, 12, 13, 20, 31]. Among all of these SRR based topologies, double-sided
MSRR (DMSRR) has promised the best miniaturization results [13].

Conventional spiral resonator (SR) topology and its variants, double-sided SR (DSR), broadside-
coupled SR (BC-SR), U-spiral resonator (USR) and double-sided USR (DUSR) have been
shown to have much smaller electrical sizes as compared to the conventional SRR topology

[12, 14, 15, 16, 17, 18].

Moreover, Aznar et al. showed that electrical sizes of the metamaterial resonator structures
could be reduced by combining spiral topologies together with the broadside coupled topolo-
gies [17]. Based on this idea, some novel BC-SR structures was introduced by using two
resonator layers connected each other by conducting vias [18]. It was also shown in [18]
that the resonance frequency hence the electrical size can be significantly reduced for smaller

values of the substrate thickness in either SR topology or in BC-SR topology.

1.1.3  Circuit Modeling of Resonator Structures

The characteristics of complicated metamaterial structures can be investigated accurately and
efficiently with the use of commercial full-wave electromagnetic solvers such as Ansoft HFSS
and CST Microwave Studio. However, the use of proper equivalent circuit models for meta-
material structures would certainly simplify the analysis and design studies with an apprecia-
ble savings on computational time and memory requirements. In 2004 and 2005, an equivalent
circuit model for the SRR unit cell was proposed and validated where the small capacitive ef-
fects coming from splits and also the effects of dielectric losses were neglected [14, 19]. In
2006, an equivalent circuit model for the three-dimensional array composed of magnetically
excited ring structures was presented [77]. In that study, the coupling effects between indi-
vidual columns of rings were included in the model. Recently, the effects of dielectric and
conductor losses were demonstrated in the equivalent circuit models proposed by Bilotti et
al. for multiple SRRs (MSRRs), SRs, and labyrinth type resonators [12, 20]. In addition, a
symmetrical circuit model describing all kinds of circuit metamaterials was suggested by Cui
et al. [21]. In 2009 Ekmekci et al. proposed an approximate circuit model for the BC-SRR
and double-sided SRR (DSRR) structures [13]. Also in 2010, an equivalent circuit model for

4



SRR arrays was given by Yasar-Orten et al. [22].

1.1.4 Frequency Tunable Metamaterials

Left-handed metamaterials are commonly constructed by a combined use of thin wire arrays
and magnetic resonator arrays [6]. The frequency bandwidth of MNG operation provided by
magnetic resonator arrays is usually a small fraction of the ENG region bandwidth provided
by periodic thin wire arrays. Therefore, tuning the left-handed operation bandwidth of the
composite material essentially requires the tuning of the resonance frequency of the magnetic

resonator array.

In literature, there are various approaches reported for tuning the resonance frequency of
magnetic resonators. A common approach is to change the design parameters of the metallic
inclusions (i.e. metal strip width, separation between the rings, gap widths, unit cell dimen-
sion, etc.) [63] or to play with the thickness and dielectric constant of the substrate [13, 78].
Obviously, it is not possible to change the geometrical parameters of an already printed metal-
lic inclusion or the parameters of the substrate. Instead, some sophisticated techniques needed
to be used for real-time tuning. The use of liquid crystals [25, 79, 80, 81, 82], lumped capac-
itors or varactors [26, 83, 84, 85, 86, 87], ferromagnetic [27, 88, 89, 90] and ferroelectric
[91, 92] techniques, semiconductors [29, 30, 93, 94], and microelectromechanical (MEMS)
switches [16, 23, 28, 95, 96] have been suggested in literature for tuning metamaterial devices

in various applications.

1.1.5 Terahertz Region Metamaterials

Terahertz (THz) region of the electromagnetic spectrum extends from 300 GHz to 3 THz (1
THz = 10'? Hz) which is alternatively called the far-infrared region (FIR). While operation of
electromagnetic devices are described by the principles of RF electronics in microwave region
or at lower frequencies, most of the devices operating in the infrared region and beyond are
photon-based devices. The THz gap is considered to be a transition region between the areas

of electronics and photonics [97, 98, 99].

The metamaterial structures are frequency scalable, thus they can be easily scaled from mi-

crowave to THz region. However, in usual THz time domain spectroscopy (THz-TDS) setups,



the electromagnetic waves are sent with normal incidence onto the SRR plane. In this case,
the magnetic field vector H lies parallel to the SRR plane, and hence the magnetic excitation
is not possible [99]. In other words, metamaterial resonators are usually excited electrically
in terahertz region although there are rare examples in literature which report the magnetic
excitation of THz metamaterials with the use of some sophisticated experimental techniques.
In THz region, the most common THz region metamaterial structures are the single ring SRR
and the electric field coupled (ELC) resonator [100, 101, 102]. More information about these

resonator structures will be presented in Section 2.2.1.2.

1.2 Novel Contributions of This Dissertation to Literature on Metamaterials

Three international journal papers [13, 23, 74], eight international conference papers [16,
66, 67, 64, 103, 104, 105, 106], and six national conference papers [76, 107, 108, 109, 110,
111] have been already published based on the novel outcomes of this dissertation study.
There is one international journal manuscript in peer-review process and its basic content is
available as an internet archive file [24]. There are three more manuscripts in preparation
to be submitted to international journals. All of the publications mentioned above contain
the original outcomes of this dissertation and their contents are included in various chapters
to follow by the permissions of the co-authors. Collaboration with other authors at METU
and at Boston University have been needed especially in the fabrication phase of designed

metamaterial structures.

Novel outcomes of this dissertation can be summarized under the following categories:

MNG Structures / Miniaturization:

e The double-sided SRR (DSRR) structure [13, 64, 76, 104] as well as the double-sided
multiple SRR (DMSRR), and double-sided U-spiral resonator (DUSR) [16] are intro-
duced and simulated as to be mentioned in Chapter 3 in detail. Also, a simplified

equivalent circuit model is given for the BC-SRR and DSRR structures.

e Electrical sizes of the SRR, BC-SRR, MSRR, DMSRR, SR, DSR, USR, and DUSR

unit cell topologies are investigated in detail. The DUSR topology is demonstrated to



have the highest level of miniaturization as to be shown in Chapter 3.

Frequency Tunable and Multi-Band Metamaterial Structures in Microwave Frequen-

cies:

o Novel multi-band metamaterial structures are designed, fabricated and experimentally
demonstrated in X-band using micro-split SRR super cells [23, 106, 110]. A MEMS
based switching technique is proposed for adaptive tuning of operation bands of this

metamaterial as discussed in Chapter 4.
e Also, a novel dual band magnetic resonator called single ring resonator (SLR) is de-
signed in microwave frequencies [74, 105] as to be presented in Chapter 4.

Frequency Tunable and Multi-Band Metamaterial Structures in Terahertz Frequencies:

o The highest frequency tuning rate in metamaterial literature up-to-date, which is 51
percent in experiments and 53 percent in simulations, based on near field coupled SRR

structures has been achieved, and the results are presented in Chapter 5 [24].
o Tunability of near field coupled SRR structures under electrical excitation [24] is inves-
tigated in terahertz regime as discussed in Chapter 5.

Metamaterial Sensor Applications:

¢ BC-SRR metamaterial sensor topologies are suggested for pressure, temperature, hu-
midity, and concentration sensor applications [109]. Feasibility of such sensors are

demonstrated by numerical simulations in Chapter 6.

e Also, the V-Shaped resonator structure [67, 107, 111] is introduced and its use as a

pressure sensor is suggested as to be given in Chapter 6.

e Two different journal papers are in preparation to report the results of metamaterial

sensor applications.

1.3 Organization of This Dissertation

Organization of this dissertation can be summarized as follows:



In Chapter 2, the basic theoretical aspects of metamaterials are outlined.

In Chapter 3, a novel planar magnetic metamaterial structure, called double-sided split ring
resonator (DSRR) is proposed. This structure combines the characteristics of a conventional
SRR and a broadside-coupled SRR (BC-SRR) to provide much better miniaturization at mi-
crowave frequencies for a given physical unit cell size. Herein, electromagnetic transmission
characteristics of conventional SRR, BC-SRR, and DSRR are investigated and the results
are compared for varying values of substrate parameters which are thickness, permittivity,
and dielectric loss tangent. In addition to the DSRR structure, three other novel electrically-
small metamaterial resonator topologies are introduced in this chapter, which are the U-spiral
resonator (USR), double-sided USR (DUSR), double-sided multiple SRR (DMSRR) meta-

material structures.

In Chapter 4, a feasibility study for the design of a novel tunable multi-band metamaterials
based on the use of micro-split SRR (MSSRR) structures is presented. In this study, in ad-
dition to conventional SRR (type A) structure, two modified SRR unit cells (type B and type
C) having the same design topology and parameters except the additional micro-splits on the
outer square ring (along the arm having the main split) are proposed. Herein, type B and
type C structures (i.e. MSSRRs) are designed to have two and four additional micro-splits,
respectively. Transmission characteristics of the resulting MSSRR arrays are obtained both
numerically and experimentally and compared to those of the ordinary SRR unit cell. Fi-
nally, 2 X 2 and 3 X 2 inhomogeneous super cells which contain columns of different types
of metamaterial unit cells are designed and fabricated. It has been shown that the resulting
arrays provide two or three different frequency bands of operations due to the use of different
magnetic resonators together. In addition to the MSSRR structure, another novel magnetic
resonator structure called SLR (single loop resonator) showing two separate magnetic reso-

nance frequencies and also an electric resonance in microwave region is presented.

In Chapter 5, three novel frequency tunable metamaterial designs are presented at terahertz
(THz) frequencies using broadside-coupled SRR (BC-SRR) and gap-to-gap SRR arrays. In
those designs, frequency tuning is obtained by in-plane horizontal or vertical displacements

of the two SRR array layers, which lead to changes in near field coupling.

In Chapter 6, a BC-SRR based sensor topology is suggested which would be useful to monitor

measurands like pressure, temperature, humidity or concentration. Also a V-shaped resonator



based pressure sensor is introduced. Feasibility of these novel sensor applications is demon-

strated by numerical simulations.

Finally, the content, conclusions and the novel outcomes of this doctoral research study are

summarized in Chapter 7, suggesting also several important problems as future work.



CHAPTER 2

THEORY OF METAMATERIALS

2.1 Characteristics of Metamaterials with Simultaneously Negative Values of

Permittivity and Permeability

The permittivity € and the permeability u are the fundamental parameters of a medium which
determine the propagation of electromagnetic waves since they both appear in the dispersion

equation. For an isotropic medium, the dispersion relation can be defined as:

K—-—=n=0 .1

where k is the wavenumber, w is the angular frequency, c is the velocity of light in vacuum,

and n is the refractive index of the substance. Here, n is given by

n= \ur€ 2.2)

where p, is the relative permeability and ¢, is the relative permittivity of the substance. In
general, for natural materials, u,, €. and n take positive numbers. However, setting y, and/or
€, to negative numbers will result in extraordinary material properties which will be discussed

in the first part of this chapter.

Since € and u appear in product form in Equations (2.1) and (2.2), these equations are not
affected by the simultaneous change of the signs for € and y. On the other hand, the Faraday’s
law, Ampere’s law and the constitutive relations, where € or p appear by itself, are good points

to start to examine the effects of having simultaneously negative permittivity and permeability
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(i.e. € <0 and u < 0) values [1].

Differential forms of time-domain Faraday’s induction law and Ampere’s circuital law are

given in equations 2.3 and 2.4 for a lossless (oo = 0) medium.

VXE=-— (2.3)

VxH=— 2.4)

Here, E and H are the electric field and magnetic field intensity vectors. Also, Equations (2.5)
and (2.6) define the constitutive relations in a simple (i.e. homogeneous, linear, isotropic, and

non-dispersive) medium.

B =puH (2.5)
D=¢€E (2.6)

For a monochromatic plane wave using ¢/“’ convention, Faraday’s law and Ampere’s law can

be expressed in phasor domain as

kKx E = wui (2.7)
Ex H = —weE 2.8)

where & is the wave vector. If both e and u are positive, Equations (2.7) and (2.8) imply
that the vectors k, E and H form a right-handed triplet. On the other hand, if they both take
negative values, then k, E and H form a left-handed set. Accordingly, in 1968, Veselago called
those materials as left-handed materials [1]. Directions of the vector fields, wave vector and
the power flow density vector are shown in Figure 2.1 both for right-handed and left-handed

media. Where the power flow density vector S (i.e. the complex Poynting’s vector) is given

by

11



(a) Right-Handed Medium (b) Left-Handed Medium

-

Figure 2.1: Directions of vector Y , k, E , and H.

2.9)

in phasor domain.

Using Equations (2.7), (2.8) and (2.9), the following additional observations can be made:

e For right-handed materials, the vectors S and K have the same direction, however, for

left-handed materials they are in opposite directions.

e k is in same the direction as the phase velocity. Thus, in left-handed media, phase
velocity is in the opposite direction of the group velocity, which is known to be in the

same direction as power flow [1].

Negative Index of Refraction

Graphical representation of passage of a ray through the boundary between two media is
shown in Figure 2.2. If both medium I and medium 2 are right handed, the usual Snell’s law
given in Equation (2.10) is valid. The incident ray coming through path 1 is refracted through
path 4 and reflected through path 2. However, if the rightness of the two medium are different

a more precise form of the Snell’s law given in (2.11) is used.

sin 6 _Mm_ [le (2.10)
sing  ny M€l '
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where p; and p, are the rightness of the first and second medium respectively. For a right-

handed medium p is set to be +1, for a left-handed medium it is set to be —1.

2

Medium 1

Medium 2

Figure 2.2: Passage of a ray through the boundary between mediums 1 and 2. 1) incident ray,
2) reflected ray, 3) refracted ray in the second medium is left handed, 4) refracted ray in the
second medium is right handed.

It is significant to note that the electromagnetic waves defined by Equations (2.7) and (2.8)
will propagate in a lossless medium only if this medium has a real refractive index. If either
€ or u is negative, then n becomes imaginary as it follows from Equation (2.2). In the case of
imaginary n, wavenumber k will also be imaginary and there will be no transmission through
a thick sample. If, however, € and u are both positive or both negative, electromagnetic waves

will propagate through the medium. This discussion is summarized in Figure 2.3.

2.2 Methods of Obtaining Negative Permittivity, Negative Permeability and a
Left-Handed Metamaterial

In this subsection, the common physical approaches to obtain negative values of permittivity
and negative values permeability will be presented. Furthermore, the usefulness of these

approaches in the construction of a left-handed metamaterial will be presented.
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Figure 2.3: u vs € chart.

2.2.1 Negative Permittivity
2.2.1.1 Obtaining Negative Permittivity Using Thin Wire Arrays

In optical region, metals such as silver behave like a plasma of free electrons. This behavior
provides negative values of permittivity, below the plasma frequency [2, 3, 5, 112]. The

resulting permittivity function is given as

wz
Emetal(w) = 1 — w_lz) (2.12)

where w,, is the plasma frequency and it is given in Equation (2.13) in terms of electron
density n, electron mass m,, and charge e. In microwave region, a periodic array of the
thin wires shown in Figure 2.4 can be modeled as an effective medium with its permittivity
function given by Equation (2.12) [2, 3, 5, 6, 113]. It is clear that such a medium shows
negative values of permittivity below the plasma frequency which can be adjusted at a desired
value by properly selecting array parameters. A typical permittivity versus frequency plot is

produced using Equation (2.12) for w, = 10 X 10° rad/sec as shown in Figure 2.5.
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2 nez

w* = (2.13)
€M,

For the thin wire medium described in Figure 2.4, the plasma frequency can be calculated

simply by using Equation (2.14) stated below

2
5 27(00

where ¢y is the speed of light in vacuum, a is the lattice constant and r is the radius of the

cylindrical thin wires.

To account for the resistance of normal metals, a damping term vy is introduced into Equation

(2.12) and the resultant form of permittivity function is given in Equation (2.15) [3].

2

w
Emeral(w) = 1 — —P (2.15)
w(w = jy)

In literature, Equations (2.12) and (2.15) are also known to be the Drude dispersion model for

I

Figure 2.4: A periodic thin wire array used to obtain negative values of effective permittivity.

permittivity [114].
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Figure 2.5: A typical permittivity vs frequency plot with plasma frequency w, = 10 X 10°
rad/sec based on plasma theory. a=23.7 x 103 mandr=1x 10°m

2.2.1.2 Obtaining Negative Permittivity with Special Resonator Structures

Negative values of permittivity can also be obtained by using special resonator structures
which are excited electrically. The excitation techniques for the metamaterial resonator struc-
tures will be discussed in Section 2.3. The most common examples for electrical resonator
topologies are the single ring split ring resonator (single ring SRR) and the electric field cou-
pled resonator (ELC) whose schematic views and electrical excitations are shown in Figure
2.6 [60, 61, 100, 101, 102, 115, 116, 117]. Under quasi-static assumption, when we excite
the SRR and ELC electrically by applying an external electric field perpendicular to their gap,
they behave as an LC resonator circuit whose radial resonance frequency is wg. Since these
structures are brought to resonance electrically by the externally applied electric filed, their
effective permittivity functions can be explained by the Lorentz dispersion model, which is

given in Equation (2.16).

2
(&static — EOO)U)O

+
(a% - w?) + jwI

Eoff(W) = €xo (2.16)

where €g4ic / € are the permittivity at low / high frequency limits, wy is the angular resonance

frequency, and I is the damping frequency.
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(a) Single Ring SRR (b) ELC

Figure 2.6: Schematic views of the split ring resonator (SRR) and the electric field coupled
(ELC) resonator structures.

As a result, both structures show relatively narrow e-negative (ENG) regions just above wy.

The electric and magnetic excitation techniques for the metamaterial resonators will be dis-

cussed in Section 2.3 in more detail.

2.2.2 Negative Permeability

Negative values of permeability have a key role to obtain left-handedness. It is known that
there is no naturally occurring material or medium showing negative values of permeability
or negative refractive index [5, 6, 112]. However, it is significant to note that the existence
of negative refractive index does not violate Maxwell’s equations. Due to the lack of free
magnetic charges in nature, the benefits of plasma-like behavior, which can be realized by
the use of thin wire arrays, can not be used to obtain y-negative (MNG) regions [11]. Thus,
the artificially engineered magnetic resonator structures are the only means to obtain MNG
materials. The most common metamaterial magnetic resonator structures are the SRR [5, 6,
72,113, 118, 119], spiral resonator, labyrinth resonator (LR) [68] and the U-shaped resonator

structures shown in Figure 2.7.

When a time varying magnetic field His applied perpendicularly to the plane of the resonator,
these structures are excited magnetically. The effective permeability function of the resulting
metamaterial is well described by the Lorentz dispersion model, which is given in Equation

(2.17) [4, 114].
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(a) SRR (b) SR (©) LR

(d) USR

Figure 2.7: Schematic views of the split ring resonator (SRR), the spiral resonator (SR), the
U-shaped resonator (USR) structure, and the labyrinth resonator structure.

(Ustatic — /v‘w)a%
(W} — w?) + jwl

Hef (W) = oo + (2.17)
where pgqric / oo are the permeability values at low / high frequency limits, wy is the angular

resonance frequency, and I is the damping frequency.

2.2.3 Realization of Left-Handed Metamaterials

In literature, left-handed metamaterials are commonly constructed as a composite effective
medium which consists of a periodic magnetic resonator array and a periodic thin wire array
[5, 6, 7, 120, 121, 122] designed under proper constraints. The schematic view for such a
composite medium together with its excitation is shown in Figure 2.8. In this configuration,
the SRR array and the thin wire array are responsible for creating the MNG and ENG regions,
respectively [117, 121, 122, 123, 124]. Around the resonance frequency of the SRR array,
individual transmission measurements of the wire-only (i.e. e(w) < 0 and pu(w) > 0) and SRR-
only arrays (i.e. €(w) > 0 and u(w) < 0) show stop-band effects. However, the composite
medium (with e(w) < 0 and pu(w) < 0) shows a transmission band called “true left-handed

behavior” [121, 125, 126].
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Figure 2.8: A composite left-handed medium. (a) Front and (b) back view.

Although the thin-wire array structure provides relatively broad ENG regions and it is com-
monly used in literature to realize a left-handed medium, a composite medium consisting
of electrically and magnetically excited resonators (e.g. ELC and SRR, respectively) is also

applicable [117].

2.3 Excitation Techniques for Metamaterial Resonator Structures

There are three types of excitations for metamaterial resonator structures. These are; electrical
excitation, magnetic excitation, and both electrical and magnetic excitation [19, 104, 127,
128]. The choice of excitation type highly depends on the specific application. For example,
if MNG regions are desired, the structure has to be excited magnetically or it has to be excited
electrically in order to obtain ENG regions. However, the choice of the resonator is also very
important, as well as the choice of excitation type. For instance, spiral resonators are designed
only for magnetic excitations and ELC resonators are designed only for electrical excitations.

Since, the SRR topology is suitable for both excitations, it will be our test structure.

Figure 2.9 summarizes excitation techniques for the SRR structure. In Figures 2.9(a) and
2.9(b), the magnetic field Bis perpendicular to the SRR plane. Therefore, it can excite the
SRR’s magnetic resonances based on the Faraday’s law of induction. On the contrary, a

magnetic field parallel to the SRR plane does not excite a magnetic resonance. Moreover, in
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Figures 2.9(b) and 2.9(c), electric field Eis perpendicular to the gap of the rings. This kind
of excitation technique excites electrical resonances. Hence, the structure in Figure 2.9(b) is
excited both electrically and magnetically while the structure in Figure 2.9(d) is not excited
at all in the LC-sense. It is significant to note here that, since the SRR is known to be a

bianisotropic structure, electromagnetic couplings are expected [11, 31, 127].
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Figure 2.9: Excitation techniques for the SRR structure. (a) Only magnetic excitation. (b)
Electric and magnetic excitation. (c) Only electric excitation. (d) No excitation.

2.4 Describing an Effective Metamaterial Medium

Theory of metamaterials is based on the effective medium approach that implies a homo-
geneous medium which consists of unit cells whose physical dimensions are much smaller
than the free space wavelength. The experimental studies report that a unit cell size which
is approximately equal or smaller than one-tenth of the free space wavelength at resonance
satisfies the homogenization assumption [11, 31]. For a better visualization, an SRR structure

which is one tenth of the free space wavelength, is shown in Figure 2.10.
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Figure 2.10: SRR array and the free-space wavelength at resonance frequency.

2.5 Simulation Techniques and Boundary Conditions

In literature, simulations of metamaterial arrays are commonly performed by commercially
available full wave electromagnetic solvers where an infinitely large array is simulated using
a unit cell structure and imposing proper boundary conditions. The most common boundary
conditions (BC) applied to the unit cell structure are the perfect electric conductor (PEC) /
perfect magnetic conductor (PMC) boundary condition pair and the periodic boundary con-
ditions (PBC) [62, 72]. These two types of boundary conditions both simulate infinitely large
arrays in two dimensions. However, there may be some differences in the simulated array
topologies caused by the choice of BC type. In this part, we will illustrate the implementation
of PEC/PMC BC and PBC under K perpendicular excitation case (normal incidence) as an

example.

Figure 2.11 shows the implementation of PEC/PMC BC pair under normal incidence where
the PEC boundaries are imposed on the surfaces of the unit cell which are perpendicular to
the incident E-field, and the PMC boundaries are imposed on these surfaces which are per-
pendicular to the incident H-field. Tt is well known that if a current element flows parallel
to a PEC plane, its image has the same amplitude but the opposite flow direction. In other
words, use of the PEC boundary condition implies the “mirror image” effect between neigh-
boring unit cells of the simulated SRR array along the direction which is normal to the PEC
boundary. Therefore, the neighboring metal arms of the original and imaged SRR unit cells,

which ara parallel to the PEC boundary, must carry oppositely directed currents as shown in
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Figure 2.11. The resulting cell, current directions and the associated induced charge polarities

of SRR cells are shown in this figure.

Implementation of the PMC boundary condition, on the other hand, requires the flow of paral-
lel currents with the same amplitude and the same direction along the neighboring metal arms
of the original and mirror cells of the SRR array along the direction normal to the PMC bound-
aries. The resulting current directions and the associated charge polarities are also shown in

Figure 2.11.

Considering the combined effect of the PEC and PMC boundary conditions, the simulated
array is actually formed of super cells composed of two SRR cells, the original and its mirror

image along the vertical (normal to the PEC) direction as indicated in Figure 2.11.

Figure 2.12, on the other hand shows the implementation of periodic boundary conditions
under normal incidence. Being different than the PEC/PMC BC pair, the PBC implements
a completely periodic array composed of the designated unit cells as the name implies. The
induced charge polarities and current directions of the image cells are the same as those in the

original SRR cell.

Although the PBC implementation is the more realistic one, application of PEC/PMC BC pair

has two important advantages over PBC:

o A setup which use PEC/PMC BC pair needs less simulation time.

e In CST Microwave Studio, PBC or Unit-Cell BC (i.e. a version of PBC) is not allowed

in time domain solver.

When the simulated SRR arrays of Figure 2.11 and Figure 2.12 are compared, it is easily
seen that they do not have the same array topology unless the original SRR array (defined in
the HFSS or CST MWS softwares) is perfectly symmetrical along the direction of external
E field. The exact topology of the simulated arrays, or equivalently the current directions or
charge polarities of the individual unit cells, become important while modeling the capacitive
and inductive coupling effects between the unit cells of a given SRR array. All these effects are
of course taken into account during the computations performed by full-wave electromagnetic

solvers like HFSS and CST MWS. However, knowing the nature of such coupling effects
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ductor (PMC) boundary condition pairs under normal incidence.
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Figure 2.12: Implementation of periodic boundary conditions (PBC) under normal incidence.
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become critical in circuit modeling problems.

Needless to say, the full-wave simulators are efficient computational tools in metamaterial
design problems estimating the electromagnetic behavior of the SRR arrays before the actual
manufacturing and measurement phases. Using the boundary conditions properly and being
aware of their implications is important to correctly simulate and properly model the desired

array topologies.
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CHAPTER 3

NOVEL DOUBLE-SIDED TOPOLOGIES FOR
ELECTRICALLY-SMALL, MAGNETIC RESONATOR TYPE
METAMATERIALS

3.1 Introduction

In the first part of this chapter, we describe a novel p-negative magnetic resonator by com-
bining the conventional SRR and the BC-SRR topologies to compose the double-sided SRR
(DSRR) structure. For this kind of metamaterial topology, the early research outputs (regard-
ing the variation of resonance frequency with the substrate parameters) were presented in a
conference paper by Ekmekci et al. [64]. In this study, transmission characteristics of the
DSRR, BC-SRR and SRR are investigated in a comparative manner using full-wave electro-
magnetic analysis to figure out the advantages of this newly suggested magnetic resonator,
the DSRR, over its parent topologies, the conventional SRR and BC-SRR. For each structure,
the resonance parameters, i.e. the resonance frequency (fy), half power bandwidth (HPBW)
and the transmission minimum (7,;,), are obtained from the S-parameter spectra S ,; for dif-
ferent values of substrate parameters which are the thickness of substrate (d), real part of
relative permittivity (e,) and dielectric loss-tangent (tan §.). Numerical computations are ob-
tained by using the Ansoft HFSS software which makes use of finite elements method. It
will be shown that among these three structures, all having the same unit cell dimensions, the
newly suggested DSRR is shown to reach the lowest resonance frequency, hence the smallest
electrical size. It is significant to stress here that, designing a metamaterial structure with
a smallest possible electrical size is a very important task to obtain a much better effective

medium approach and also it is important to achieve a higher degree of device miniaturiza-
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tion in microwave, terahertz and optics. Another important concern in metamaterial resonator
design is the bandwidth of resonance. It will be presented that the BC-SRR promises the
largest resonance bandwidth which is almost three times that of the SRR. On the other hand,
the bandwidth of the DSRR approaches to the bandwidth of the BC-SRR as the planar sepa-
ration distance between the inner and outer rings increases. The particular aim of this study
is to investigate the resonance characteristics of the DSRR and compare them with those of
the SRR and the BC-SRR designs to demonstrate the benefits (in terms of controlling reso-
nance parameters) of using broadside coupling mechanism together with the ordinary SRR

structure.

In the second part of the chapter, usefulness of the alternative multi-ring magnetic resonator
topologies such as the multiple split ring resonator (MSRR), spiral resonator (SR), and U-
spiral resonator (USR) for larger ring/turn numbers (N) are demonstrated [16]. The double-
sided versions of these structures (i.e. DMSRR, DSR and DUSR) are suggested. Herein, the
double-sided topologies do not have any conductive connection between the metallic inclu-
sions printed on opposing faces of the substrate. For N = 6, the electrical size of the DSR is
about 10% of the electrical size of the conventional SRR. This ratio is even smaller, 9%, for
the DUSR. Even smaller electrical sizes are anticipated with the DSR and DUSR topologies
for N > 6. However, it should be mentioned that reduction rate in resonance frequency is
known to slow down and finally becomes almost zero as the turn number keeps increasing as

reported by Bilotti et al. for conventional (single-sided) spiral resonators in [15].

3.2 Description of the Resonator Topologies, Structural Parameters and the

Simulation Setup

3.2.1 Definition of the Geometry, Simulation Setup and the Equivalent Circuit Model

The unit cell geometries for the SRR, BC-SRR, and DSRR structures are defined in Figure
3.1(a), 3.1(b) and 3.1(c), respectively. Herein, each unit cell has the same overall size as
well as the same metalization dimensions for a fair comparison in characterization. All three
structures shown in Figure 3.1 have the following structural parameters: L = 5 mm (side
length of the square shaped substrate surface), / = 4 mm and 2 = 3 mm (side lengths of the

rectangular shaped outer ring), g = 0.5 mm (gap width) and w = 0.3 mm (width of the metal
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rings). These metal rings are made of copper with the metal thickness #,, = 0.03 mm and
conductivity o, = 58 x10°® S/m. The parameter s refers to the planar separation distance
between the inner and outer rings of the SRR and DSRR structures in Figures 3.1(a) and
3.1(c), respectively. In this study simulation results are generated for two different values s =
0.2 and s = 0.5. As shown in Figure 3.1(b), the BC-SRR structure consists of two identical
rings, which are the same as the outer ring of the SRR, aligned over the opposite faces of the
substrate in an inverted fashion. As the BC-SRR has no inner ring, the separation parameter
s is not applicable here. However, the DSRR unit cell shown in Figure 3.1(c) consists of
two identical SRR structures aligned over the opposite faces of the substrate in an inverted
position. In the simulation stage, use of the same lossy dielectric substrate with the relative
permeability u, = 1 is assumed for all these resonators. The other substrate parameters, i.e.
the substrate thickness (d), real part of relative substrate permittivity (e,), and dielectric loss

tangent (tan d.) will be chosen as variables during the simulations.

(a) SRR (b) BC-SRR (c) DSRR

Figure 3.1: Unit cell geometries for the SRR, BC-SRR, and DSRR type metamaterials and
the excitation.

Figure 3.1 also shows the directions of the surface currents induced on the rings and the
associated charge distributions due to an externally applied time varying electromagnetic ex-
citation whose magnetic field is perpendicular to the resonator planes. For the SRR case, there
will be a non-zero electric polarization (along y direction) due to the applied magnetic field as
implied by the polarities of induced charge distributions in Figure 3.1(a). However, there will
be no electric polarization due to applied external magnetic field in the BC-SRR and DSRR
topologies. Therefore, while the SRR topology is bianisotropic [11], the BC-SRR and DSRR

topologies are non-bianisotropic.
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Resonance characteristics of the SRR, BC-SRR and DSRR structures can be easily investi-
gated using their transmission spectra i.e. the magnitude of the complex S;; parameter. A
typical transmission versus frequency characteristic is given in Figure 3.2 where the defi-
nitions of resonance characteristics fy, HPBW and T,,;, are shown. However, the complex
scattering parameters S,; and S ; have to be simultaneously known for the extraction of the
effective medium parameters €.y and p, ¢ for the simulated metamaterial array [35]. In this
study, the complex S-parameters are computed by using the Ansoft HFSS software which is

based on the finite elements method.
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Figure 3.2: Resonance parameters (i.e. fo, HPBW, and T,,;,) defined on the transmission
versus frequency curve.

Figure 3.3 shows the HFSS simulation setup where the unit cell is surrounded by an air
medium. The structure is excited by an electromagnetic wave which has the propagation
vector along the y axis, the electric field intensity vector (E) along the z axis, and the mag-
netic field intensity vector (1-7 ) is along the x axis. Therefore, perfect electric conductor (PEC)
boundary conditions (BCs) are applied at the boundaries perpendicular to the z axis and per-
fect magnetic conductor (PMC) BCs are applied at the boundaries perpendicular to the x axis.
The remaining two boundaries are modeled as the input-output ports. In this study, HFSS
simulations are performed with 0.02 GHz incremental steps. It is significant to note that using

setup shown in Figure 3.3, together with the boundary conditions, an infinitely large periodic
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Figure 3.3: Setup for HFSS simulations.

array (in x and z directions) is simulated as indicated in literature [62, 129].

3.2.2 Equivalent Circuit Models

In the previous studies on conventional SRR structure, it has been demonstrated that the SRR
structure acts as an LC resonator circuit with the angular resonance frequency of wy = 2rfy =
1/ VLC under quasi-static assumption. The calculation method for the equivalent inductance
L and the equivalent capacitance C of the SRR structure printed over a dielectric substrate

were suggested in [31].

Also, in [14, 19] the total distributed capacitance C between inner and outer rings of the SRR
was modeled as the series connection of two equal valued capacitances (Cs/2) associated
with each symmetrical half of the structure by Baena et al. As shown in Figure 3.4(a), the
symmetry line of the SRR is drawn through the inner and outer ring gap locations. Therefore,
the simplest equivalent circuit model for the SRR unit cell is shown in Figure 3.4(b) where
C = C,/4. In this configuration the conductor and dielectric losses are neglected. In addition
to references [14, 31], calculation of the equivalent parameters L and C; in the presence of a

dielectric substrate is also discussed in [12] by Bilotti et al.

In the present study, the simple equivalent circuit model shown in Figure 3.5 is proposed

for the newly suggested DSRR unit cell in order to explain the variation of the resonance
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/ Cs/2 Cg/4

(a) SRR geometry with symmetry line (b) Equivalent circuit model

Figure 3.4: The conventional SRR topology together with its symmetry line and its basic
equivalent circuit model.

frequency fy with the substrate parameters €, and d by neglecting the conductor and dielectric
losses, the inductive coupling effects between the two SRR parts of the DSRR cell and the

coupling effects between the neighboring DSRR cells of the simulated array.

L - Lp=L72

Cp=2C+Cy

_________________________________

Figure 3.5: A simple equivalent circuit model proposed for the DSRR unit cell.

This DSRR equivalent circuit model is indeed is composed of two identical SRR equivalent
circuits and a dominant coupling capacitor Cy where all three blocks are connected in parallel.

The capacitor C represents the capacitive cross coupling effect due to the oppositely polarized
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conducting strips printed on the lower and upper faces of the substrate. Value of Cy can be

calculated by using the approximate formula given in (3.1).

606,14
= .1
Co 34 3.1

where €, and d are the real part of relative permittivity and the thickness of the substrate,
respectively. Moreover, A is the total overlapping metallic strip area between two SRR struc-
tures printed over the opposite faces of the substrate. Except an empirically determined factor
(1/8), this expression is basically the approximate form of the parallel-plate capacitance for-
mula used in [77] to calculate the broadside capacitance of the BC-SRR structure. Then,
because of the parallel connections, the total capacitance Cr and the total inductance Ly of

the DSRR’s equivalent circuit model become

Cr=2C+Cy (3.2)

and

Ly =LJ2 (3.3)

Then, the resonance frequency of the DSRR unit cell can be computed by using the well-

known equation

1

= 34
2r VLTCT ( )

Jo

The equivalent circuit model proposed for the DSRR cell can also be used to model the BC-
SRR cell if the absence of the inner SRR ring is taken into account in the computation of the
L and C terms. In more detail, in the absence of the inner ring, the SRR capacitance C must
be composed of the gap capacitance C, only. It is significant to note that C, is negligibly
small as compared to the capacitance between the inner and outer rings of the SRR. It is also
negligible in comparison to Cy which is the dominating capacitance term unless the substrate
thickness becomes too large. The value of Cy is expected to be smaller in the BC-SRR model

due to a smaller overlapping strip area A.
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Verification of the proposed equivalent circuit model will be presented in Section 3.5 after
obtaining the required HFSS simulation results for various substrate parameters in Section

3.3.

3.3 Simulation of the Resonance Behaviors for the SRR, BC-SRR, and DSRR

Type Metamaterial Structures

Earlier studies on the conventional SRR and BC-SRR structures [11, 31] inspired us to sug-
gest the DSRR type magnetic resonator topology with better miniaturization [64]. Due to the
presence of double-sided SRR rings, the DSRR topology provides an additional flexibility to
obtain even lower resonance frequencies using the same overall physical size. A detailed com-
parison of the conventional SRR, BC-SRR and DSRR type metamaterials will be presented
in this section regarding the effects of substrate parameters on the resonance characteristics of

these closely related structures.

3.3.1 Effects of the Substrate Thickness (d) on Resonance Parameters

Transmission spectra of the SRR, BC-SRR and DSRR structures are numerically computed
by the HFSS software. For the design, the geometrical parameters described in section 3.2.1
are used with s = 0.5 mm, for various substrate thicknesses d = 0.51, 1.00, 1.52, 2.00. In
the meantime, the other substrate parameters are kept constant at values €, = 4.4 and tan §,
= 0.020. These simulations are also repeated for s = 0.2 mm case for the SRR and DSRR
structures to observe the effects of ring separation distance. The resulting parametric curves
of transmission versus frequency are shown in Figures 3.6(a), 3.6(b) and 3.6(c) for the SRR,
BC-SRR and DSRR cells, respectively. The resonance frequency (fp), half-power resonance
bandwidth (HPBW) and transmission minimum (77,;,) values are obtained from each of the
transmission curves presented in Figure 3.6. Then, these values are sorted and plotted in
Figures 3.7, 3.8 and 3.9 as f versus d, HPBW versus d and T,,;,, versus d curves, respectively.
Based on the simulation results given in Figures 3.6 through 3.9, we made the following

observations:
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Figure 3.6: Transmission spectra of the SRR, BC-SRR, and DSRR structures for different
substrate thicknesses using L =5 mm, /=4 mm, A =3 mm, g = 0.5 mm, w = 0.3 mm, s = 0.5
mm, €, = 4.4 and tan 6. = 0.020.
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3.3.1.1 Variation of the Resonance Frequency (f;) with Substrate Thickness d:

e As d increases from 0.51 to 2 mm, f; of the SRR decreases slowly from 7.13 GHz to
6.74 GHz for s = 0.5 mm as seen in Figure 3.6(a) and Figure 3.7. Indeed, this behavior
of fy is expected as the Cy term in the SRR model (see Figure 3.4(b)) increases as d

gets larger [12] due to the increase in the effective permittivity of the substrate.

e On the other hand, the fy versus d curves of BC-SRR and DSRR structures display
a totally different behavior. They both increase strongly with increasing d as seen in
Figures 3.6(b), 3.6(c) and 3.7. As d increases from 0.51 to 2 mm, fy of the BC-SRR
cell increases from 5.06 to 6.54 GHz almost exponentially. For s = 0.5 mm case, the fj
versus d curve of the DSRR is very similar to that of the BC-SRR as shown in Figure
3.7. This behavior can be explained as follows: If we compare the equivalent circuit
models in Figures 3.4(b) and 3.5, we can observe that increasing d only affects C in
the SRR case; however it has effects on both C and Cy in BC-SRR and DSRR models.
For an increase in d, the value of C increases, but Cy decreases (see Equation (3.1)).
However, as Cy is more dominant than C, the total capacitance C in Equation (3.2)

decreases and hence fj of the BC-SRR and DSRR cells increases.

o The resonance frequencies of the SRR and DSRR structures can be decreased by reduc-
ing the planar separation distance, s. As it is obvious in Figure 3.7, for s = 0.2 mm case,
fo of the SRR decreases from 6.16 to 5.96 GHz and f; of the DSRR increases from 4.72
to 5.62 GHz as d increases from 0.51 to 2 mm. In fact, reducing s while keeping all
the other parameters (including d) fixed leads to higher C; values [12]. Therefore, the
total capacitance C = Cy / 4 in the SRR model and the total capacitance Cy + (C; /
2) in the DSRR model both increase leading to smaller f; values. It is significant that
the BC-SRR is much better than the SRR cell in terms of miniaturization, however it
cannot use the tuning advantage of the parameter s. The DSRR structure, on the other
hand, can have much smaller values of fy than those of the BC-SRR just by reducing

the s parameter.

Conclusion 1: The novel DSRR structure is better than the SRR and BC-SRR structures in
terms of miniaturization as it can provide much smaller fy values. The amount of miniatur-

ization can be adjusted by tuning d and s when all the other parameters are constant. For
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Figure 3.8: Variation of the resonance bandwidth (HPBW) with substrate thickness (d) for the
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= 0.3 mm, s = 0.5 mm, ¢ = 4.4 and tan 6. = 0.020.

example, a reduction of 28.5 % is obtained in fy (reduction from 7.13 GHz to 5.10 GHz)
for d = 0.51 mm and s = 0.5 mm by using DSRR instead of SRR. Reduction in fy becomes
23.4 % (from 6.16 GHz to 4.72 GHz) if s = 0.2 mm is used instead. Also, reduction in fj is
more significant for smaller s and larger d values when the BC-SRR and DSRR structures are
compared. For example, the reduction in f; is almost zero when s = 0.5 mm, however it is 14

% for s = 0.2 mm at d = 2 mm and it is only 6.7 % for s = 0.2 at d = 0.51 mm.
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3.3.1.2 Variation of the Half-Power Bandwidth (HPBW) with Substrate Thickness d:

e As d increases from 0.51 to 2 mm, the HPBW of the SRR increases very slightly.
Practically, we can assume that the HPBW versus d curve of the SRR remains almost
constant at about 0.6 GHz for s = 0.5 mm and at about 0.45 GHz for s = 0.2 mm (see
Figure 3.8).

o The largest increase in HPBW with respect to d is observed for the BC-SRR structure,

from 0.43 to 1.55 GHz, as shown in Figure 3.8.

e The HPBW versus d curve of the DSRR shows a similar behavior as that of the BC-
SRR. For small s values, the HPBW of the DSRR becomes much smaller than that of
the BC-SRR. For s = 0.2 mm, for instance, the HPBW of the DSRR increases from
0.34 to 1.01 GHz. As s increases, on the other hand, the HPBW versus d curve of the
DSRR starts to converge to that of the BC-SRR as shown in Figure 3.8.

Conclusion 2: The BC-SRR structure is better than the SRR and DSRR structures in terms
of having a larger resonance bandwidth. However, the bandwidth performance of the novel
DSRR cell gets very close to that of the BC-SRR for larger ring separation, s. In fact HPBW
is one of the most important parameters in metamaterial structures, because an increase in
HPBW increases the frequency band with negative permeability for magnetic excitation,

hence helps to increase the left-handed operational region.

3.3.1.3 Variation of the Transmission Minimum (7,,;,) with Substrate Thickness d:

o Asd increases from 0.51 to 2 mm, 7, of the SRR decreases very slightly from —13.33
to —14 dB for s = 0.5 mm, and from —12.18 to —13.41 dB for s = 0.2 mm (see Figure
3.6(a) and Figure 3.9).

e The T,,;, versus d curves of the DSRR and BC-SRR cells, however, decrease sharply
by more than 6 dB (roughly from —12 dB to —18 dB) as d increases from 0.51 to 2 mm
as demonstrated in Figures 3.6(b), 3.6(c) and Figure 3.9.
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3.3.2 Effects of the Relative Permittivity (¢,) of the Substrate on Resonance Parameters

Transmission spectra of the SRR, BC-SRR and DSRR structures are numerically computed
by the HFSS software, using the design parameters described in Section 3.2 with s = 0.5 mm,
for various substrate permittivity values. The simulations are performed for €, = 3.8, 4.1, 4.4
and 4.7 values while the other substrate parameters are kept constant at d = 1.52 mm and
tan 6. = 0.020. These simulations are also repeated for the SRR and DSRR structures with
s = 0.2 mm. The resulting parametric curves of transmission versus frequency are plotted
in Figures 3.10(a), 3.10(b) and 3.10(c) for the SRR, BC-SRR and DSRR cells, respectively.
The resonance frequency (fp), half-power resonance bandwidth (HPBW) and transmission
minimum (7,;,) values are obtained from each of the transmission curves presented in Figure
3.10. Then, these values are sorted and plotted in Figures 3.11, 3.12 and 3.13 as fy versus
€, HPBW versus €, and T, versus €, curves, respectively. As the range of variation for €,
(from 3.8 to 4.7) is quite small, the nonlinear relations between the substrate permittivity and
resonance parameters are not revealed in Figure 3.10. Additional simulations are run for €,
= 1.0, 2.5 and 6.15, and these results are included in Figures 3.11, 3.12 and 3.13 to cover a
wider range for (¢,) from 1.0 to 6.15. Based on the simulation results presented in Figures

3.10 through 3.13, we make the following observations:
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3.3.2.1 Variation of the Resonance Frequency (fy) with the Relative Permittivity ¢, of

the Substrate:

As the substrate relative permittivity €, increases from 3.8 to 4.7, fy decreases almost linearly
and with almost the same slope for all three resonator structures under investigation as seen in
Figures 3.10 and 3.11. When the ¢, range is extended from 1.0 to 6.15 with some additional
simulation results, the nonlinearly decreasing behavior in fy versus ¢, curves of SRR, BC-
SRR and DSRR structures is observed as expected from the circuit models. Within this €,
range, for the given set of fixed parameter values, the DSRR structure with s = 0.2 mm has
the lowest curve of f; versus €. That means, DSRR structure provides the smallest electrical

size (i.e. the best miniaturization) under this condition.

3.3.2.2 Variation of the Resonance Bandwidth (HPBW) with the Relative Permittivity
€, of the Substrate:

As shown in Figures 3.10 and 3.12, the HPBW versus €, curves of all three resonator structures
decrease almost exponentially as €, increases. The BC-SRR demonstrates the largest HPBW

values in this substrate permittivity range changing from 2.3 to 1.2 GHz. The HPBW versus
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€ curve of the DSRR with s = 0.5 mm is the second best in providing large HPBW values
changing from 2.1 to 1.0 GHz. The SRR cell with s = 0.2 mm has the lowest HPBW values
changing from 0.8 to 0.5 GHz. HPBW values of the BC-SRR is almost three times the HPBW

values of the SRR under these simulation conditions.

3.3.2.3 Variation of the Transmission Minimum (7,,;,) with the Relative Permittivity ¢,

of the Substrate:

As seen in Figures 3.10 and 3.13, the T,,;, versus €. curves of all three resonator structures
increase almost exponentially as €, increase from 1.0 to 6.15. Transmission minimums at the
resonance for the BC-SRR and DSRR cells are smaller by about 4 dB as compared to those of
the SRR structure for all € values. Smaller 7,,;, at resonance leads to higher unloaded quality

factor [18], hence it is the indication of smaller losses.

3.3.3 Effects of the Loss Tangent (tan 6.) of the Substrate on Resonance Parameters

Transmission spectra of the SRR, BC-SRR and DSRR structures are numerically computed
by the HFSS software using the geometrical parameters described in Section 3.2.1 with s =
0.5 mm and for various substrate loss tangent values which are tan 6. = 0, 0.002, 0.010, 0.020.
In the meantime, the other substrate parameters are kept constant at values d = 1.52 mm and €,
=4.4. The resulting parametric curves of transmission versus frequency are plotted in Figures
3.14(a), 3.14(b) and 3.14(c) for the SRR, BC-SRR and DSRR structures, respectively. It is
seen in Figure 3.14(a) that fy and the HPBW of SRR do not change much by tan é.. Only T,
changes from about —26.99 to —13.75 dB as tan ¢, changes from 0 to 0.020. In other words,
the resonance curve becomes shallower as the losses of the dielectric substrate increases. The
similar behavior is observed for BC-SRR and DSRR cells also as seen in Figures 3.14(b) and
3.14(c), respectively.

3.4 Comparison of the Electrical Sizes of the SRR, BC-SRR, and DSRR Unit
Cells

Electrical size of a resonator cell is defined as
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where D is the maximum linear dimension of the resonator, which is spatial diagonal \/hz——i-lz
= V32 + 42 = 5 mm for all the rectangular unit cells investigated in this study, c is the velocity
of light in vacuum and Ay is the free space wavelength at fy [15]. Electrical size of a meta-
material unit cell is a very important property because of two reasons: First of all, smaller
electrical size yields a better effective medium approximation and thus more accurate results
from the quasi-static analysis [75]. Moreover, electrically smaller structures are preferred in
most of the microwave applications for miniaturization purposes [15]. Using Equation (3.5)
and the simulation results at fy in Figures 3.7 and 3.11, it is easy to obtain u versus d and u
versus €, curves for the SRR, BC-SRR and DSRR unit cells. As u is proportional to fj as seen
in Equation (3.5), the resulting electrical size curves are the same as the fy versus d and fj
versus €, curves plotted in Figure 3.7 and Figure 3.11, apart from the proportionality constant
(D/c). The proper scale for the electrical size is indicated on the right vertical axis of those
figures. It is obvious from these results that, the electrically smallest resonator structure for
all d and €, values is the DSRR structure with s = 0.2 mm. It is also seen in Figure 3.7 that
the DSRR topology with s = 0.5 mm provides a reduction of 29 % in f; as compared to the
SRR topology with s = 0.5 mm for d = 0.51 mm case. In the case of s = 0.2, the reduction in
fo provided by the use of DSRR cell instead of SRR cell is 23 % again for d = 0.51 mm.

3.5 Verification of the Equivalent Circuit Model for DSRR

A simple equivalent circuit model for the DSRR unit cell is suggested in Section 3.2.2. In the
present section, we will verify that model using the already completed full wave electromag-
netic simulation results. The equivalent circuits for the SRR structures used in our simulations
have the inductance values of L = 14.4 nH and L = 19 nH for the cases of s = 0.5 mm and s
= 0.2 mm, respectively, which are calculated using the inductance expression 3.6 provided in

[12].

L = 4pollouter — (s + w)]

1n(0%) + 1.84p] (3.6)
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In this equation /., is the one side-length of the square shaped outer ring, s is the separation
distance between adjacent strips, w is the strip width, and p is the filling ratio defined in (3.7)
where /;,, 1S the one side-length of the square shaped inner ring. As seen in Equation (3.6),

the SRR’s inductance value is independent of the substrate thickness and permittivity.

o= Louter — Linner _ w+ s (3.7)

lauter + linner louter - (W + S)

The corresponding C values appearing in the SRR circuit blocks, on the other hand, are com-
puted from the knowledge of L and fy (of the SRR) for each set of substrate parameters.
Finally, the parameters Ly, Cop, Cr and the resonance frequency fy of the DSRR structure
are computed using Equations (3.1) through (3.4). The model-based fy values extracted for
the DSRR structure for d = 0.51, 1.00, 1.52, 2.00 mm with the fixed parameter values of L
=5mm,/=4mm, h=3mm, g =0.5 mm, w=0.3 mm, s =0.5 mm, € = 4.4 and tan ¢,
= 0.020 are listed in Table 3.1 together with the corresponding HFSS-based fy values. The
HFSS-based and model-based fy values of Table 3.1 are plotted in Figure 3.15. Similarly,
Table 3.2 lists the f; values of the DSRR cell obtained by using the HFSS software for €, = 1,
2.5,3.8,4.1,4.4, 4.7, 6.15 with the fixed parameter values L = 5 mm, / = 4 mm, /& = 3 mm,
g=05mm,w=0.3mm, s =0.5mm, d =152 mm and tan 6, = 0.020. The corresponding
model-based fj values are also listed in Table 3.2. Again the HFSS-based and model-based f;
values of Table 3.2 are plotted in Figure 3.16. As it is seen in Table 3.1, Table 3.2 and Figures
3.15 and 3.16, results of equivalent circuit model are found in very good agreement with the

results of the HFSS simulations.

Table 3.1: Resonance frequencies for the DSRR topology obtained from the HFSS simula-
tions and from the equivalent circuit model for different values of relative substrate thickness
(d) where €, = 4.4 mm and tan 6, = 0.020.

s =0.5 mm s =0.2 mm
d fo [GHz] | fo [GHz] % C=C,/4 || fo[GHz] | fo [GHz] % C=C;/4
[mm] HFSS Model error [pF] HESS Model error [pF]
0.51 5.10 5.68 114 0.030 4.72 4.71 0.2 0.032
1.00 5.96 6.08 2.0 0.035 5.34 5.20 2.6 0.035
1.52 6.27 6.30 0.5 0.036 5.56 5.42 2.5 0.036
2.00 6.43 6.38 0.8 0.037 5.62 5.50 2.1 0.037
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3.6 A Left Handed Medium with DSRR Structure

In this part, the DSRR unit cell is combined with a conducting strip having the length of 5

mm, width of 0.5 mm, and thickness of 0.03 mm as shown in Figure 3.17 to obtain left hand-
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Table 3.2: Resonance frequencies for the DSRR topology obtained from the HFSS simula-
tions and from the equivalent circuit model for different values of relative substrate permittiv-
ity (e-) where d = 1.52 mm and tan ¢, = 0.020.

s =0.5 mm s =0.2 mm
& | fo[GHz | /o [GHz] | % | C=C,/4 || /o [GHz] | /o [GHz] | % | C=C,/4
HFSS Model error [pF] HFSS Model error [pF]

1 10.34 10.49 1.5 0.014 9.04 9.05 0.1 0.014
2.5 7.84 7.82 0.3 0.024 6.92 6.75 2.5 0.024
3.8 6.68 6.62 0.9 0.033 5.86 5.76 1.7 0.032
4.1 6.48 6.42 0.9 0.035 5.74 5.58 2.8 0.034
44 6.27 6.30 0.5 0.036 5.56 542 2.5 0.036
4.7 6.1 6.07 0.5 0.039 5.38 5.27 2.0 0.038
6.15 5.45 5.39 1.3 0.049 4.86 4.7 3.2 0.047

edness. Herein, the DSRR unit cell parameters are the same as those mentioned in Section
3.2.1 which were [ =4 mm, A =3 mm, g = 0.5 mm, w = 0.3 mm, s = 0.5 mm and the sub-
strate parameters are taken as L = 5 mm, d = 1.52 mm, ¢ = 4.4 and tand, = 0.020. In the
left-handed metamaterial unit cells, the cell combination is composed of the ordinary SRR
structure pointed on one side and the conducting strip is printed over the back side of the
substrate. Obviously, this composition is not suitable for the BC-SRR or DSRR structures as
both sides of the substrate are used for printing SRR structures. For these double sided cases,
embedding the conducting strip inside the substrate is feasible during the fabrication using a
high resolution LPKF milling machine. With this convenient and inexpensive manufacturing
technique, it is possible to combine two substrates with SRR patterns printed on their outer
faces and anti-symmetrically aligned with respect to each other while only one of the sub-
strates has the conducting strip printed on its inner side facing the second substrate. In other
words, manufacturing the metamaterial structure shown in Figure 3.17 is not too complicated

but quite feasible indeed.

3.6.1 Extraction of Effective Medium Parameters

In metamaterial design, use of unit cells with sufficiently small electrical sizes is essential
while forming periodic array structures. If the maximum linear dimension of the unit cell is
much smaller than the free space wavelength of operation, then the resulting structure can
be considered as an “effective” material and “effective permittivity” and “effective permeabil-

ity” definitions can be made. From the electromagnetic analysis point of view, the quasi-static
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Figure 3.17: Left-handed unit-cell composed of a DSRR and a conducting strip.
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references larger ratios up to one fifth are considered to be sufficiently small.

Figure 3.18: Comlex effective medium parameters of the structure given in Figure 3.17. €.

approach used in the analysis of metamaterials will be more accurate as the electrical size of
metamaterial unit cells get smaller. Typically, the maximum linear dimension of the unit cell

needs to be at least one tenth of the wavelength to be electrically small. However, in some

The complex S1; and S,; spectra of the simulated periodic metamaterial array are used to

extract the complex effective medium parameters (e.s¢) and (u.ss) over the frequency band



of simulation [72]. There are various parameter retrieval methods reported in literature. In
this study, we follow the procedure given in [35] by Ghodgaonkar et al. where the complex

S-parameters S 11 and S;; can be expressed as

(1 -172)
= 3.8
S 1272 (3.8)
and
T(1-T?
Sy = ———= 3.9
20 = T Tog2 (3.9

for a metamaterial slab having the thickness d in the direction of incident plane wave propaga-
tion. For magnetic excitation (i.e. for H perpendicular to the SRR plane) case, d is the length
of the SRR unit cell along the propagation direction. However, for electrical excitation (i.e.
for k perpendicular to the SRR plane) case, d is the thickness of the substrate plus thickness
of the metal for single layer arrays. The I" and T seen Equations (3.8) and (3.9) are given as

follows:

(an - 1)
=22 - (3.10)
Zsn + 1)
is the reflection coefficient of air-sample interface, and
T=e (3.11)

Zs, and vy are the normalized characteristic impedance and the propagation constant of the
metamaterial sample, respectively. These parameters can be related to relative permeability u

=y’ — ju’” and relative permittivity € = € — je”’ as follows:

Y = Yo VHE (3.12)

and
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Zgy = \/E (3.13)
€

where yg = j27 / Ag is the propagation constant of free space and Ay is the free space wave-

length.

Using (3.8) and (3.9), I' and T can be expressed in terms of S parameters as follows:

Fr=K+ VK2-1 (3.14)

where
S3, -85, +1
=1 4 - 3.15
251 ( )
and
S11+8,-T )
T = (3.16)
(1 -1 +S2r

In Equation (3.14), there is an ambiguity with the plus or minus sign. The sign is chosen such

that | I' | < 1. Using (3.11), one can obtain the complex propagation constant as

_[n(7)]

3.17
Y p (3.17)
From (3.10) and (3.13), we can get
u 1+T
- = 3.18
€ (1 - F) -18)
and from (3.12) and (3.18), expressions for € and u follows as
y (1-T
== 1
€ 7 (1 " F) (3.19)



1+T
= %(1 —r) (3.20)

As the parameter T in 3.17 is a complex number, y may assume multiple values. If T is

defined as

T = |T|e’* (3.21)

then, y is given by

(3.22)

where n =0, =1, £2, ...

For most cases (where d < A,,) n is set to 0. In some cases, d may be greater than 4,,. In
that case, the ambiguity on the choice of n can be solved by taking two measurement on two

different sample thicknesses d.

Using the procedure given above, the real and imaginary parts of u.rr and €.y are plotted
in Figure 3.18 to demonstrate that the suggested DSRR with conducting strip structure has
simultaneously negative permittivity and negative permeability over the frequency band from
5.05 GHz to 5.64 GHz. In other words, the suggested DSRR resonator topology is also useful

to design a left handed metamaterial, if needed.

3.7 Alternative Topologies for Electrically-Small Magnetic Resonator Type Meta-

material Design

As discussed previously, having electrically-small unit cell is a necessity in metamaterial de-
sign. Furthermore, design of smaller size devices may be advantageous in many applications
in the RF range. Therefore, the search for alternative topologies to design electrically-small

metamaterial unit cells has been popular in recent years.

The effects of ring number (N) on the resonance frequency fy and on the electrical size (u)

have already been investigated for multiple split-ring resonators (MSRR) and for spiral res-
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onators (SR) [15, 20]. In this dissertation, in addition to effects of N, the effects of “doubling
the metamaterial structure  (i.e., making the resonator structures as double-sided by printing
metal inclusions on both sides of the substrate) on f and u are also investigated. For this
purpose, the MSRR, double-sided MSRR (DMSRR), SR, double-sided SR (DSR), U-spiral
resonator (USR) and double-sided USR (DUSR) structures are examined.

3.7.1 Design and Simulations

Figure 3.19 shows the top views of the resonator structures that will be studied in this sub-
section. These structures are MSRR, DMSRR, SR, DSR, USR, and DUSR type resonators
having turn numbers, N > 2, in general. In double-sided structures, the basic conducting strip
patterns (i.e. the conventional SRR, SR, USR patterns) are printed on both faces of the sub-
strate such that the patterns on the back face are the 180 degrees rotated version of those on
the front page. In Figure 3.20, a perspective view for the DSR structure is shown as an ex-
ample for a better visualization. For fair comparison, the geometrical parameters of all these
resonators are chosen to be same the same or very similar such that, within a unit cell, they
all have the same copper strip width w = 0.1 mm, the same gap width g = 0.1 mm, and the
same unit cell side length / = 8 mm. The common substrate used in all three structures has
the relative permittivity €. = 2, dielectric loss tangent tan 6, = 0.0009, and substrate thickness

taps = 0.254 mm.

The same simulation setup is used in the Ansoft HFSS software to compute the scattering
parameters of each type of N-turn resonator arrays. In the simulation setup, the unit cell is
surrounded by an air medium as seen in Figure 3.20 where the directions of the E, H, and
K vectors of the excitation are also shown. Perfect electric conductor BCs are applied at the
boundaries perpendicular to y axis and perfect magnetic conductor BCs are applied at the
boundaries perpendicular to the z axis [16, 67, 114]. Different values of N > 2 are considered
in simulations. The maximum N chosen for MSRR and DMSRR simulations is 8§ as allowed
by the memory capacity of the computer used in simulations. The maximum ring number N =
6 is used in the simulations for the SR, USR, DSR, and DUSR structures for the same reason.
In simulations, to improve the computational speed and provide some memory reduction,

thickness of the copper lines are chosen to be zero for all structures under investigation. It is

52



(a) MSRR - DMSRR (b) SR - DSR

(c) USR - DUSR

Figure 3.19: Top views of single- and double-sided structures with N = 6.

Figure 3.20: Directions of vector fields on the DSR structure.
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important to note here that, setting the copper line thickness to zero does not effect the results
significantly. Simulation results for resonators with various N numbers are obtained and from
the minimum points of the |§ ;| spectra, the resonance frequency values, fy are determined
for all resonator topologies. Then, using the formula, u = D / Ay, we can find the electrical
size (u) of a given structure. Herein, D is the maximum linear dimension of the structure and

Ao is the wavelength at fy [15].

3.7.2 Results and Discussions

The simulation results obtained by the CST Microwave Studio software as well as the ex-
perimental results were already reported in [15] for MSRR and SR structures which have the
same design parameters as we used in this section. Since we used a different software, Ansoft
HESS, for the simulations, we first validated our own simulation results for the MSRR and
SR structures as shown in Tables 3.3 and 3.4; and in Figures 3.21 and 3.22. Our results are

found in very good agreement with the results given in [15].

Table 3.3: Resonance frequency and electrical size for N-ring MSRR topologies.

MSRR MSRR MSRR
N fo [GHz] - u fo [GHz] - u fo [GHz] - u
Experimental (Ref. [15]) | CST (Ref. [15]) | HFSS (this study)
2 2.27-2/12 2.20-29/12 224 -2,/12
3 1.98-1,/13 1.94-2,/ 14 1.94-2,/14
4 1.79- 29/ 15 1.74 - 29/ 15 1,80- 49/ 15
6 1.65-1y/ 16 1.58 -9/ 17 1.68-1p/16
8 1.61-1y/16 1.53-29/17 1.60 - A9/ 17

Table 3.4: Resonance frequency and electrical size for N-ring SR topologies.

SR SR SR
N fo [GHz] - u fo [GHz] - u fo [GHz] - u
Exp. (Ref. [15] | CST (Ref. [15] | HFSS (this study)
2 1.13-29/23 1.13-29/23 1.12- 29/ 24
3 0.76 - A9/ 35 0.73- 10/ 36 0.76 - A9/ 35
4 0.60-1y/44 0.58 -1y /46 0.60-1y/44
6 0.45-19/59 0.45-1y/59 0.42-1y/63
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Figure 3.21: Resonance frequency and electrical size for N-ring MSRR topologies.
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Figure 3.22: Resonance frequency and electrical size for N-ring SR topologies.
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Table 3.5: Resonance frequency and electrical size values for N-ring MSRR and Double-

Sided MSRR (DMSRR) Topologies.

MSRR DMSRR
N | fo[GHz]-u | fy [GHz]-u
HFSS HFSS
21 224-20/12 | 1.66- 2,/ 16
31 1.94-2,/14 | 1.44-2,/19
4 1 1.80-2,/15 | 1.34-2,/20
6 | 1.68-2,/16 | 1.24-2,/21
8 | 1.60-19/17 | 1.18-19/22
5 5 5 ——MSRR

H0.085

—DMSRR

22

0.08

0.075

______________________

0.07

0.065

Electrical Size

0.06

0.055

Resonance Frequency [GHz]

0.05

Number of Turns [N]

Figure 3.23: Resonance frequency and electrical size values for N-ring MSRR and Double-
Sided MSRR (DMSRR) Topologies.

Table 3.6: Resonance frequency and electrical size values for the N-ring SR, USR topologies
and their double-sided versions, DSR and DUSR topologies.

SR USR DSR DUSR
N | fo[GHz]-u | f, [GHz]-u fo [GHz] - u fo [GHz] - u
HFSS HFSS HFSS HFSS
2 | 1.12-29/24 | 1.12-29/24 | 0.80-21p/33 0.64 - 2y / 41
31076-20/351]0.84-2,/32| 0.50-29/53 0.42-2,/63
4 1060-2,/44 | 0.70-2,/38 | 0.32-1y/83 0.30- 1,/ 88
6 | 042-29/63 | 0.58-2p/46 | 0.22-2,/121 | 0.20-2p/ 133

Using the design parameters specified in subsection 3.7.1, the electrical size for a six-turn

MSRR is calculated to be Ay / 17 while it is calculated to be Ay / 63 for a six-turn SR. As shown
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Figure 3.24: Resonance frequency and electrical size values for the N-ring SR, USR topolo-
gies and their double-sided versions, DSR and DUSR topologies.

in Table 3.5 and Figure 3.23, doubling a six-turn MSRR reduces the resonance frequency from
1.68 to 1.24 GHz, and hence reduces the electrical size from Ay / 16 to Ag / 21. On the other
hand, the effect of doubling is more pronounced in the SR structure. For example, Table 3.6
and Figure 3.24 show that doubling a six-turn SR reduces fy from 0.42 to 0.22 GHz, and
changes u from Ay / 63 to Ao / 121. As the alternatives of SR and DSR, we also investigated
the USR and double USR (DUSR) structures. Table 3.6 and Figure 3.24 show that six-turn
DSR has an electrical size of 19 / 121, however for the six-turn DUSR the electrical size drops
to Ag / 133. We should note here that, the fy (and hence u) of SR is lower than those of USR
having the same N. However, this relation between DSR and DUSR is just the opposite. In
fact, this is not surprising, because doubling these structures produces a dominant distributed
capacitance effect which increases by the overlapping conducting strip area just as in parallel
plate capacitors. As the overlapping conducting strip area in DUSR is much greater than that

of DSR, the DUSR becomes electrically smaller than DSR.
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CHAPTER 4

NOVEL TUNABLE AND MULTI-BAND METAMATERIAL
DESIGNS

4.1 Introduction

As the first novel metamaterial design of this chapter, we suggest a multiple split ring res-
onator topology that provides not only multi-band operation at two or more resonance fre-
quencies but also lends itself to adaptive tuning. As the first step of this approach, a uniform
array of identical micro-split SRR (MSSRR) cells is designed and fabricated such that each
MSSRR cell has N pairs of very narrow (in the order of tens of micrometers for X-band
designs) additional splits etched on both sides of the main split along the external ring. A
maximum possible resonance frequency fy is realized with this homogeneous array because
the equivalent capacitance of each unit cell is minimized due to the series capacitances in-
troduced by each micro-split. Since the gap width of the additional micro-splits (g,s) is
designed to be much smaller than the width of the main split (g), their “ON/OFF” states
can be conveniently changed by electrostatically actuated RF MEMS switches [28, 95] that
should be implemented during the fabrication of the MSSRR array. If all of the micro-splits
in the array are closed by setting the MEMS switches to their “ON” state, a homogeneous
array of traditional SRRs (having their main gaps only) is obtained providing the minimum
available resonance frequency f;. In principle, any combination out of N possible resonance
frequencies fi, f>, ..., fy can be realized by controlling the switching states associated with
the micro-splits in properly chosen columns of the MSSRR array. The maximum value of N
is basically limited by the condition that the dimensions of the composite unit cell (formed as
a collection of N individual MSSRR cells) must be a small fraction of the wavelength even at

the highest resonance frequency. In the case of N = 3 for instance, the single and multi-band
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operations having the sets of resonance frequencies {f1}, {2}, {3}, {f1, o}, Uf1» 5}, (o f3)
and {f1, f>, f3} can be provided by a single MSSRR array topology. In addition to demonstrat-
ing the possibility of actual multi-band operation in inhomogeneous MSSRR arrays, another
contribution of this work is to suggest a feasible approach for adaptive tuning of the MSSRR
arrays based on the well established MEMS technology. As the actual implementation of RF
MEMS switches in large MSSRR arrays has not been accomplished yet, we have followed
a proof-of-concept approach and printed copper strips across the micro-splits to simulate the

“ON” states of the ideal switches both in our numerical simulations and experiments [23].

At this point, we need to emphasize a few important issues to clarify the original aspects of
this multi-band metamaterial design. First of all, controlling the resonance frequency of an
SRR by using additional distributed gaps is a well known approach studied in various papers
[63, 68, 69, 130, 131]. In most of those studies, however, multiple gaps of equal widths have
been employed leading to very large increase in resonance frequency. For example, resonance
frequencies of the single-gap, double-gap and four-gap SRR (single ring) cells are reported
to be about 4.5 GHz, 8§ GHz and 13 GHz, respectively in [63]. On the other hand, use of
conventional SRR cells (without any additional small splits) with varying main gap widths
was suggested but not found as a proper solution due to the following reasons: Varying the
width of the main gap produces quite small changes in resonance frequency (for example, an
increase from 3.6 GHz to 3.8 GHz is reported in [63] for a change of gap width from 0.2 mm
to 0.5 mm), and closing the one and only gap of an SRR cell by a switching mechanism (for
the purpose of adaptive tuning) completely annihilates the associated resonance. Controlling
the state of the main gap by a single RF MEMS switch operating as a varactor could be another
alternative but this approach is not considered to be useful either as this method is known to
provide only a small range of frequency tuning [132]. Therefore, to obtain intermediate size
shifts (about one GHz in X-band, for instance) in resonance frequency, it is found that the
combination of a main gap and a number of narrower gaps in the outer ring of an SRR cell
is definitely more useful. Also, adaptive control of the states of such narrower micro-gaps is

known to be easier with technologies like MEMS switching.

Secondly, metamaterial design studies with dual-band operation are already reported [133,
134] in THz and near-infrared regions. Each of these recent studies successfully demonstrates
the realization of two distinct operational bandwidths using an array of composite-cells which

are composed of two individual resonators of different physical dimensions and hence they
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have different resonance frequencies. However, the dual-band metamaterial topologies re-
ported in these references are not suitable for adaptive frequency tuning as their resonance
frequencies are fixed permanently during the fabrication process. In the suggested design, on
the other hand, the composite unit cells are composed of two or more micro-split SRR cells
whose resonance frequencies can be externally adjusted after the fabrication of the metama-

terial array by means of suitable switching techniques.

Finally, the suggested MSSRR-based multi-band metamaterial design approach is expected
to be still useful in millimeter wave and terahertz regions with proper scaling of the unit cell
dimensions. As the wavelength gets smaller, the geometrical shapes of these sub-wavelength
structures should be made simpler for easier fabrication. Single ring SRR unit cells with
additional nano-splits may be suitable at higher frequencies. Nano-switching techniques [135]
would possibly be needed to control the switching states of nano-splits if adaptive tunability

is required.

4.2 A Tunable Multi-Band Metamaterial Design Using Micro-Split SRR Ar-

rays

4.2.1 Design

The schematic representations of the unit cells proposed in this micro-split SRR design are
given in Figure 4.1. A conventional SRR structure (unit cell A), an SRR with two additional
micro-splits (unit cell B) and an SRR with four additional micro-splits (unit cell C) are demon-
strated in parts (a), (b) and (c) of Figure 4.1, respectively. All these square shaped unit cells
have the same side length / = 2.8 mm, main split width g = 0.3 mm, metal strip width w =
0.3 mm and inner/outer strip separation length s = 0.3 mm. For the unit cell B, the additional
design parameters shown in Figure 4.1(b) are chosen to be /; = 0.85 mm, [, = 0.35 mm and
[z = 1.25 mm. Similarly for the unit cell C, the additional design parameters are chosen as
[ =0.45 mm, I, = 0.35 mm, /3 = 0.35 mm and /4 = 1.25 mm. The width of each additional

micro-split gap (g,,s) is set to be 50 um.
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Figure 4.1: Schematic views of (a) unit cell A, (b) unit cell B, (c) unit cell C

4.2.2 Fabrication

The type A, type B, and type C MSSRR magnetic resonator unit cells and their arrays are
fabricated at Middle East Technical University (METU) MEMS Center Fabrication Facilities
with 100 A/0.5 um Ti/Au patterned lithography on a 4 inch glass substrate having a thickness
of 500 um, relative permittivity of 4.6 and loss tangent of 0.01. The unit cell structures are
diced from glass substrate to obtain a total unit cell dimension of 4 mm X 4 mm including
the blank glass areas outside the borders of the SRRs. While Figure 4.2 is showing the wafer
mask layout for the fabrication, Figures 4.3 and 4.4 are showing the pictures for dicing in-
structions. In other words, Figures 4.3 and 4.4 describe the operator how to dice the glass
wafer into pieces in order to obtain the final forms of the designed metamaterial structures.
In these figures, part 1A contains 2 X 2 homogeneous/inhomogeneous super cells consist
of square shaped unit cells having 5 mm side length, part 1B again contains 2 X 2 homoge-
neous/inhomogeneous super cells consist of square shaped unit cells having 4 mm side length,
parts 2A and 2B contains both 2 x 2 and 3 X 2 homogeneous/inhomogeneous super cells con-
sist of square shaped unit cells having 4 mm side length, finally parts 3A and 3B consists of
only unit cells having 5 mm and 4 mm side lengths, respectively. Besides, the remaining 10
x 10 SRR array in the middle of the wafer mask layout in Figure 4.3 is type A SRR array
with 4 mm unit cell side length. In this part of dissertation we make use of only the structures
shown in parts 1B, 2A, and 3B. The remaining parts will be used in another study. For the
sake of faster process and saving money, the metamaterial designs for two different projects

have been fabricated at once on the same wafer.
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Figure 4.2: Wafer mask layout for fabrication.
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Figure 4.3: Dicing instructions for main pieces.
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Figure 4.4: Dicing instructions for sub-pieces.

4.2.3 Simulations and Experiments

4.2.3.1 Simulations

The transmission and reflection spectra (i.e. S»; and S;) of all homogeneous and inhomo-
geneous metamaterial arrays composed of type A, type B, and type C unit cells numerically
simulated using the Ansoft HFSS software. Exactly the same set of geometrical and material
parameters are used in both numerical simulations and in fabrication of the sample structures.
Furthermore, the experimental measurement setup that will be described in Section 4.2.3.2 is

identically simulated in HFSS simulations for a fair comparison of numerical and experimen-
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tal results. Accordingly, planar faces of the computational volume, which are perpendicular
to both y and z axes, are modeled to be perfect electric conductor (PEC) boundaries as they
represent the metallic walls of the rectangular waveguide shown in Figure 4.5. The faces per-
pendicular to the x axis are modeled as the input/output ports of the waveguide. The sample

metamaterial structures placed in the X-band waveguide setup are excited by T £y mode.

22.86 mm
PEC Wall

PEC Wall

10.16 mm

PEC Wall

(@ (b)

Figure 4.5: (a) Schematic of simulation and experimental setup, (photograph of experimental
setup.)

4.2.3.2 Experiments

In this study, the measurements are performed by using Agilent 8720D vector network an-
alyzer using through, reflect, line (TRL) calibration. The picture of the 8720D network an-
alyzer is given in 4.6. For the characterization of transmission, the sample structure under
investigation is placed in the middle of a rectangular air-filled X-band waveguide having the
dimensions of 22.86 mm x 10.16 mm x 12.8 mm as shown in Figure 4.5(a). The experimental
results are measured over the frequency range from 8 GHz to 12 GHz. While the schematic
demonstration of the experimental/simulation setup is given in Figure 4.5(a), a photograph of

the actual experimental setup is shown in Figure 4.5(b).

4.2.4 Results

In this section, we report detailed experimental and numerical results for some SRR and

MSSRR arrays to demonstrate the multi-band operation property of inhomogeneous MSSRR
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Figure 4.6: Agilent 8720D vector network analyzer

arrays and the feasibility for their adaptive tuning. For this purpose, we mainly observe the
transmission characteristics (i.e. magnitude of S,; scattering parameter spectra) of periodic

array structures composed of MSSRR unit cells.

4.2.4.1 Single Layer Homogeneous SRR and MSSRR Arrays

In this sub-section, we investigate the transmission characteristics of homogeneous meta-
material arrays which composed of only one layer of SRR or MSSRR unit cells along the
propagation direction. Transmission characteristics as well as the photographs of the fabri-
cated unit cells A, B and C are given in Figures 4.7, 4.8 and 4.9, respectively. Experimental
results show that while the type A structure resonates at 9.48 GHz, the type B and type C
structures resonate at 10.58 and 11.41 GHz, respectively. These results demonstrate that there
is an appreciable shift in the resonance frequency (about 11.6 % for the type B structure and
about 20.4 % for the type C structure with respect to the type A structure) due to the series
capacitance effects caused by additional micro-splits [23, 131]. Herein, the simulation results

show good agreement with the measurements.
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Figure 4.7: (a) Transmission characteristics of the type A SRR array. (b) Photograph of the
actual resonator’s unit cell.
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Figure 4.8: (a) Transmission characteristics of the type B MSSRR array. (b) Photograph of
the actual resonator’s unit cell.
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Figure 4.9: (a) Transmission characteristics of the type C MSSRR array. (b) Photograph of
the actual resonator’s unit cell.

66



Transmission (dB)

1
— 2x2 array of A
-12 (exp.) '[
—= 2x2 array of A i’
(sim)
15
8 9 10 11 12
Frequency (GHz)
@

(®)

Figure 4.10: (a) Transmission characteristics of the resonator array composed of 2 X 2 super
cells having type A unit cells. (b) Photograph of the actual resonator’s super cell.
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Figure 4.11: (a) Transmission characteristics of the resonator array composed of 2 X 2 super
cells having type B unit cells. (b) Photograph of the actual resonator’s super cell.
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Figure 4.12: (a) Transmission characteristics of the resonator array composed of 2 X 2 super
cells having type C unit cells. (b) Photograph of the actual resonator’s super cell.
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4.2.4.2 Dual-Layer Homogeneous Super Cell Arrays of SRRs or MSSRRs

In this subsection, we investigate the transmission characteristics of arrays formed by small-
sized homogeneous super cell SRR or MSSRR arrays. Transmission characteristics and the
photographs of 2 X 2 homogeneous super cell arrays, which consist of only one type of unit
cells (either A, or B, or C) are given in Figures 4.10, 4.11 and 4.12, respectively. In these
structures, we have two layers of unit cells along the propagation direction. It is important
to emphasize that each super cell array structure is found to resonate in the vicinity of the
resonance frequency of the corresponding unit cell array. However, unlike the unit cell arrays,
these homogeneous super cell arrays display two resonance frequencies close to each other.
This behavior can be explained by the strong coupling effects between neighboring unit cells
along the propagation direction as also discussed in [131]. Moreover, a wider stop bandwidth
and a lower transmission minimum occur in the transmission characteristics of these array

structures.

4.2.4.3 Double-Layer and Triple-Layer Inhomogeneous Super Cell Arrays of SRRs
and MSSRRs

In this sub-section, we investigate the transmission characteristics of metamaterial arrays
composed of three different inhomogeneous super cell arrays of SRRs and MSSRRs, which
display dual-band and triple-band operations. The first super cell array consists of two unit
cells of type B in the first column (layer) and two unit cells of type A in the second column
(layer) in the direction of propagation. The simulated and measured transmission character-
istics for the resonator formed by this super cell are given in Figure 4.13(a) showing two
distinct resonance frequencies; the lower one belongs to the pair of type A resonators and the
higher one belongs to the type B resonators. The photograph of the super cell of this array
is also given in Figure 4.13(b). Similarly, the second inhomogeneous super cell array shown
in Figure 4.14 consists of two unit cells of type C in the first layer and two unit cells of type
A in the second layer. Again, the simulated and measured transmission characteristics given
in Figure 4.14(a) show two distinct resonance frequencies, one belongs to the pair of type A

resonators and the other belongs to pair of type C resonators.
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Figure 4.13: (a) Transmission characteristics of the dual band resonator array composed of 2

X 2 inhomogeneous super cells having type A (in column 2) and type B (in column 1) unit
cells. (b) Photograph of the actual resonator’s super cell.
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Figure 4.14: (a) Transmission characteristics of the dual band resonator array composed of 2

X 2 inhomogeneous super cells having type A (in column 2) and type B in (column 1) unit
cells. (b) Photograph of the actual resonator’s super cell.
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Figure 4.15: (a) Transmission characteristics of the triple-band resonator array of 3 X 2 in-
homogeneous super cells having type A (in column 1), type B (in column 2) and type C (in
column 3) unit cells. (b) Photograph of the actual resonator’s super cell.

Lastly, we design and fabricate a 3 X 2 inhomogeneous super cell array which consists of
type A (in column 1), type B (in column 2) and type C (in column 3) unit cells. Figure 4.15
shows the transmission characteristics and the photograph of this array. As expected, the

transmission spectra shown in Figure 4.15(a) has three different resonant frequencies due to

three different types of unit cells.

4.2.4.4 Switching for Adaptive Tuning of Multi-Band Operation

So far in this study, we have demonstrated the possibility of double-band and triple-band mag-
netic resonator operations using inhomogeneous micro-split SRR super cell arrays. Adaptive
tuning of the resonance frequencies in such multi-band design applications is possible if the
switching states of the micro-splits in the selected columns of the MSSRR arrays can be ef-
ficiently controlled. For better visualization, Figure 4.16 shows the schematic view of the
switching representation for the unit cell C. Herein, S, S», S3, and S4 are the switches that
are placed across the micro-splits of the structure. It is clear that, the unit cell B can be re-
alized for the closed-down states of the switches S; and S4, and also the unit cell A can be
realized for the closed-down states of all four switches S1, S5, S3, and S 4. In this paper, ideal
closed-down switching states of the micro-splits are simulated by metalization for a simpli-

fied proof of concept. However, we intend to realize the suggested adaptively tunable MSSRR
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design by using electrostatically actuated RF MEMS switches fabricated in the facilities of
the METU MEMS Center [136] as a future work.

S1_S2 S3 sS4

Figure 4.16: Schematic view of the switching representation for type C resonator.

4.2.5 An Alternative Triple-Band Metamaterial Design with Smaller Electrical Size

The 3 x 2 inhomogeneous super cell shown in Figure 4.15 provides a successful design for
a triple-band magnetic resonator. However, the length of the resulting composite cell (com-
posed of A, B and C type SRR cells) along the propagation direction is close to a half wave-
length at the highest resonance frequency. Therefore, the interpretation of an array composed
of such composite super cells as a homogeneous metamaterial medium is questionable. Cer-
tain techniques for better miniaturization could be applied to this composite cell design to
shift its resonance frequencies to lower values while keeping the overall composite cell size
the same. In literature, there are several useful studies on miniaturized metamaterial structures
to provide a better effective medium approach. A simple and useful technique is to increase
the dielectric constant of the substrate [13, 78]. Increasing the relative permittivity of the
substrate increases the total effective capacitance, hence decreases the resonance frequency
and the electrical size of the structure. Another approach proposes the use of broad-side
coupling for miniaturization purpose [13, 16, 18] as it is also addressed in Chapter 3 of this
dissertation. Lastly, increasing the number of internal rings in multiple SRR and double-sided
multiple SRR unit cells becomes quite useful to obtain miniaturized metamaterial structures

[15, 16, 20]. This approach is also discussed in Chapter 3.

Although the above mentioned techniques are valid and applicable to our composite unit cell

structure shown in Figure 4.15(b), we can still propose an alternative composite cell arrange-
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ment with reduced physical dimensions. Figure 4.17 shows the schematic representation and
dimensions for this new composite unit cell. Herein, type A, type B, and type C structures are
positioned along the z direction to form a composite cubic cell, with the side length of 4 mm.
The magnitude and phase spectra of the complex scattering parameters S»; and S; (sim-
ulated by HFSS using the previously specified design parameters and the waveguide setup
shown in Figure 4.5) are plotted in Figure 4.18(a) and Figure 4.18(b), respectively, for this
new composite cell. Locations of the transmission minima seen in Figure 4.18(a) reveals
that this alternative structure provides a triple-band operation at almost the same resonance
frequencies as the electrically larger unit cell described earlier. In conclusion, the electrical
size of this new three-band composite cell is one third of the electrical size of the former
three-band design. The ratio of the maximum physical cell dimension to the wavelength at
the highest frequency is close to seven. Hence, retrieval of the effective medium parameters
(eorf) and (uesr) from the complex scattering parameters [35] is meaningful. Real and imag-
inary parts of the effective permittivity and the effective permeability are plotted in Figure
4.19(a) and Figure 4.19(b), respectively. Real part of the effective permittivity stays in posi-
tive values while the real part of the effective permeability becomes negative at the resonance

frequencies, as expected.

4.3 Single Loop Resonator: A Novel Dual-Band Magnetic Metamaterial Struc-

ture

Recently, dual-band [86, 133, 134] and multi-band [23] metamaterials with negative perme-
ability values are reported in literature by using combinations of two or more different meta-
material unit cells. The single loop resonator (SLR) structure introduced in this part of the
dissertation, on the other hand, provides three closely located resonance frequencies in the X-
band without the use of any composite cell topology. As the name implies, the SLR unit cell
is made of a single loop of conducting strip printed over a dielectric substrate with the spe-
cial winding geometry shown in Figure 4.20. Complex scattering parameters (S-parameters)
and hence the reflection and transmission spectra of this SLR topology are numerically com-
puted using both Ansoft HFSS software and CST Microwave Studio (MWS) software, which

make use of different numerical methods to obtain full-wave electromagnetic solutions. Fig-
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Figure 4.17: Schematic representation and dimensions for the alternative electrically small
composite unit cell providing three-band operation.
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Figure 4.18: Transmission and reflection characteristics for the composite cell shown in Fig-
ure 4.17. (a) Magnitude plots, (b) phase plots.

ure 4.21 shows the simulation setup to obtain complex S-parameters. These S-parameters are
needed not only for estimating the resonance frequencies of this novel structure but also for

the retrieval of the associated effective medium parameters p,¢r and €.
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Figure 4.19: Effective medium parameters for the metamaterial resonator array composed of
the composite cell shown in Figure 4.17 using ¢/“! time dependence. (a) Complex effective
permittivity €y = €, fr e;’f o (b) complex effective permeability perr = i ,u;’f =

Figure 4.20: Schematic view of Single Loop Resonator unit cell

4.3.1 Design and Simulations

Geometry of the proposed SLR unit cell is described in Figure 4.20 together with its design
parameters and the details of electromagnetic excitation. This square shaped SLR unit cell is
designed with copper lines of thickness #.,pper = 0.03 mm, side length / = 4 mm, gap width g
= 0.3 mm, line width w = 0.1 mm and separation distance between two neighboring copper
lines s = 0.1 mm. This SLR pattern is printed over a square shaped Rogers RO3003(tm)

substrate, which has the dielectric constant €, = 3, dielectric loss-tangent tan 6, = 0.0013, side
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length L = 5 mm and thickness d = 0.5 mm.

In simulations, the SLR unit cell is placed within a waveguide structure and excited by an
electromagnetic wave with propagation vector (I?) along the x axis, electric field vector (E)
along the y axis and magnetic field vector (H) along the z axis, as shown in Figure 4.21.
Accordingly, the walls perpendicular to y axis are modeled to be PEC boundaries, the walls
perpendicular to z axis are modeled to be PMC boundaries, and lastly the walls perpendicular

to x axis are modeled to be the input/output ports [74].

transmission
plane

Reflection/reference
plane

Figure 4.21: Simulation setup

4.3.2 Results

Magnitude and phase functions for the complex transmission (S21) and complex refection
(S 11) parameters of the SLR array structure are computed by two different electromagnetic
solvers, the HFSS and the MWS, with perfect agreement as shown in Figure 4.22(a) and
Figure 4.22(b). It is seen in Figure 4.21 that the SLR structure resonates at three closely
spaced frequencies, which are 7.72 GHz, 8.60 GHz, and 9.86 GHz. The third resonance
at 9.86 GHz is observed to be the weakest of all. Moreover, Figure 4.23 shows the HFSS
simulation results for the current distributions on the SLR unit cell structure at each resonance

frequencies. This figure shows that current flows in the inner and outer rings of the SLR are in

75



L —
o
"

11

I
)

(gp) sapnuubep uonaaayjUoIssILISUR]]

Frequency (GHz)

(a) Magnitude spectra.

R 2]

. I T & = \" |

) = 8 = =~

A1
..... P TR T =
n-....“.ﬂ.. m_ ) .__..}1."1__1.?.._._ b

L _ m \\lm..

A ' ..m..m :

(e24B2p) seseld UonRaa|ay/uoIsSSILSUE] |

Frequency (GHz)

(b) Phase spectra.

Figure 4.22: Transmission and reflection characteristics of the SLR array.
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Figure 4.23: Current distribution on the SLR unit cell at each resonance frequency. (a) At
7.72 GHz, (b) at 8.60 GHz, (c) at 9.86 GHz.

opposite directions, unlike those in the SRR and SR structures, because of the special winding
geometry of the SLR. The third resonance, which is shown to be the weakest one in Figure

4.22(a), has the weakest surface current distributions along its arms.

Next, the effective medium parameters, (u.rr) and (€.rr), of the SLR structure are retrieved
from the simulated complex S»; and S |; parameters by using the procedure given in [35] and
plotted in Figure 4.24. Real part of the effective relative permeability is demonstrated to be
negative over two separate frequency bands, from 7.64 to 7.88 GHz and from 8.53 to 8.84
GHz in Figure 4.24(a), corresponding to the first two magnetic resonances of the SLR. Real
part of the effective relative permittivity never becomes negative as shown in Figure 4.24(b)

although it gets closer to the zero level around the electrical resonance frequency of 9.86 GHz.
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CHAPTER 5

FREQUENCY-TUNABLE METAMATERIALS USING
BROADSIDE COUPLED AND GAP TO GAP ORIENTED
SPLIT RING RESONATORS: DESIGN, FABRICATION AND
CHARACTERIZATION IN TERAHERTZ REGION

5.1 Introduction

There are various approaches reported in metamaterial literature for tuning purposes as men-
tioned in Section 1.1.4. However, the structural tunability approaches based on near-field
interactions, which is the main interest of this part of the dissertation, have been reported very
recently [24, 137, 138, 139]. In more detail, Wang et al. proposed a tunability method in
microwave region for the magnetically excited BC-SRR structure having two layers placed
perpendicular to the H field direction [137]. In that study, the idea was to shift one layer rel-
ative to the other very slightly to change the resonance frequency mainly because of a small
change in the total capacitance of the structure without disturbing the mutual inductance term.
In [138] Powell et al. investigated the tunability in microwave region for both BC-SRR arrays
and gap-to-gap oriented SRR arrays under again magnetic excitation. They demonstrated that
BC-SRR arrays provided much more sensitivity in terms of tunability with respect to the gap-
to-gap oriented SRR arrays. A similar study was also conducted in [139] for only BC-SRR
arrays. In both [138] and [139], the frequency tunability was obtained by shifting one layer
horizontally along the wave vector K direction with respect to the other. In 2010, we extended

this study to terahertz region for electrically excited BC-SRR structures [24].

In this part of dissertation, three kinds of two-layered SRR arrays in THz region are designed,

fabricated, and characterized under electrical excitation with specific lateral shift amounts (i.e.
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no-shift (0 um), 5 um, 10 um, 15 um, 20 um, 30 um) between their layers in the specific direc-
tions (i.e. vertical or horizontal). These three topologies are vertically and horizontally shifted
versions of BC-SRRs and the vertically shifted version of the gap-to-gap oriented SRR arrays.
The schematic views and for the BC-SRR and the gap-to-gap oriented SRR are given in Fig-
ure 5.1(a) and (b), respectively. In all three topologies, the layers are placed perpendicular to
the propagation direction, vertical direction is parallel to the incident E field and horizontal
direction is parallel to the incident H field. Each topology is composed of same-sized SRR
unit cells with the periodicity of 58 um. For characterization, the transmission spectra (i.e.
IS 21]) of the SRR topologies are computed by using CST Microwave Studio (MWS), and these
results are verified experimentally by using terahertz time-domain spectroscopy (THz-TDS).
Among all our three designs, the best tunability results have been observed for our vertically
shifted BC-SRR topology, which promises a maximum value of 663 GHz absolute shift (i.e.
51 % of the no-shift frequency) in experiments. Absolute shift of 720 GHz (i.e. 53 %) is
computed in simulations for 30 um vertical shift case. This result is very significant because
it is the best ever tunability result reported in literature. Besides, horizontally shifted BC-SRR
and vertically shifted gap-to-gap oriented SRR designs produce 270 GHz (i.e. 20 %) and 138
GHz (i.e. 15 %) maximum frequency shifts in experiments, respectively, which are also quite
satisfactory values for many applications. The contributions of this part of the dissertation to

the metamaterial literature can be summarized as follows:

o The coupled two-layer SRR structures reported in this study are designed and fabricated
in terahertz region. All, the previous designs for structural tuning [137, 138, 139] were

reported as microwave region applications.

o The structures of this study are excited electrically, rather than magnetically. We want
to emphasize here that it is an important point to demonstrate the structural tunability
under electrical excitation for THz metamaterial applications, since they have attracted

a great interest recently [24, 102, 115, 140, 141, 142, 143, 144, 145].

e [t has been demonstrated both numerically and experimentally that vertical shifting
mechanism provides broader operational bandwidths which may be useful in broadband
metamaterial applications. It has also been shown that gap-to-gap oriented topology
promises much broader bandwidths than BC-SRR topology in vertical shifting mecha-

nism.
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o The tunability of BC-SRR is investigated for both vertical and horizontal shifted cases.
It is demonstrated that our newly proposed vertically shifted case provides much higher
tunability (maximum 51 % tunability for vertically shifted case and maximum 20 %

tunability for horizontally shifted case).

(@) (b)

Figure 5.1: Schematic views of (a) BC-SRR and (b) gap-to-gap oriented structures.

5.2 Design, Fabrication, and Characterization

5.2.1 Design

In this study, all our designed structures are composed of square shaped SRR unit cells having
the same physical dimensions. The schematic views, the related parameters, and the excita-
tions are given in Figure 5.2. Herein, while Figure 5.2(a) is giving us the top view, Figure
5.2(b) gives the perspective view for the BC-SRR structure with no-shift. The square shaped
unit cell has the periodicity P = 58 um, metalization side-length / = 40 um, metalization width
w =11 um, gap width g = 5 um, metal thickness #,,¢;,; = 0.2 um, substrate thickness (i.e. dis-
tance between neighboring rings along z direction) ¢y, = 5 um, and superstrate thickness
tsuper = 5 um. Herein, the substrate and the superstrates are made of thin-films of polyimide
(PI-5878G, HD Microsystems TM) with the relative permittivity €. = 2.88 and the dielectric
loss-tangent tan ¢, = 0.0313. The metalization are made of golden strip lines with the electric

conductivity ogpis = 40.9 x 106 S/m.
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Figure 5.2: Schematic view, dimensions, and excitation for a single SRR, which forms BC-
SRR or gap-to-gap oriented structure. P = 58 um, [ = 40 ym, w = 11 ym, g = 5 um, substrate
thickness (¢,5) = 5 um, and superstrate thickness (s,pe-) = 5 um. (a) Top view. (b) Transpar-
ent perspective view for the BC-SRR case with no-shift.

5.2.2 Fabrication

The structures are fabricated by conventional photolithographic methods. For all structures, 5
pm of polyimide is spin-coated as our first superstrate and then 200-nm thick gold with a 10
nm thick adhesion layer of titanium is deposited on a resist layer (S1813, Shipley) and pat-
terned to form a planar array of SRR structures on 5-um thick polyimide superstrate structure.
After that, another 5-um thick polyimide layer is coated on the SRR array as the substrate.
Then second planar array of SRR layer is patterned to form a BC-SRR or gap-to-gap oriented
SRR structure. Finally, a 5-um thick polyimide is coated on metamaterials as the second su-
perstrate (see Figure 5.2(b)). The optical microscope photographs of the fabricated structures
are given in Figures 5.6, 5.12, and 5.17. These are vertically shifted BC-SRR array, horizon-
tally shifted BC-SRR array, and vertically shifted gap-to-gap oriented SRR array, respectively.

5.2.3 Characterization

In this study, the designed and fabricated structures are characterized (i.e., the |S ;| versus
frequency data are obtained) both numerically and experimentally. For this purpose, numer-
ical computations are performed by using the frequency domain solver of CST MWS under

unit cell boundary conditions (UC-BCs). Herein, the UC-BCs are applied along the planes
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Figure 5.3: A photograph of the fabricated metamaterial arrays.

perpendicular to x and y axes to provide periodicity along the corresponding axis directions.
On the other hand, terahertz time-domain spectroscopy (THz-TDS) is used for the experi-
mental characterization. The THz-TDS setup is shown in Figure 5.4. In both simulations and
experiments, each structure is excited by a TEM wave with propagation vector (E) along the
negative z axis, electric field intensity vector (E) along the y axis, and magnetic field intensity
vector (H) along the x axis as shown in Figure 5.2. The simulation outputs are used for the
extraction of effective medium parameters. The details of this procedure are given in Section

5.3.

5.3 Effective Medium Parameters

In this part, the method for the extraction of the effective medium parameters together with
an approach for the verification of the extraction results will be discussed. Herein, effective

medium parameters are simply € and p. The outputs of the parameter retrieval process will be
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Figure 5.4: THz-TDS setup for metamaterial experimental characterization.

shown in Section 5.4.

5.3.1 Extraction of Effective Medium Parameters

For the extraction of the effective medium parameters, the method described in [36] is imple-

mented in MATLAB. This method is based on the calculation of effective medium refractive

index (n.rr) and intrinsic impedance (z.f) using computed/measured complex scattering pa-

rameters S»1 and S ;. The extractions of n.¢r and z.ry from S,y and S are done by using

the Equations (5.1) and (5.2), respectively.

1 1 2 2
Meff = 7 Arecos [E (1 -8+ 521)]

o (L+811)? =82,
A (TN I

To be able to extract €.y and . sy, Equations (5.3) and (5.4) are used, respectively.
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€off = (5.3)

Meff = Neff Zeff (5.4

5.3.2 An Approach For the Verification of Effective Medium Parameters

In this study, the results for . s and €. ¢ are verified with the procedure described as follows:

Step 1: First, complex S ;| and S values are obtained by using a full wave electromagnetic

simulation software.

Step 2: Using these complex S; and S,; values, the effective medium parameters are ex-

tracted, as usual. Up to this point, the procedure is the same as described in Section 5.3.1.

Step 3: Then, extracted u. sy and €77 values are used to define a new homogeneous medium

having u = uo perr and € = € €. r7. To do that:

o The extracted relative permittivity values are fitted to the Lorentz model which is given
in equation 5.5. Herein, Lorentz model formulation for permittivity is used since the
structures in this study are excited electrically. After the fitting procedure, the Lorentz
model parameters; epsilon infinity value €., epsilon static value €., resonance fre-
quency wo, and damping factor I are obtained. Herein, the real p.rr value (Im {u,rr}
= 0) is used and it is set to unity. Hence magnetic resonant behavior is not expected
since the structures are excited electrically and all structures in the design are inherently

non-magnetic.

e Lastly, those Lorentz model parameters (i.e. €, €garic, Wo, I') are used as the inputs of
transmission/reflection (T/R) plotter program. This program has been implemented in
MATLAB by A. Strikwerda at Boston University based on the formulation in reference
[146]. As the outputs of T/R plotter, S; and S,; graphs are obtained. It is significant
that T/R plotter is not a must to obtain transmission and reflection characteristics. CST
MWS has the capability of defining a dispersive medium based on the Lorentz model.

Thus, S11 and S characteristics of this Lorentz type dispersive medium can be easily

85



obtained by using CST MWS. However, it will take much more time than that of T/R

plotter.
(Estatic — €co)W?
(W) = €0 + —5 0 (5.5)
(wg — w?) + jwl
. . T/R Plotter
. Simulations Parameter Lorentz
Design (St and Sy) Extraction Fit o; CSTdM:VS
— > (Liorr and Eorr) |y (S11and Sz)

E] =] 4 4| |4E

Figure 5.5: Flow chart for the verification of effective medium parameters.

5.4 Results

The optical microscope pictures of the vertically shifted BC-SRR designs for different shift
amounts and their corresponding |S7;| plots are given in Figures 5.6 and 5.7, respectively.
Herein, while Figure 5.7(a) is showing the simulation results, Figure 5.7(b) demonstrates
the experimental ones. As we increase the shift amount from zero to 30 um, the resonance
frequency of the array structure decreases dramatically from 1.351 THz to 0.631 THz in sim-
ulations and from 1.304 THz to 0.641 THz in experiments. These shift amounts correspond
to a 720 GHz absolute and 53 % percentage shift in simulation results and 663 GHz absolute
and 51 % percentage shift in experimental results. This is the highest shift amount in literature

for SRR based metamaterial structures up-to-date.

For a further investigation, the extracted effective medium parameters €. and u, ¢y for verti-

cally shifted BC-SRR structures are presented for different shift amounts in Figure 5.8. These
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Figure 5.6: Optical microscope pictures of BC-SRR structures shifted along vertical direction
for 0 um (no-shift), 5 ym, 10 ym, 15 pum, 20 um, 25 um, and 30 um.
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Figure 5.7: Transmission magnitudes vs frequency of BC-SRR structures shifted along verti-
cal direction for O um, 5 ym, 10 um, 15 ym, 20 ym, 25 ym, and 30 um. (a) Simulation and
(b) experimental results.
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graphs show that all vertically shifted versions of the BC-SRR show Lorentz type dielectric
dispersion behaviors around their resonance frequencies and also relatively narrow epsilon
negative (ENG) regions. On the other hand, the real parts of u.rs plots take values around
unity and imaginary parts take values around zero. However, an unexpected fluctuation is
observed in y, ¢ graphs of each shifted version just around the resonance frequency. In other
words, a magnetic response around the purely electrical resonance is not expected. These
artifacts are explained by spatial dispersion phenomena and these fluctuations are called anti-
resonant behaviors [37, 147, 148]. In more detail; the extraction procedure is done under
the assumption of a homogeneous medium. However, although the SRR based unit cells are
electrically small compared to the free space wavelength, we are still far from constructing an
ideal homogeneous medium. So, being an effective medium, but not being an ideal one causes
these anti-resonant effects. Thus, electrically smaller structures are much preferable ones to
achieve much better homogenization [13, 15, 16, 18, 20, 23, 37, 76, 147, 148]. Smaller the
electrical size, the better homogenization will be. Recently, Liu et al. proposed a method
for parameter extraction to include the effects of the spatial dispersion [37]. In this method,
the effects of spatial dispersion are also taken into account. Using this procedure, effective
medium parameters can also be extracted. As the examples, the results for the BC-SRR struc-
ture shifted along vertical direction for 20 ym and 30 ym are shown in Figure 5.9. In the

permeability graphs, the anti-resonant effects clearly disappeared.

To verify the results given in Figure 5.8, the procedure described in Section 5.3.2 and Figure
5.5 is followed. As the part of this verification, each €7y graph shown in Figure 5.8 is fitted to
the Lorentz model given in Equation (5.5) and corresponding Lorentz parameters are extracted
in order to obtain transmission characteristics. The fitted curves together with the extracted
effective medium parameters are plotted on the same graph for better comparison and given
in Figure 5.10. It is clear that extracted and fitted curves show a very good agreement. As the
decision stage of the verification, transmission characteristics are plotted for different shift
amounts (i.e. 0 um, 10 um, 20 um, and 30 um) using their corresponding Lorentz model
parameters as the input for T/R plotter (or CST MWS) and the outputs are presented in Figure
5.11(b). Figure 5.11(a) reports the simulation results previously given in Figure 5.7 for an
easier comparison. Thus, Figure 5.11 verifies that the extracted effective medium parameters

are consistent.

88



B
o

- Ieff
2 30H . on :'\
2 eff [
£ A '
E 20 S
[ 1
o '\
S 1oL 4_,_/ HA
2 ] \ ‘\
- ]
%]
% 0 ________', \//)(_
B2 04 06 08 1 12 14
Frequency (THz)
(a) 0 um shift (no-shift)
60 : N
—_— i I
2 sl AL
E et /{l l|
= ]
E 20 S ‘.‘
Q
o 4 \
2 o ——— \ N
= '
: V4
£ 20
1T}
-4
8.2 0.4 0.6 0.8 1 1.2 1.4
Frequency (THz)
(c) 10 pum shift
200
A —
> 150 i hall
= 1 TTTE e
£ 100 i
E /r !
& 50 1
P i \\
Z o P T
© T
8 .
o -50
-10
8.2 0.4 0.6 0.8 1 1.2 1.4
Frequency (THz)
(e) 20 um shift
300 ! :
| —
- ﬁ eff
£ 1 e B
s 200 =3'. .
= i
£ 100 i 4
5 it
o ____-/:’ L
o 0 - Mo
= —
ko)
£ 100 l/
"u] - v
2005 04 06 08 1 12 14

Figure 5.8: Effective permittivity €,¢r and effective permeability u.rr graphs of BC-SRR
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Figure 5.11: Verification of effective medium parameters for vertically shifted BC-SRR struc-
ture. (a) Experimental transmission characteristics. (b) Transmission characteristics obtained
through fitted effective medium parameters.

Figures 5.12 and 5.13 show the optical microscope pictures of horizontally shifted BC-SRR
designs and their corresponding characterization results, respectively. Herein, Figure 5.13(a)
shows the simulation results and Figure 5.13(b) shows the experimental ones. As we increase
the shift amount from 5 um to 30 um, the resonance frequency of the structure decreases
dramatically from 1.376 THz to 1.100 THz in simulations and from 1.328 THz to 1.058 THz
in experiments. These shift amounts correspond to a 276 GHz absolute and 20 % percent-
age shift in simulations and 270 GHz absolute and 20 % percentage shifts in experiments.
Different than the vertically shifted BC-SRR case, there is a slight increase in the frequency
(i.e. from 1.358 THz to 1.376 THz in simulations and from 1.304 THz to 1.328 THz in ex-
periments) as we increase the amount of shift from O um to 5 ym. This small blue-shift (i.e.
increase in frequency) is supposed to be mainly the effect of small capacitive interactions

between overlapping SRR structures and it will be discussed in more detail in Section 5.5.

For horizontally shifted BC-SRR structure, the extracted effective medium parameters are
given in Figure 5.14. These graphs show Lorentz type dielectric dispersion behavior around
their resonance frequencies and also relatively narrow epsilon negative (ENG) regions, just
like vertically shifted cases. On the other hand, the real parts of ¢ plots take values around
unity and imaginary parts take values around zero. The anti-resonant effects in p. ¢ graphs

are also observed here.
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Figure 5.12: Optical microscope pictures of BC-SRR structures shifted along horizontal di-
rection for O um (no-shift), 5 ym, 10 um, 15 um, 20 um, 25 um, and 30 um.
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Figure 5.13: Transmission magnitudes vs frequency of BC-SRR structures shifted along hor-
izontal direction for 0 yum, 5 ym, 10 gym, 15 um, 20 um, 25 ym, and 30 um. (a) Simulation
and (b) experimental results.
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For the verification of those results given in Figure 5.14, each graph is fitted again to the
Lorentz model and fitting results are shown in Figure 5.15. The figures present that extracted

and fitted curves show a very good agreement.

As the last stage of the verification for horizontally shifted BC-SRR, transmission character-
istics are obtained for 0 ym, 10 ym, 20 um, and 30 um using their corresponding Lorentz
model parameters as the input for T/R plotter (or CST MWS) and the outputs are presented
in Figure 5.16(b). Figure 5.16(a) shows the simulation results for an easier comparison. As a

result, Figure 5.16 verifies the extracted effective medium parameters.

Figures 5.17 and 5.18 show the optical microscope pictures of gap-to-gap oriented SRR arrays
shifted along vertical direction and their corresponding characterization results, respectively.
Herein, while Figure 5.17(a) is presenting the simulation results, Figure 5.17(b) shows the
experimental ones. As we increase the shift amount from O ym to 30 um, the resonance
frequency of the structure decreases from 0.899 THz to 0.761 THz, which corresponds to a

138 GHz absolute and 15 % percentage shift.

For the verification of those results given in Figure 5.19, each graph is fitted again to the

Lorentz model and fitting results are given in Figure 5.20. The figures present that extracted
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Figure 5.16: Verification of effective medium parameters for horizontally shifted BC-SRR
structure. (a) Experimental transmission characteristics. (b) Transmission characteristics ob-
tained through fitted effective medium parameters.
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Figure 5.17: Optical microscope pictures of some specific gap-to-gap oriented structures
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and 30 um.
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and fitted curves show a very good agreement.

As the last stage of the verification, transmission characteristics are obtained for 0 um, 10 ym,
20 um, and 30 um using their corresponding Lorentz model parameters as the input for T/R
plotter (or CST MWS) and the outputs are presented in Figure 5.21(b). Figure 5.21(a) shows
the simulation results for an easier comparison. As a result, Figure 5.21 verifies the extracted

effective medium parameters.

5.5 Discussion

The schematic views of the surface charge distributions and their corresponding surface cur-
rent flows for the BC-SRR and gap-to-gap oriented SRR structures under normal incidence
with the electrical excitation are given in Figure 5.22. In these plots, the surface charge dis-
tributions and surface current flows are demonstrated to provide an insight about the mutual

capacitive and inductive effects between two neighboring rings in two layers, respectively.

Let us start with discussing inductive coupling effects in BC-SRR structure, thus let us con-

sider the current flows in Figure 5.22(a). It is clear in the figure that the surface currents flow
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Figure 5.19: Effective permittivity €7y and effective permeability u. ¢ graphs of gap-to-gap
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Figure 5.22: Schematic views of the surface charge distributions and their associated surface
current distributions for (a) BC-SRR and (b) gap-to-gap oriented SRR structures.

in opposite direction with respect to each other between top and bottom layers. These oppo-
site current flows result with a mutual inductance (L,,;..o;) With negative sign. For this case we
can empirically define the total inductance as L;oia = Lgeif — Liumar- As we increase the shift
amount from 0 um to 30 um, the overlapping areas between neighboring rings and also the
absolute values of L, are going to decrease. For the electrically excited BC-SRR struc-
ture, the shift, whether it is in vertical or in horizontal direction (see Figures 5.6 and 5.12),
will result with an increase in total inductance (L;y;). Similarly, if we consider the inductive
coupling effects in gap-to-gap oriented structure, we should have a look at the current flows
in Figure 5.22(b). This time, the surface currents flow in the same direction in both layers.
These current flows having the same direction will result with a mutual inductance (Lyyya7)
with positive sign. For this case we can empirically define the total inductance as L;orq = Lyerf

+ Lyumal, Wwhich decreases with the increasing shift amount.

Now, let us discuss the capacitive coupling effects, thus let us consider the surface charge dis-
tribution on Figures 5.22(a) and 5.22(b) for BC-SRR and gap-to-gap oriented SRR structures,
respectively. For the vertically shifted BC-SRR structure, the capacitive coupling becomes

more important than that of the horizontally shifted version, because positive and negative
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charged arms become much closer with the help of shift. In the case of horizontal shift, the
neighboring rings in two layers always have the charge distribution with the same sign, thus
the capacitive coupling is thought to be weaker. Although, both vertically and horizontally
shifted BC-SRR structures have the same inductive coupling mechanism as it is described
above, the stronger capacitive coupling in the vertically shifted version makes it much more
sensitive to the amount of lateral shifts in terms of resonance frequency (see Figures 5.7 and
5.13). Moreover, we can estimate that, a similar capacitive coupling mechanism to the verti-
cally shifted BC-SRR will be effective for the gap-to-gap oriented SRR structure with vertical
shifts. For this case, as we increase the shift amount, positive and negative charged arms will
get closer and the structure will introduce a relatively stronger capacitive coupling. Although,
the gap-to-gap oriented SRR structure with vertical shifts has a decreasing inductive coupling
as we increase the amount of shift, a dominant increasing capacitive effect helps us to explain

the relatively small decrease in the resonance frequency.

It may be significant to note here that, there are also mutual capacitive and inductive cou-
pling effects among the unit cells in the same layer, however they are not considered here as
our tuning mechanism highly depends on the couplings among the elements in two different

layers.

Lastly, we want to discuss the small blue-shift, which is observed in Figure 5.13 from 0
pm to 5 um shifts. This unexpected small shift is observed to be mainly the effect of small
capacitive interactions between overlapping SRR structures. This observation is validated
by our supporting simulation results given in Figure 5.23(c) for the BC-SRR structures that
are shifted horizontally in the opposite direction. The pictures of two cases for 5 ym shift
amounts in opposite directions are given in Figure 5.23(a) and Figure 5.23(b), respectively
for a better visualization. Herein, Figure 5.23(a) is the optical microscope picture of the
fabricated structure, whereas Figure 5.23(b) is the schematic view. The simulation results in
Figure 5.23(c) show that as we increase the shift from 0 ym to 5 um, the resonance frequency
decreases slowly from 1.358 THz to 1.335 THz, different than Figure 5.13. In fact, in both
cases, the overlapping areas of the neighboring rings are clearly the same and so for current
distributions; hence the mutual inductances between two layers are expected to be identical.
Depending on the supporting information, the blue-shift observed in Figure 5.13 is supposed

to be mainly the effect of small capacitive interactions.
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Figure 5.23: (a) Optical microscope picture of fabricated BC-SRR structure horizontally
shifted for 5 yum. (b) Schematic view of BC-SRR structure horizontally shifted in oppo-
site direction for 5 ym. (c)Simulation results for BC-SRR structures horizontally shifted in
opposite direction for O um, 5 um, 10 ym, 15 ym, 20 ym, 25 ym, and 30 ym.

In summary, we have demonstrated the use of tunable metamaterial designs based on near-
filed coupling effects between two different layers. We have designed, fabricated, and char-
acterized vertically and horizontally shifted versions of BC-SRR structures together with the
vertically shifted gap-to-gap oriented SRR structure. Among all our three designs, the su-
perior tunability results have been observed for the vertically shifted BC-SRR design, which
promises 663 GHz absolute shift (i.e. 51 %) in experiments. Besides, horizontally shifted
BC-SRR and vertically shifted gap-to-gap oriented SRR designs experimentally promises
270 GHz (i.e. 20 %) and 138 GHz (i.e. 15 %) maximum shifts, respectively. These results
demonstrate the use of structural tunability in THz region and may pave the way for further

tunable metamaterial applications.
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CHAPTER 6

METAMATERIAL SENSOR APPLICATIONS USING
BROADSIDE-COUPLED SRR AND V-SHAPED RESONATOR
STRUCTURES

6.1 Introduction

Resonance frequencies of the metamaterial resonator structures are very sensitive to the changes
in capacitive and inductive effects since their fundamental resonance behavior can be mod-
eled by an LC resonant circuit. This property makes them a natural candidate for metamaterial
sensor applications. The capacitive effects are basically dependent on the substrate parame-
ters (i.e. permittivity and thickness) and the topology. For example, for the conventional
two-ring SRR topology, the gaps on the rings and separation between the rings provide ca-
pacitive effects as the functions of substrate thickness and permittivity. On the other hand,
the inductive effects are mainly determined by the dimensions of metallic inclusions and their
positions with respect to each other. It is important to note that the type of excitation has also

a significant effect on both capacitance and inductance terms.

There are only a few reported studies on metamaterial sensor applications in literature. The
first study is reported by Ishimaru et al. in 2005. They proposed an optical surface plas-
mon resonance (SPR) sensor application in microwave region using metamaterials [149]. In
2008, an application of SPR sensor in THz region was given by Arbabi et al. [150]. Also in
2008, Ekmekci et al. proposed a metamaterial sensor model based on the use of double-sided
SRR (DSRR) structure for microwave region [109]. In 2010, Melik et al. experimentally
demonstrated an RF-MEMS and nested SRR based wireless strain measurement setup [151].

Lastly, He et al. presented a thin-layer sensor with tip-shaped SRR for microwave regime
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[152]. Thin-layer sensors are important especially for chemistry and biology to identify the

presence, amounts or concentrations of substances [152].

In this study, we propose two different metamaterial sensor models based on two different

double-sided topologies:

In the first part, we demonstrate the feasibility of using the BC-SRR type metamaterial struc-
ture for pressure, temperature and concentration sensor applications in microwave and ter-
ahertz regions. In fact, the ordinary SRR can also be used for such sensor applications.
However, double-sided designs (i.e. BC-SRR and DSRR) were demonstrated in Chapter 3
and [13, 64] to promise much better sensitivities to the changes in substrate thicknesses than
the conventional SRR. For the microwave region sensor design, we prefer to excite the BC-
SRR magnetically. Due to the BC-SRR’s special geometry, its resonance frequency under
magnetic excitation shows much better sensitivity to the changes in substrate parameters (i.e.
thickness and permittivity) as compared to the resonance frequency observed under electric
excitation [24, 104]. Since the metamaterial structures are frequency scalable, this sensor
design will still be valid in terahertz region. However, due to the experimental difficulty of
providing magnetic excitation in terahertz region, the structures are most generally excited
electrically [99]. Hence, an electrically excited version of the BC-SRR based sensor model is

also presented here for THz metamaterial applications as a novel contribution on this area.

In the second part of this chapter, we demonstrate the use of V-shaped metamaterial structure
for a pressure sensor application. V-shaped resonator is a double-sided structure which was
introduced by Ekmekci et al. in 2007 as a novel metamaterial resonator [67, 107, 111]. Due
to its special geometry, shifting one layer in lateral direction while keeping the other constant,

the structure promises a significant shift in resonance frequency.

6.2 BC-SRR Based Metamaterial Sensor Applications

6.2.1 Behavior of the Ordinary BC-SRR Structure Under Magnetic and Electric Exci-

tation

Before directly going into the BC-SRR based sensor model, it will be meaningful to under-

stand the behavior of the conventional BC-SRR structure under magnetic and electric exci-
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tations. Thus, we design and simulate the BC-SRR structure for different values of substrate
thickness and permittivity under magnetic and electric excitations. The design parameters and
also the schematic views of BC-SRR structures under magnetic and electric excitations are
shown in Figure 6.1(a), (b) and (c), respectively. For the square shaped unit-cell, the structure
has periodicity P = 5 mm, metal side length / = 3.5 mm, gap width g = 0.3 mm, metal width w
= 0.5 mm and metal thickness ¢,, = 0.03 mm. Herein, the substrate thickness t,,;, and substrate
relative permittivity €, are chosen as variables, whereas the substrate dielectric loss-tangent

tan 6. = 0.003. The metalization is made of copper with the conductivity o = 58 x 10% S/m.

(a) (b) (c)

=

=]

Figure 6.1: Schematic views of BC-SRR structure. (a) Top view with design parameters. (b)
Magnetic excitation. (c) Electric excitation.

Transmission characteristics of the BC-SRR arrays are computed by using CST Microwave
Studio using unit-cell boundary conditions (UC-BC) which provide periodicity along x and y
directions. The structures are excited by an electromagnetic wave with the propagation vector
K along z direction, electric field vector E along y direction, and magnetic field vector H along

x direction.

Figure 6.2 shows the computed transmission characteristics for a constant substrate permit-
tivity at €. = 3 and different values of substrate thickness under magnetic and electrical exci-
tations. As we increase the substrate thickness g, from 0.25 mm to 1.50 mm, the resonance
frequency of the magnetically excited BC-SRR increases from 4.49 to 7.79 GHz (i.e. 74 per-
cent change), whereas the resonance frequency decreases from 14.52 GHz to 10.76 GHz (i.e.

26 % change) for the electrically excited BC-SRR case. For both cases, the rate of change
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Figure 6.2: Effects of substrate thickness #y,, on the resonance frequency of BC-SRR under
(a) magnetic and (b) electric excitations.

of resonance is much higher at lower #,;, values. These results also show that, magnetically
excited BC-SRR is much more sensitive to the changes in substrate thicknesses than the elec-

trically excited BC-SRR.

Figure 6.3 shows the computed transmission characteristics for a constant substrate thickness
at t,,,, = 0.5 mm and for different values of substrate permittivity under magnetic and electrical
excitations. As we increase the substrate relative permittivity €, from 1 to 5, the resonance
frequency of the magnetically excited BC-SRR decreases from 8.85 to 4.77 GHz (i.e. 46 %

change), whereas the resonance frequency decreases from 17.72 GHz to 10.94 GHz (i.e. 38
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Figure 6.3: Effects of relative permittivity of substrate €, on the resonance frequency of BC-
SRR under (a) magnetic and (b) electric excitations.

% change) for the electrically excited BC-SRR case. For both cases, the frequency shifts are
more significant for lower €, values. These results show that, magnetically excited BC-SRR is

more sensitive to the changes in substrate thicknesses than the electrically excited BC-SRR.

6.2.2 Electromagnetic Response of BC-SRR Under Magnetic and Electric Excitation

To gain insight into the electromagnetic response of BC-SRR structure, we qualitatively ex-
amine the current and charge distributions of the top and bottom layers of a single unit cell

under electrical and magnetic excitation. In the following, we consider exclusively the LC
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resonance of the structure where wo = 1 / VL;paiCrorar (i-€. not the higher frequency dipolar
resonances). Figure 6.4(a) shows that under magnetic excitation, the surface currents of the
top and bottom layers are in the same direction. This results in a mutual inductance (L)
with a positive sign yielding a total inductance L;oiq = Lgeir + L. For electrical excitation
(Figure 6.4b), the surface currents are in opposite directions meaning that L, is negative
resulting in a total inductance L;;q; = Lgeif — Ly Similarly, the surface charge distribution
and subsequent mutual capacitance depends on the excitation conditions. For magnetic exci-
tation, positive and negative charges between the two layers overlap resulting in a significant
mutual capacitance. In contrast, for electrical excitation, negative charges overlap with nega-
tive and positive charges overlap with positive between the two layers yielding a much weaker

or negligible mutual capacitance.
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Figure 6.4: Schematic views of the surface charge distributions and their corresponding sur-
face current distributions for (a) magnetically and (b) electrically excited BC-SRR structures.
The top and bottom layers are shown displaced for clarity.

6.2.3 BC-SRR Based Sensor Model

The proposed BC-SRR based sensor model is shown in Figure 6.5. Herein, Figure 6.5(a)
shows the perspective view of the model together with two excitation techniques and Figure

6.5(b) shows the side view. In this model, the BC-SRR structure is composed of two identical
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single ring SRR structures printed on two different substrates where each substrate having
relative permittivity €y, and substrate thickness d;. These two substrates are separated from
each other by an inter-layer dielectric with the variable thickness of d; and variable relative
permittivity of €;,,. If we choose d; = 0, then the structure will converge to an ordinary BC-

SRR having substrate thickness of 2d.

— y'r'x = Magnetic
k y H Excitation
E

Excitation

E V"l ** i Electric
H

(@)

SRR SRR

(b)

Figure 6.5: Schematic view of BC-SRR based sensor. (a) Perspective view and the directions
of the vector fields for magnetic and electric excitations. (b) Side view.

6.2.4 BC-SRR Based Sensor for Microwave Region Using Magnetic Excitation

For the microwave region applications, BC-SRR sensor model is excited magnetically as
shown in Figure 6.5(a). For the square shaped unit cell, the structure has periodicity P = 5
mm, metal side length / = 3.5 mm, gap width g = 0.5 mm, metal width w = 0.5 mm and metal
thickness ¢, = 0.03 mm. The substrate permittivity and thickness are set to €5, = 4.5 and d; =

0.25 mm, respectively. Interlayer permittivity €;,, and interlayer thickness d; are the variables.
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The metalization is made of copper with the conductivity o = 58 x 10° S/m.

Figure 6.6 shows the simulation results for the BC-SRR based metamaterial sensor under
magnetic excitation in microwave region. In these simulations, the interlayer thicknesses d;
are changed from O mm (i.e. ordinary BC-SRR) to 1.4 mm with 0.1 mm incremental steps.
Besides, the interlayer permittivity values €;,, are changed from 1 to 5 with 1 incremental
steps. Being consistent with the results shown in Chapter 3 and [13, 104], the resonance
frequency of the structure increases as d; increases. The increase in the resonance frequency
is clearly more dramatic for the interlayer thicknesses lower than 0.2 mm. In other words,
the sensor is most sensitive to the changes in d; which are lower than 0.2 mm. Moreover, the
resonance frequency of the structure decreases as €;,, values increase. The decrease in the
resonance frequency is largest from €;,; = 1 to €, = 2. In other words, the sensor is most
sensitive to the changes in €;,,; which are in between 1 and 2. The sensitivity of the sensor

decreases as both d; and ¢;,;; increases.

Resonance Frequency (GHz)

L | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Interlayer thickness di (mm)

Figure 6.6: Effects of the interlayer thickness (d;) and permittivity (€;,,) on the resonance
frequency of BC-SRR based metamaterial sensor under magnetic excitation in microwave
region.
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6.2.5 BC-SRR Based Sensor for Terahertz Region Using Electric Excitation

For the terahertz region applications, BC-SRR sensor model is excited electrically as shown
in Figure 6.5(a). For the square shaped unit cell, the structure has periodicity P = 50 yum,
metal side length / = 40 um, gap width g = 3 um, metal width w = 3 um and metal thickness
tm = 0.3 um. The substrate permittivity and thickness are set to €5, = 2.88 and dy = 1 um,
respectively. Interlayer permittivity €;,, and interlayer thickness d; are the variables. The

metalization is made by means of gold with the conductivity o = 45.2 x 10 S/m.

Figure 6.7 shows the simulation results for the BC-SRR based metamaterial sensor under
electric excitation in terahertz region. In these simulations, the interlayer thicknesses d; are
changed from O um (i.e. ordinary BC-SRR) to 20 ym with 1 ym incremental steps. Besides,
the interlayer permittivity values €;,; are chosen as 1, 3, 6, 9, and 12. Herein, the resonance
frequency of the structure decreases as d; increases as it is explained in Section 6.2.2. The
decrease in the resonance frequency is clearly more dramatic for the interlayer thicknesses
lower than 2 ym. In other words, the sensor is most sensitive to the changes in d; which are
lower than 2 um. Moreover, the resonance frequency of the structure decreases as €;,, values
increase. The decrease in the resonance frequency is largest from ¢€;,; = 1 to €;,; = 2. In other
words, the sensor is most sensitive to the changes in €, which are in between 1 and 2. The

sensitivity of the sensor decreases as both d; and ¢;,; increases.

6.3 A V-Shaped Resonator Based Pressure Sensor Application

In this part, we propose a novel metamaterial pressure sensor which consist of V-shaped res-
onator structures. The principle of operation is based on the inductive and capacitive coupling
between two V-shaped structures which form a double-sided structure as shown in Figure 6.8.
Herein, the aim is to measure an applied pressure by observing the changes in the resonance
frequency. The design parameters of the V-shaped unit cell is shown in Figure 6.9. The unit
cell structure has periodicity P = 6 mm, metal width w = 0.3 mm, metal thickness #,, = 0.035
mm, substrate thickness z,;, = 0.25 mm, substrate relative permittivity €. = 4.5, and substrate
loss-tangent tan d, = 0.003. The other design parameters are; d; = 1.2 mm, dr = 1.575736
mm, d3 =2 mm, d4 = 1.075736 mm.
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Figure 6.7: Effects of the interlayer thickness (d;) and permittivity (€;,;) on the resonance
frequency of BC-SRR based metamaterial sensor under electric excitation in terahertz region.
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Figure 6.8: Schematic representation for the mechanism of V-shaped resonator based sensor
application.
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Figure 6.9: Design parameters of the V-shaped unit cell structure.

As the proof of concept, we shift one layer with respect to the other for /g7, = 0, 0.2, 0.4, 0.6,
0.8, 1.0, 1.2, 1.4 mm and compute their corresponding transmission characteristics which are
given in Figure 6.10. For a better visualization, Figure 6.11 shows the schematic views of the
unit cell topologies at [g,r; = 0, 0.4, 0.8, 1.2, 1.6 mm. According to these results, resonance
frequency of the V-shaped array increases from 9.95 GHz to 15.39 GHz, as we increase [ f;

from 0O to 1.4 mm which corresponds to 55 % frequency shift.

6.4 Discussion

In this study, we have designed and simulated two different metamaterial sensor models based

on the BC-SRR and V-shaped resonator topologies. The simulation results have shown that:

o BC-SRR topology can be used as a pressure sensor, by observing the changes in the

resonance frequency resulting from the changes in the interlayer thickness.

e BC-SRR topology can be used as a temperature, humidity, or concentration sensor, by
observing the changes in the resonance frequency resulting from the changes in the

permittivity of the interlayer.

e V-shaped topology can be used as a pressure sensor, by observing the changes in the

resonance frequency related to the changes of lateral shift amounts /y; ;.
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CHAPTER 7

CONCLUSION AND FUTURE WORKS

This dissertation presents the results for the design, fabrication and characterization of novel
metamaterial topologies in microwave and terahertz region. Based on the outline of the thesis,

the basic conclusions can be summarized as follows:

In the first part of this Chapter 3, we have proposed a new u-negative (MNG) metamaterial
structure, the double-sided SRR (DSRR), which combines the topological properties of the
previously suggested BC-SRR and the conventional SRR to reduce the resonance frequency
(i.e. to reduce the electrical size) for a given set of unit cell dimensions. In other words,
the DSRR structure is able to provide better miniaturization in RF design applications. The
suggested DSRR topology has also been demonstrated as having a much wider half power
resonance bandwidth as compared to the conventional SRR structure. The bandwidth perfor-
mance of the DSRR cell approaches to that of the BC-SRR cell as the separation between the
inner and outer rings increases. Full-wave electromagnetic simulations by HFSS have also
demonstrated that the depth of the resonance curve increases as the substrate gets thicker.
Finally, the combination of the DSRR cell and a conducting strip has shown to provide a
left-handed metamaterial behavior, as expected. A simple equivalent circuit model is also
proposed and verified to approximately describe the relation between substrate parameters
(substrate thickness and substrate relative permittivity) and the resonance frequency. One
international journal paper [13], one international conference paper [64] and one national

conference paper [76] have been published based on this study.

In the second part of Chapter 3, electrically-small multi-ring magnetic resonators are investi-
gated. It has already been shown in literature that multiple SRR (MSRR) structures and spiral

resonators (SR) with large number of rings provide better miniaturization [12, 15, 16, 17, 18]
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as compared to the conventional SRRs. Improved double-sided versions of these resonator
topologies are suggested as novel contributions of this dissertation study. The simulation re-
sults for MSRR, double-sided MSRR, SR, double-sided SR, U-Spiral resonator (USR), and
double-sided USR having various N numbers have been presented and the effects of both
increasing N and doubling the resonator structure have been demonstrated. For example, in-
creasing N from 2 to 6 for the MSRR, SR, USR, DMSRR, DSR, and DUSR structures caused
their electrical size and resonance frequency values changed to 75 %, 38 %, 52 %, 76 %, 27 %,
and 31 % of their initial values, respectively. Besides, doubling a six-turn MSRR, a six-turn
SR, and a six-ring USR reduced their electrical size (#) and resonance frequency (fo) values to
76 %, 52 %, and 35 % of their initial values, respectively. Here it is important to note that all
these structures have the same unit cell size. Among all the structures investigated in this part,
the electrically largest resonator is the two-turn MSRR (i.e. the conventional two-ring SRR)
with u = Ao / 12 and fy = 2.24 GHz while the electrically smallest one is the six-turn DUSR
with u = A9/ 133 and fy = 0.20 GHz. In other words, the double-sided U-type spiral resonator
(DUSR) with N = 6 turns has an electrical size which is only 9 percent of the electrical size of
the multi Split Ring Resonator (MSRR) with N = 2 turns, although both structures have the
same physical cell size. One international conference paper has been published based on this

study [16] and a manuscript is under preparation to be submitted to an international journal.

In the first part of Chapter 4, we have proposed the micro-split SRR (MSSRR) type unit cell
array structures to be used for multi-band and tunable metamaterial design. The on/off state of
the extremely narrow additional splits of MSSRRs can be efficiently controlled in microwave
frequencies by proper switching techniques such as the RF MEMS switching technique. We
have demonstrated that the resonance frequency of a MSSRR array can be easily increased by
additional micro-splits which effectively reduce the equivalent capacitance of the SRR unit
cell. Next, we have investigated the transmission properties of the double layer and triple
layer homogeneous or inhomogeneous MSSRR arrays to demonstrate the feasibility of mul-
tiple frequency band metamaterial designs. For this purpose, dual-band and triple-band res-
onator structures have been designed, simulated, constructed and experimentally tested over
the X-band microwave frequencies with quite satisfactory agreement between simulations
and measurements. Also, an electrically smaller triple-band composite MSSRR super cell
is designed and simulated. The effective permittivity and effective permeability parameters

are retrieved for this design revealing the presence of magnetic resonances at the resonance
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frequencies around 9.4 GHz, 10.5 GHz and 11.4 GHz, as expected. One international journal
paper [23], two international conference papers [103, 106], and one national conference paper

[110] have been published based on this study.

In the second part of Chapter 4, based on the simulation results obtained by two different
full-wave electromagnetic solvers (Ansoft HFSS and CST MWS), the novel single loop res-
onator (SLR) structure proposed in this study is demonstrated to have three distinct resonance
frequencies in microwave region. The structure is shown to have negative permeability over
two closely located but distinct bands in the vicinity of its magnetic resonance frequencies.
Therefore, the SLR topology lends itself as a useful alternative to the well-known SRR and
SR structures especially when an electrically small dual-band magnetic resonator operation
is needed. One international journal paper [74], and one international conference paper [105]

have been published based on these results.

In Chapter 5, some frequency tunable metamaterial designs at terahertz (THz) frequencies
using broadside-coupled SRR (BC-SRR) and gap-to-gap SRR arrays are presented. In those
designs frequency tuning, arising from changes in near field coupling, is obtained by in-plane
horizontal or vertical displacements of the two SRR layers. For electrical excitation, the
resonance frequency continuously redshifts as a function of displacement. The maximum
frequency shift occurs for displacement of half a unit cell, with vertical displacement of BC-
SRR array resulting in a shift of 663 GHz (51 % of the resonance frequency) and horizontal
displacement yielding a shift of 270 GHz (20 % of the resonance frequency), experimentally.
Additionally, a maximum shift of 138 GHz (i.e. 15 %) for vertically shifted gap-to-gap SRR
design is obtained both numerically and experimentally. Moreover, significant differences
observed in the tuning results of BC-SRR and gap-to-gap SRR arrays due to the use of differ-
ent excitation techniques (electrical excitation versus magnetic excitation) are discussed. An
international conference paper has already been published based on this study. There is also
an international journal manuscript written on this topic, which is currently in peer-review
process and its basic content is available as an internet archive file [24]. Also there is another

manuscript in preparation to be submitted to an international journal.

Finally in Chapter 6, the use of BC-SRR metamaterial topology sensors is suggested for
pressure, temperature, humidity, and concentration sensor applications. Feasibility of such

sensors are demonstrated by numerical simulations for both microwave and terahertz regions
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using magnetic and electric excitations, respectively. Also, the novel V-Shaped resonator
structure is introduced and suggested for pressure sensor applications. One international and
three national conference papers have already been published based on this study. There are

also two manuscripts in preparation to be submitted to international journals.

As future work research topics:

o Circuit modeling of BC-SRR and gap-to-gap oriented arrays considering the capacitive

and inductive coupling effects among neighboring unit cells.
e Realization of the metamaterial sensor applications using BC-SRR structure.

e Realization of the metamaterial pressure sensor application using V-shaped resonator

structure.

Following the completion of this dissertation study, the BC-SRR based and V-shaped res-
onator based sensor topologies will be realized as future work. Also, the equivalent circuit
models for BC-SRR and gap-to-gap oriented SRR arrays will be developed by including the
capacitive and inductive coupling effects among neighboring unit cells into the resonance

models.
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