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SUMMARY

The permittivity, permeability and conductivity afmaterial characterize
its ability to interact with an electromagneticldieln nature, the magnitudes of
these three quantities are restricted mostly totigesvalues. In contrast,
metamaterials are artificially produced compositeedim exhibiting
electromagnetic responses that natural materiafotiprovide. They enable the
three constitutive parameters to be cast down tatnee values. Nowadays,
electromagnetic metamaterials is a rapidly growiegearch domain involving
electromagnetism, microwave and millimeter wavéntetogy, optics, material
technology, nanotechnology and quantum physicsteThee prospects for many
challenging practical applications. A historicalnsey of the evolution of
metamaterials from the earliest assumptions uhgél ¢urrent state of the art
introduces a discussion of metamaterials, and acriggien of their
characteristics and behavior.

Metamaterials are known in two forms. An inherertamaterial is a real
3D solid volumetric medium. 1D or 2D planar circudre the second version of
metamaterials. The first form is characterized ibidftheory, while the second
form utilizes transmission line theory.

Manifold applications of guided waves, radiated agwew microwave
circuits, devices and structures will be discudsenh the engineering point of
view. There is a brief report on the authors' ownowvative findings. This
involves both theoretical and experimental restiitg have been achieved in
recent years. In particular, we have used splig niesonators in negative
permeability metamaterials, and have developed @mdiuced an isotropic
negative permeability medium, an isotropic negapgamittivity medium, CPW
supporting propagation of a left-handed wave, anck vimedia exhibiting
negative permittivity. The main aim was to build real 3D isotropic
metamaterial. Two kinds of 3D isotropic single nega metamaterials are
reported. The first material consists of unit catighe form of a cube bearing
on its faces six equal planar resonators with betleal symmetry. In the second
material, the planar resonators boxed into sphepieatic shells and randomly
distributed in a hosting material compose a realv@lumetric metamaterial
with an isotropic response. In both cases the nwtmal shows negative
permittivity or permeability, according to the typé resonators that are used.
The experiments prove the isotropic behavior of tedls and of the
metamaterial specimens. Finally, the prospectduidher developments in this
interesting field are presented.



SOUHRN

Schopnost materi@l reagovat na elektromagnetické pole je
charakterizovana jejich permitivitou, permeabilitauvodivosti. V pirodnich
materialech jsou tyto veiny ve \&tSine pripadech kladné. Na rozdil od toho,
jsou metamaterialy u#te piipravené kompozitni materialy, které vykazuji
odezvy, jaké nejsouifsodni materialy schopny. Uvedené parametry mohou u
nich dosahovat zapornych hodnot. V &sné dob predstavuji metamaterialy
rychle se rozvijejici multidisciplinarni  oblast \gmmu  zahrnujici
elektromagnetismus, mikrovinnou technologii, tedbgo milimetrovych vin,
optiku, materialové inZzenyrsti, nanotechnologieraritovou fyziku. Vyhledo¥
existuje cel&ada jejich velmi zajimavych aplikaci. Prace shrrgtorii vyvoje
a souwasny stav, jsou stén¢ charakterizovany vlastnosti metamatetrial

Jsou znamy d¥ varianty metamateridl Vlastnim metamaterialem je
objemové médium, které je charakterizovano vinoteorii. Druha verze je
reprezentovana jedno nebo dvouréemymi planarnimi obvody, které se
charakterizuji pomoci postgnamych z teorie vedeni.

Jsou diskutovany jednotlivé aplikace pro vedenéyvimyzaujici viny
(antény), nové mikrovinné obvody a prvky. Je &teuuveden pvodni @ginos
autora k této problematice, jak v teoretické, takexperimentalni oblasti.
Zejména je uvedeno pouzitéldnych kruhovych rezonatbmpro metamaterialy
se zapornou permeabilitou. Bylo navrzeno a zhotovientropni médium se
zapornou permitivitou. Dale je zn#imo koplanarni vedeni podporujiciepos
zétné viny, dratové prostdi vykazujici zapornou permitivitu a isotropni
odezvu. Z&kladnim cilem bylo vytiib realny tirozmérny objemovy
metamaterial s isotropni odezvou. Jsou prezenjosiah varianty objemovych
isotropnich metamaterigls jednim zapornym parametrem (permitivitou, nebo
permeabilitou). Prvni z nich je tien periodickym usp@danim zakladnich
burgk ve forme krychlicek. Tyto maji na svych Sestiéaich umisino Sest
planarnich rezonatdrsphujicich vhodnou symetrii. Ve druhé variaggou tyto
planarni rezonatory umésty v kulovych schrankach z whé hmoty, keré jsou
nahod umistény v prostoru a vytv&@ji tak realny objemovy metamaterial
s isotropni odezvou. V oboutipadech metamateridl vykazuje zapornou
permitivitu nebo permeabilitu podle typu pouzityezonatoi. Experimentéala
bylo owieno isotropni chovani vytvenych vzork metamateridl. Zawrem
jsou striné ukazany srry vyvoje této zajimavé oblasti.
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1. INTRODUCTION

Metamaterials belong to the group of artificial n@ethat have become one
of the most important topics in classical electrgnetic theory in the last two
decades. In fact, pioneering work on artificial medoes back much further.
The first attempt to produce an artificial mediurmsacarried out by Winston E.
Kock in 1946 [1]. Kock suggested a dielectric anterlens with a dielectric
made of a mixture of metal spheres embedded inteaxmbn 1962, Rotman [2]
showed artificial 1D electric plasma using a pa&falplate medium that
embodies the frequency band with negative permtgivsimulating the
properties of natural ionospheric plasma. Six y&es, Veselago [3] published
his paper on the electrodynamics of media with #snmeously negative
permittivity and permeability. This entirely thetoal paper included
predictions of strange electromagnetic effectsuohsmedia, e.g., anomalous
refraction, inverted Cherenkov radiation and Dophkift, see [4] for more
details. It was demonstrated that if both permiitivand permeability are
negative, vector&, H, k form a left-handed (LH) system as opposed to the
system in ordinary natural materials. That is hbe hame for LH media was
established. In Veselago’s times no practical zrasibbn of such a medium was
known. Negative permittivity could be achieved wdlectric plasma, however
negative permeability was missing. In contrastlézteical plasma, there are no
magnetic monopoles in classic electrodynamics dng tnatural magnetic
plasma is not achievable. After the work of Veselags published, the issue
of LH media was almost forgotten for nearly 30 gedihe main reason was the
unachievability of such media. The return of actdl media theory came in
1992, when Mamdouht al. [5] proposed an omega patrticle as a unit cellnof a
artificial chiral medium. Unfortunately, the autbadid not realize that such a
medium can also embody negative permittivity anangability. In those years,
interest in Veselago’s work began to rise, mainlghe papers written by J. B.
Pendry et al. Pendry’s first paper [6] showed how to make a tiega
permittivity medium at microwave frequencies. Fhistpurpose, the authors
proposed a “wire medium”, a 2D matrix of thin wiradich simulates the
plasmon behavior of metals at optical frequencies|7], Pendry’s working
group extended this idea to a 3D wire net, by whsdtropic behavior was
achieved. Negative permeability was however stilknown. It was first
presented in [8] in 1999. This paper, probablyrtiost important publication in
metamaterials, was a proposal for a small resqueatitle, a split ring resonator
(SRR), the basic constituent of artificial negatpermeability media.

After this seminal work, Smitlket al. [9] manufactured an artificial medium
by superposing SRRs (negative permeability) andalinetwires (negative
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permittivity). This was the first implementation oé&n LH medium.
Subsequently, Shelbyet al. [10] experimentally demonstrated negative
refraction, previously predicted by Veselago.

In 2000, the first application of an LH medium wagsented in Pendry’s
paper on a perfect lens [11]. This paper gave ailddtanalysis of the wave
refraction on the boundary between an ordinary mmadand an LH medium.
Afterwards it was shown that in order to map pampoint, thus to focus, it is
enough to use a slab of LH medium with permittiatyd permeability equal to
minus one. In such a situation, the incident waveleally transmitted and the
system is able to focus even without a curved baopnds in an ordinary lens.
The possibility of avoiding a curved lens surfacasvinteresting in itself, but
Pendry also showed that unlike an ordinary lens, rtlew slab-lens is able to
amplify evanescent waves of the source in suchathat their amplitude is
recovered in the place of the image in the samenmate as it is in the source
plane. This fact opened up the possibility of foogdy a lens with arbitrarily
fine resolution (the resolution of an ordinary leadimited to one half of the
operating wavelength).

This work presents metamaterials of two differgpes. The first is denoted
as a volumetric metamaterial. It consists of badnents, much smaller than
the operating wavelength, which are assembled ratydor periodically in the
host medium, forming a bulk artificial material tvigiven effective material
parameters.

The second type of metamaterials, called planagpsesented by 1D or 2D
transmission lines (TL) operating with backward esv These have been
known for more than 60 years, and were describe®rdlouin [12] and by
Pierce [13] utilizing the equivalent circuit modgiown in Fig. 3c dual to the
model of a standard TL. Applying this concept, finst practically applicable
LHTLs were introduced by Calcat al.[14] in a 1D version and in a 2D version
in [15], simultaneously with Eleftheriades al. [16, 17] and Oliner [18]. In all
cases these TLs are based on a line periodicatipyiseries capacitors and
shortened by parallel inductors. The main advantaghe planar structure of
the LHTLs, which makes them compatible with micreeantegrated circuits.
Their behavior can be easily controlled lbyC parameters. A number of novel
devices have already been proposed based on thé cbiicept [4]. Most of
these circuits utilize the LHTL in the form of tloemposite right/left-handed
(CRLH) TL first introduced by Caloz and Itoh [19].

The resonant elements composing a volumetric me¢simbthemselves are
anisotropic. Consequently, the medium composedhleyntis generally also
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anisotropic. However, there are several ways lepadm isotropy of a 3D
metamaterial. A specific form of the unit cell séting symmetry of the
selected crystallographic group [20], and its psigal arrangement in space
were utilized in [20-23]. Another way leading totiopy is based on randomly
located unit cells in the volume of the host [24]double-negative isotropic
medium, i.e., a medium with both negative permiigiand permeability, can be
designed as a 3D structure consisting of a setieéatric spheres of high
permittivity, having two different radii located pedically [25-27] or randomly
[28] in a hosting material. A single sphere carubed, but has to consist of a
core and a casing of different materials [29]. Bo#lic spheres of one kind can
be used for building an isotropic double-negativetamaterial using mutual
coupling between them, or they are placed in afl@paegative medium [30].
An isotropic epsilon-negative metamaterial was exdd by a 3D triple wire
medium consisting of connected wires just below pteesma frequency, as
presented in [31]. An isotropic metamaterial wasigieed using a circuit
approach as a rotated transmission line matrixreeH{82,33].

Our objective is to design and fabricate a 2D or Bilumetric single-
negative metamaterial using inexpensive, easilgsgble technology. We
have adopted the concept of a cubic unit cell cbimgj of six planar resonant
elements on its faces, or alternatively the conoémingle resonant elements
randomly placed in a hosting material. This invelgesigning the structure of
the resonant element, analyzing its responses & dkcitation by an
electromagnetic wave, fabricating the medium andagueng its electrical
parameters. A unit cell of this medium is isotroids polarizability tensor is
invariant to any rotation. This fact, expressedtémms of the scattering
parameters, means that the transmission of suctit @ell does not depend on
the angle at which the illuminating wave is incidem the cell. Using this
method, we evaluate the degree of isotropy of thal fproducts of both
concepts mentioned above. We investigate a magngitigle-negative
metamaterial and an electric single-negative metiamad in parallel, but
separately. These new composites may then be cedhbresulting in a left-
handed, i.e., a double-negative isotropic mediurar @sults offer a real
medium for designers of microwave devices and systét is only necessary to
recalculate the proportions of the resonant eleraadt unit cell by scaling in
order to meet the specific requirements for eacpliegtion. Technological
limitations must, however, be taken into accoumehe

The planar resonators were designed by the CSToMare Studio, then
fabricated and measured. The effective permitthatyd permeability were
calculated according to [19], though it is senselesdefine these quantities for
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a single resonant element. Our code therefore gesvihe effective parameters
of the volume between the ports where the resoglentent is located, so that
they serve as some measure of the electric and ehagoolarizability of the
element.

The two kinds of metamaterials will now be presdnti@rst theoretically
and then through particular implementations caraatiby the author together
with the team of his coworkers.

1.1 Volumetric Metamaterial

Let us now see how we can modify the material patars, i.e., the
permittivity and permeability, of a volumetric madt. Let us assume a space
filled by a medium subdivided by a rectangular mest particular cells in the
shape of a prism with dimensiodg, dy, dz as shown in Fig. 1. An artificial
particle as an inclusion is located in the middieach cell. The dimensions of
the cell must be considerably smaller than the Vesngh, in order for the
medium to be treated as continuous. There are @iclkinds of particles,
electric dipoles and current loops, or the magngippoles shown in Fig. 2. Let
us assume that these two particles are loaded pgdamceZ . The electric
dipole is sensitive to the electric fiekl parallel to the strips, and the current
loop is sensitive to the magnetic fidtperpendicular to the plane of the loop.
We will first calculate the electric moment of tldgoole and the magnetic
moment of the loop. These quantities define thetoreof polarization and
magnetization, respectively, and subsequently tifecteve permittivity and
permeability of our medium can be determined. Fomplcity we do not
assume bi-anisotropic particles, where both tHertec and magnetic moments
depend on both electric and magnetic fields. Moeeave assume that particles
of one kind do not interact.

Ay Y.
y

Fig. 1. Elementary cell with an inclusion.
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Assuming an electric currehtpassing the arms of the electric dipole, we
can express its moment as

et~ Uleg  El&
jw jw(ze-"ZL) ja(ze-"ZL) ’
wherelg; is the effective length of the dipol2, is the dipole input impedance,

U is the voltage received by the dipole aBds the incident electric field
oriented according to Fig. 2. The magnitude ofggblarization vector is

(1)

p 1 ElZ

P="=
V. dxdydzjeZ, +Z,

):/YeE’ (2)

whereV = dxdydzis the cell volume ang. is the electric susceptibility which
defines the permittivity of the medium. The relateffective permittivity is
Xe 1 |e2ﬁ

E =1+2€ =1+ : 3
ef £o dxdydzjae,(Z, +Z,) )

Similarly, we can get the effective medium permkghji34]. The magnetic
moment of the current loop with the passing curtest
— 2
m=1s=_YS -TI1aHHST (4)
Zm + ZL Zm + ZL
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where the voltag®) =-jawy = -jaHS, andZ, is the loop input impedance.
The magnitude of the magnetization vector is
m -1 HS?
=M= o 0TS oy H (5)
v dxdydzZ.,+Z,

The magnetic susceptibility,, determines the effective relative permeability
according to

1 jaues?
dxdydzZ,+Z,

Hes :1+/Ym:1_ (6)

The input impedance of the electric dipole is c#par Z, =1/ jaC, while the
input impedance of the current loop is induct&g = jal,, .

A number of combinations of impedances can be attedeto the electric
dipole and to the current loop. We will put aside tombinations with resistors
representing losses. Loading the electric dipolecagacitorC, or leaving it
open, which represents a very small capacitancehortening its terminals,
which represents infinite capacitance, or zero abaioce, we get

2
b =le L )
dxdydz, C. +C,
CeCL

The medium created by the system of these eledtgoles has artificially

increased permittivity which does not depend onquency. This is the case of
an artificial dielectric material [35,36]. Loadinthe electric dipole by an
inductorL_ we get the effective permittivity

2
| eff Ce

Eee =1+ .
ef dxdydz, 1- w?C,L,

(8)

This represents the classical frequency dependem@nkz model of a dielectric
[20]. The example of this dependence for a lossteserial is shown in Fig. 2c.

Loading the current loop by a capaci@rwe get from (6)
1 uyw’S°C,
dxdydzl-?L,C,

(9)

Hetf =1+

This relation describes the dependence of the tefeecpermeability on
frequency, which, e.g., controls the behavior dit$mg resonators [8].
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A number of other combinations of elements canda®léd to an electric
dipole and a magnetic loop, including active eletmemhich can compensate
for losses and nonlinear elements [37]. Combinimg lbaded electric dipoles
and the loaded current loops multiplies the pobksibof getting an artificial
material with a specific character, including a ameaterial with both negative
permittivity and negative permeability [9].

The theory presented above assumes orientationtheoffield vectors
according to Fig. 2. In the case of a general tagon the resulting effective
permittivity and permeability are tensors and theaterial behaves
anisotropically. The problem of obtaining an ispio material will be
discussed later.

1.2 Planar Version of a Metamaterial

The planar version of a metamaterial can be treased transmission line.
Here we effectively apply the circuit approach luase the equivalent circuit of
the transmission line consisting of lumped elemefitss circuit, shown in
Fig. 3a, consists of series impeda#cand parallel admittancé, and represents
the element of the line with lengtd, which must be much shorter than

wavelengthl in order to form a unit cell.

(a) (b) (c)
Fig. 3. The equivalent circuit of the general transmissioa (a), the
standard.-C line (b),C-L left-handed line (c).

The characteristic impedance of this transmissionib [38]

z
Z,=.|—, 10
0o =1y (10)
the propagation constapt= a +jSis
y=+JZY , (11)

for the wave propagating in the positizadirection described by exp® we
take + in (11), while the sign — in (11) represahis wave propagating in the
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negative z direction. We will now assume the positive signand S are
attenuation and phase constants. The phase velgcsty

v, = (12)
and the group velocity is
1
9708,/
(o

The standard lossless line hasjal, Y=jaC, as shown in Fig. 3b, so from
(10-13)

Y (13)

Z,=< . (14)
y=ip=jwl/LC, (15)
v, :JI:_LC | (16)
v, = JE* . (17)

This corresponds to the propagation of the stand&f forward wave along
the line. Both velocities, andv, are positive.

Now let us consider the dual case with the cormredpmy equivalent circuit
shown in Fig. 3c, where the positions of the capace and inductance have
been exchanged. In this way we have changed thgnaliL-C low-pass
structure into theC-L high-pass structure. The latter lines are denatedeft
handed [39] and represent the planar version ofetammaterial. Now for the
lossless line we have= 0,Z=1/(jaC,) andY=1/(jaL ). Consequently,

L
zZ,= |-, 18
°Tile, (18)
y‘jﬁ'-j# (19)
w/L.C,
v, =-w’.[L.C_ , (20)
v, =&’ /L C_ . (21)
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There are different signs in (20) and (21). Theugreelocity has an opposite
direction compared to the phase velocity. Thisuesd the backward wave.

The LHTL can be fabricated by inserting inductarsl capacitors into a
real TL with the equivalent circuit in Fig. 3b. Sbe hosting environment
represents the series inductamgeand parallel capacitancg:. Therefore the
equivalent circuit of the LHTL in Fig. 3c must bedified as shown in Fig. 4.

LR CL

O_IYY\_l

0

Fig. 4. The modified equivalent circuit of the losslesdt-landed
transmission line.

Comparing formulas (16-17) with the well-known far@s describing
plane wave propagation in the free space [38], aveecout with the formulas
L=ud, (22)
C=ed, (23)

whereL andC are the lumped inductance and capacitance ofrtbeségment of

lengthd much shorter than wavelength more preciselyd << 1. In this case
L=Lg, C=Cr and wehave

. 1
Z=ju u- d, 24
o u a)ZCLd] (24)

. 1
Y:Ja)g— 2 d, (25)

wL d

and we can introduce effective permeabitigy and permittivity&eg
1

of =M~ , 26

Hers = M 2C, d (26)
1

Eot =E— . 27

eff szLd ( )

Formulas (26) and (27) show that a transmissiom ¢izin have a negative value
of effective permeability and permittivity in a t@n frequency band.

14



The transmission line with the equivalent circthbwn in Fig. 4 can be
produced by various techniques, in 1D [39], or D [20,41]. The simplest
technique is to apply discrete capacitors and itatad40], or these elements
can be integrated into a planar structure as iigiéadl capacitors and shunt via
holes [39]. The capacitors can be simple transVeisés in the hosting line,
e.g., CPW [42], or elements in the shape of a nmeshr[41]. The inductor can
also be designed as an active inductor represégtadyyrator [43].

The LH wave could propagate along the line with élgeivalent circuit in
Fig. 3c from a certain frequency, as the circuitiibigh-pass filter, up to the
frequency defined by the Bragg conditi@idFrt [44]. The wave on the line
with the equivalent circuit in Fig. 4 has the LHachcter at low frequencies up
to the series resonant frequengy determined byC, and Lg. Above this
frequency there is generally a band-gap where newan propagate till the
resonant frequencly, of the parallel components andCg. Abovef,, the RH
wave propagates until the Bragg condition is fldfil The composite right/left-
handed (CRLH) TL [19], with the equivalent circintFig. 4, is often designed
so thatfys = f,, = f, and no gap exists. Thenfai3 = 0 and consequently=co.
This gives the possibility of designing resonatofrzeroth order oscillating on
this resonant frequendy which does not depend on the resonator length, and
even with resonances of negative orders [45].

Planar LHTLs have been applied in a number of miene elements,
mostly utilizing CRLH TLs [19]. Some of them can faeind in Caloz and Itoh
[4]. The new properties of these circuits includ#dual-band operation,
bandwidth enhancement, arbitrary coupling level aegative and zeroth-order
resonance.

2. LEFT-HANDED COPLANAR LINE

A new version of a left-handed coplanar waveguiddGPW) has been
proposed [46,47]. One cell and the layout of ts lare shown in Fig. 5. The
line has an entirely uniplanar structure withowsvand lumped elements. The
series capacitors are represented by interdigaplacitors and the parallel
inductors by short-circuited CPW stubs connectethéoground metallization.
The LHCPW was fabricated on the ROGERS RO4003Ctsatb90.813 mm in
thickness with permittivity 3.38 and metallizatiOr035 mm in thickness. The
measured frequency dependencesSgf and S;; agree well with the data
predicted by simulation. The simple equivalent wirof the line unit cell was
set up by fitting its dispersion characteristicthe dispersion characteristic of
the first left-handed mode calculated by the CSTcrbvave Studio. The
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dispersion characteristics of the basic backwardewpropagating on the

LHCPW are shown in Fig. 6.

| GCLECLCLECLCUECLEREE

ML

(a) (b)
Fig. 5. Unit cell (a) and the final layout (b) of the LIRQV.

s meta
1 slot

=—

~—~ 4000 ! ' ' ' 1 ' T T T T T T
£ [ Microwave Studi |
i Fl ee--e. Equivalent circuit ]
3000 O O O Experiment ]
2000 | .
1000 | .
o

6.5
f (GHZ)

Fig. 6. The dispersion characteristics of the fabricatetiCPW
calculated by the CST Microwave Studio, calculabgdthe equivalent
circuit and measured.

3. 1D VOLUMETRIC METAMATERIAL

A new 1D volumetric LH metamaterial was propose@signed and
fabricated [48,49]. Its structure duplicates theaapt of left-handed parallel
strips cut by series capacitors and shunted by tsinductors. The wave
propagates inside this volumetric metamateriahas 1D transmission line. The
shunt pins represent the shunt inductors. The imppedances of the short
circuited stubs of the parallel strips represemt $kries capacitors. The CST
Microwave Studio model of the unit cell of the posed volumetric
metamaterial is shown in Fig. 7a. This cell, camtag the segment of parallel
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strips with the junction of two stubs, is repeaiteall three directions to create
a volume structure. Fig. 7a shows the central @etl the two neighbouring
cells placed in the vertical direction. They aredudinally shifted by one half
of the period to fill the space completely. Theameng wave is incident to the
matrix of the apertures of the particular paratielite waveguides. The electric
field vector of the propagating wave must be ordracross these parallel plate
waveguides. The manufactured bulk LH metamatehaws in Fig. 7b was
milled from aluminium blocks. The inductive pinganade of cylindrical wires
set in holes drilled into the aluminium body. Thansmission and dispersion
characteristics of this medium were calculated amhsured. They fit each
other very well, as shown for the transmissionion B.

a b

Fig. 7. A unit cell of the proposed left-handed struct{ak
manufactured metamaterial consisting of six paredies each of 15
cells (b).

S,, (dB)

Microwave Studio
measurement

45 6 7 8

f (GHz)

Fig. 8. Transmissiors; of the metamaterial from Fig. 7b.
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The LH wave propagates along this structure inréimge from 4.75 to 5.65
GHz. Directly above this range the standard RH waveguided, so this
structure behaves as the CRLH line described above.

4. 3D WIRE MEDIUM

The 3D wire medium [50], Fig. 12, was studied wtlile aim to apply it as a
negative permittivity isotropic metamaterial. Therigtation of the dispersion
equation of modes in the 3D lattice is quite stifigyward and the result is in
accord with [51]. The numerical examples show ttiere are three eigen
modes both below and above the plasma frequendyrectionsl-X and " -M
and five eigen modes in direction-R. One of the modes complies with
physical intuition, i.e., it is evanescent below fflasma frequency and above it
this mode becomes propagating. The other modesideonrespond to physical
waves. In direction -M, the attenuation and phase constants have time sa
value as in the case of directibrX, since the propagation of the wave along
one axis is equivalent to the propagation alongutiiecell face. The dispersion
curves both below and above the plasma frequenaoy &circle. This implies
isotropic propagation of the plane wave along aoefof the 3D cube. Taking
into consideration the wave propagating in a gdrdiraction, the isotropy is
now in general removed. However, a comparison o thispersion
characteristics calculated in various directionsowsh that in the first
approximation the 3D wire medium can be conside®a@n isotropic material
in some vicinity of the plasma frequency. The modglby the Microwave
Studio and measurement verify these theoreticaltses
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Fig. 9. 3D wire mesh structure formed by a lattice of nrigly long
connected wires of radiug. a is the lattice period.

5. PLANAR RESONATORS

The aim of our work is to design and fabricate @ &D isotropic single-
negative metamaterial with negative permittivity pgrmeability using cheap,
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easily accessible technology. This can be achidyedsing planar resonators
on a dielectric substrate provided by standard gslaachnology. For a mu-
negative metamaterial we have used broadside-cogplét ring resonators, as
presented in [52,53], see Fig. 10a. The resonamezits consisting of a planar
electric dipole terminated by two loop inductorsicected in parallel to provide
symmetry were proposed in [22] as good candidaieddilding an isotropic
epsilon-negative metamaterial. The layout is showiig. 10b. The dipole with
minimized dimensions is shown in Figs. 10c-e. Isw&cessary to use vias in
these resonators, but this drawback was removedsing a double H-shaped
resonator, as shown in Fig. 10f.

= M L]

(a) (b) (€) (d) (e) (f)

Fig. 10. Sketch of the planar resonators, not drewstale. Broadside-
coupled SRR (a), layout of the electric dipole (b reduced size dipole
terminated by two loop inductors, top layout (€arlayout (d), view (e), layout
of the double H-shaped resonator (f).

—
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5.1 Split Ring Resonator

The broadside-coupled split ring resonator was giesl on a Rogers
RT/duroid 5880 substrate 0.127 mm in thickness vpgnmittivity 2.20 and
0.017 mm copper cladding. Each resonator resides squared leaf with a 7
mm edge [24]. We measured the transmission of B \WRaveguide with this
resonator located in the middle of its cross-sactihe resonant response was
found at around 3.1 GHz. The resonant frequendiéseoindividual resonators
differed in a 50 MHz interval due to manufacturimgperfections. The
resonator is about 13.8 times smaller in size ti@nresonant wavelength in
free space, so a metamaterial consisting of thesenators can be assumed to
be homogeneous.

5.2 Electric Dipole

An electric dipole terminated by a planar loop icidu [22] is a resonant
element sensitive to an electric field. This eletnefiectively modifies the
permittivity of the hosting material under irradaat by an electromagnetic
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wave. The originally designed resonator, Fig. 18&s a resonant frequency
around 1.86 GHz, and the R18 waveguide was usegk&sure its transmission.
For this resonator we obtained the ratio of the Bpace wavelength at resonant
frequency to its total size of 28.8 mm, equal ®. Such a resonant element is
not small enough to produce a real homogeneousmag&taal. The size of this
resonant element is limited mainly by the area pmuliby the planar loops. We
reduced this area by making use of the rear sidbeoSubstrate and using an
inductor with two turns, see Figs. 10c,d,e. Theaftgrfor this, however, is the
presence of two vias. The dipole arms are now éatah the opposite surfaces
of the substrate. This reduced-size dipole resonateasured in the R32
waveguide gives a resonant-like response with @#ofrequency about 3.3
GHz. The spread of the resonant frequencies gbdinicular resonant elements
Is similar as in the case of broadside-coupledt spig resonators, reported
above. An example of the transmission of a singp®ld located in the R32
waveguide is shown in Fig. 11.

Fig. 11. Measured transmission of the R32 wavegwitie one reduced-
size dipole (Long.: oriented parallel to the wavdguongitudinal axis, Perp.:
located perpendicular to the waveguide axis). Bsemant element is located at
the center of the waveguide.

5.3 Double H-shaped Resonator

Our aim was to find a new planar resonant elementcbmposing an
epsilon-negative metamaterial able to resonatesatiafactorily low frequency
and therefore compatible in size with our broadsidepled split ring
resonators. A solution was found after severahitens with a planar resonant
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element in the form of a folded dipole. We obtaineddouble H-shaped
resonator, the layout of which is shown in Fig..10f

The double H-shaped resonator was optimized byGB& Microwave
Studio using a substrate 0.2 mm in thickness, w#imittivity 2.3, loss factor
0.001, and metal cladding lim in thickness, finally obtaining an area of 6x6
mm and an outer strip 5.25 mm in length. Fig. 12veh the transmission
characteristics of the double H-shaped resonatatdal in three positions in the
middle of the TEM waveguide calculated by the CSiErbwave Studio. The
resonant frequency is around 3.8 GHz. The ratiheffree space wavelength at
resonance and the resonator size is about 13,msetamaterial consisting of
these resonant elements can be assumed to be gé&@ons medium. Position
1 denotes a double H-shaped resonator perpenditulidre side walls of the
waveguide, and the central strip is in the vertipakition, so there is no
interaction with the magnetic field in the TEM waguede. We have only one
basic resonance at which the element shows negeftieetive permittivity. In
positions 2 and 3, the double H-shaped resonatdociated parallel to the
waveguide side walls with the vertical position amth the horizontal position
of the central strip, respectively. The magneteldfinow interacts with the
resonant element. This results in the appearancéhefsecond magnetic
resonance, Fig. 12, at which the double H-shapednagor shows negative
effective permeability, see Fig. 13. This additioresonance is, however, well
separated from the basic resonance aimed as thamauetial working
resonance. The calculated effective permittivityhed TEM waveguide section
with the double H-shaped resonator located in @osR is shown in Fig. 13.

S,,| (dB)

f (GHz)

Fig. 12. Simulated transmission of the double Hpslolresonator located at
the center of the TEM waveguide in three positidafned in the text.

21



The double H-shaped resonator was fabricated ol ©&ERS RT/duroid
5880 substrate with permittivity 2.22 and thickngs254 mm, loss factor
0.0012 at 10 GHz and metallization thickness 0.0h7. The outer strip is 5.25
mm in length and 0.2 mm in width, the same as kbievadth. The resonator is
deposited on a substrate 6x6 mm in area. The ddddsleaped resonator was
located in the R32 waveguide at the center ofrdiszsection in position 1. The
measured transmission characteristic is plottedrigh 14. As expected, the
response is weak since we have only one tiny reda@lament 6x6 mm located
in the R32 waveguide with a rectangular cross geaif 72.14x34.04 mm.

ER

f (GHz)

Fig. 13. Calculated [20] real parts of the effeetpermittivity and
permeability of the double H-shaped resonator Extat the TEM waveguide
in position 2.
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Fig. 14. Measured transmissions of the double Hbestaesonator located
at the center of the R32 waveguide.
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6. CUBIC CELLS WITH AN ISOTROPIC RESPONSE

A 3D isotropic unit cell providing negative permitty or permeability can
be designed by placing the planar resonant elenmnthe faces of a cube,
observing the appropriate crystallographic groupsymmetry [20,21]. The
cells composed of a tetrahedral symmetrical systmshown in Fig. 15. The
cube with particular planar resonant elements e®raplex system with many
internal couplings. Moreover, the presence of thaveguide walls, the
existence of the T mode longitudinal magnetic field component andrbe-
homogeneity of the field influence the electromagnessponse of the cube.
These effects result in a response of the cubdditatferent from the response
of a single planar resonator. Cubes composed abwsawversions of split-ring
resonators have been already proposed and stud[20,21]. Cubes composed
of electric resonant elements are shown in Fig. The transmission
characteristics of these cells with electric digoleoth calculated and measured,
have been presented in [22] for their differentifpmss in the waveguide of the
rectangular cross-section and the TEM waveguide.tl#® main resonance at
which these metamaterials are aimed to work, tepamrse of the cell does not
depend on its orientation. This proves that thesie cells behave with an
isotropic response.

(@) (b) ()

Fig. 15. Cubic-like cells, not drawn to scale, casgd of electric dipoles
(a), and double H-shaped resonators (b). Fabricatkds with double H-
shaped resonators (c).

Fig. 15b is a sketch of the CST Microwave modelhaf cube cell composed
of double H-shaped resonators. The three fabricateslons of this cube, with
dimensions 6x6x6, 12x12x12, and 15x15x15 mm, acsvehn Fig. 15c. They
are composed of planar double H-shaped resonaeesFig. 10f, stuck on to
polystyrene cubes of given dimensions. The isotropthese cells was tested
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by measuring the transmission through the R32 wadegwith the cube
located in its center in different positions, seig.FL6 for the cube with
dimensions 15x15x15 mm. Position 1 refers to thieeclocated as shown in
Fig. 6¢, assuming thatis the waveguide axis and the waveguide side vaafis
parallel to theyz plane. The cube is rotated by 45 deg aroundxtl&is in
position 2, while in position 3 the cube is addadly rotated by 45 deg around
they axis. The cell response depends only slightlytserchosen position. We
can therefore conclude that this cube-like unit lsehaves isotropically, and is
a suitable building block for an isotropic epsiloegative metamaterial.

0.5 —mm—m—m—m—mp—m—m——— 71T

|s,,| (dB)

3.8 3.85 3.9 3.95 4
f (GHz)

Fig. 16. Measured transmissions of the R32 wavegwith a cube of
dimensions 15x15x15 mm assembled from six doub$h&ped resonators for
its different positions.

7. 2D RANDOM DISTRIBUTION OF ELEMENTS IN SPACE

The 2D random system consists of the host matealystyrene - in the
shape of a parallelepiped with the base 50x50 minmntol three slices that are
equal in height 10 mm, Fig. 17a. In each slice,egnal number of planar
resonant elements of any kind from Fig. 10a,e,f iaserted with random
orientation. Two different random arrangements wased and tested, as
depicted in Figs. 17b,c, representing the top vodva slice [24]. The surface
normals of the elements, and thus also the magnmetioents, lie only in thgz
plane, forming the desired 2D system. The centetheoparticular resonators
are either positioned periodically in the nodea sfjuared net, Fig. 17b, or their
position varies randomly, Fig. 17c. Randomness bsained by choosing
random angles between the normals of the resonaimisthex axis. The
distribution of these angles and also the distrdsubf the resonator positions
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on each slice were generated independently. Coes#lgiu by changing the
mutual orientations of the slices in the parallgded by 90-degree rotations,
there are 64 different parallelepipeds with randomlistributed resonators
inside, assuming that the vertical order of theedliis kept. Interchanging the
vertical order of the slices, with their three taias, we obtain a total of 384
combinations of resonator locations. However, wiéizatl only the first 64
combinations in the experiment.

[ /\/ [— N
>§//T/\ /[~ //\/ A
— ~_— - —
G e vl
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L N—>~—/\ =
y X
(b) (c)

Fig. 17. Waveguide loaded with a parallelepiped posed of three slices
with randomly distributed planar resonators (ajiquic positions of resonators
with randomly chosen angles (b), doubly randonrithistion (c).

An experiment performed with the use of a mu-negatmetamaterial
consisting of broadside-coupled split ring resormteas reported in [24]. The
parallelepiped with doubly randomly distributed aeant elements, see Fig.
17c, proved not to be suitable for fabrication sdtropic metamaterials [24],
while the distribution from Fig. 17b provides a sl with acceptable
isotropy.

Here we report the results of two epsilon-negathetamaterials composed
of single dipoles, Fig. 10e, and double H-shapednators, Fig. 10f. Sixty-four
measured transmissions of 147 resonators insentdtie polystyrene slices
consecutively rotated by 90 deg provided very gasmiropy of the cubic
sample. This follows from the small disperse shomvifrig. 18 for the electric
dipoles and in Fig. 10 for the double H-shaped matms. Both measurements
were performed in the R32 waveguide and show a lsdigpersion. The
measured metamaterial specimens can therefore h&deoed as isotropic,
assuming that the electromagnetic wave propagatdbe xz plane and the
electric field is parallel to the axis, Fig. 17b.
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S,,| (dB)

f (GHz)
Fig. 18. Arithmetic mean value of the transmisdimmough the sample with

147 planar reduced size electric dipoles, and ig@edse when the resonators
are in the nodes of the squared net, Fig. 17b.
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Fig. 19. The same plot as in Fig. 18, but for deuthshaped resonators.

8. ISOTROPIC SINGLE-NEGATIVE METAMATERIALS

Real volumetric isotropic metamaterials cannot keseld on the 2D
distributions presented in the previous paragraple. planar resonant elements
have to be distributed with a real 3D random laraand orientation in the host
medium. As it turned out, 3D random location of ganar resonant elements
was a great technological problem. Finally, theuakcBD metamaterial with
randomly distributed and oriented resonant elemess achieved by boxing
the planar resonant elements into plastic sphesicalls, Fig. 20a. The shells
with an outer diameter of 11 mm consist of two ybkemispheres with inside
slots for inserting the resonant element. About &&@lls are placed in the cube
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with the edge 72 mm in length, Fig. 20b. These ispets of the single-
negative metamaterial were measured in the squrRB2dvaveguide, Fig. 20b.

(b)

Fig. 20. Planar resonant elements boxed in plaptierical shells (a), the
partly disassembled measuring setup (b).

The transmission characteristics of the preparedgleinegative
metamaterials were measured repeatedly, changagadhitions of the shells
each time. Finally, the dispersion of these charg&tics was calculated and
plotted. Fig. 21 shows the behavior of the mu-ngganetamaterial composed
of broadside-coupled split ring resonators. Theaoase of the reduced size
electric dipoles is plotted in Fig. 22, and Fig. 28Bows the results of
measurements of the epsilon-negative metamateraisting of boxed double
H-shaped resonators.
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Fig. 21. The arithmetic mean value and its dispérs 25 measurements of
transmission through the 3D mu-negative metamaterthe raised R32
waveguide with 256 boxed broadside-coupled spifg resonators randomly
located in the volume of a cube with sides 72 miength [24].
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Fig. 22. The same dependence as in Fig. 21, buthéoepsilon-negative
metamaterial consisting of 256 boxed reduced-dexerec dipoles.
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Fig. 23. The same dependence as in Fig. 21, buthéoepsilon-negative
metamaterial consisting of 256 boxed double H-sapsonators.

The characteristics plotted in Figs. 21 — 23 shaspetsion that is slightly
higher than in the case of 2D metamaterials, sgs. Ai8, 19. Nevertheless,

single-negative metamaterials composed of boxeuapleesonant elements can

be viewed as real 3D isotropic metamaterials.

9. CONCLUSION

The review defines the two forms of metamateri@ltee first is known as a
volumetric metamaterial, and it is an artificial ¢nem of given effective
material parameters usually not known in naturee Becond form of the
metamaterial is called planar, and it is represerig a 1D or 2D planar

transmission line. The basic theory describingghmmeters and the behavior
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of these two kinds of metamaterials has been pteddmere. The volumetric
metamaterial is characterized by determining theoreof polarization and the
vector of magnetization defining the effective petimity and permeability.
The planar metamaterial is treated as a transmidgie with its equivalent
circuit.

The author has been investigating metamaterialsnfane than five years.
The results of these investigations have been ptede They include a left-
handed coplanar line as an example of a 1D plafash&nded transmission
line. A 1D volumetric metamaterial is a 1D struetdrased on a parallel plate
waveguide with a left-handed behavior. It is shatat a 3D wire medium
exhibits an isotropic behavior with negative petivity.

This review presents two ways of designing a batikropic metamaterial
with a single negative response. Simple and coresgtyucheap planar resonant
elements are proposed as the building blocks cktineetamaterials. Broadside-
coupled split ring resonators are used. When iatadi by an electromagnetic
wave these resonators show negative effective difitg. Two different
resonant elements sensitive to an electric fielel @sed to show negative
effective permittivity, assuming they are irradthtey an electromagnetic wave.
These are: an electric dipole loaded by a loopdtaiy and a double H-shaped
resonator. The behavior of these two resonant el=mmés similar. In
comparison with the electric dipole using a twodaaductor, the double H-
shaped resonator has the advantage of a simplectisee with no vias.
Consequently, it can be produced more cheaply are neliably.

An isotropic response with both negative permityiviand negative
permeability was proved in the case of a unit itethe form of a cube with six
identical planar resonant elements located withaletdral symmetry on its
faces.

To test a simple way of manufacturing an isotrogiagle negative
metamaterial, we placed the planar resonator2id aystem with their periodic
positions but with random orientations. This systemasured in the R32
waveguide showed good isotropy.

The concept of manufacturing real isotropic 3D mmeterials with
randomly distributed resonant elements has beeredrpracticable in the case
of a magnetic single negative medium and also aectret single negative
medium. The resonant elements are boxed into plagpherical shells,
preserving their random positions in space togetidr random orientation.
The frequency band of composites with randomly tedaunit cells is wider
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than the band of a single resonant element. Thiumecan fill a volume of
any shape, and can therefore be used in a wide @rapplications.

The designed planar resonant elements showing tie#emegative
permittivity or permeability under irradiation byeetromagnetic wave can be
simply scaled down or up to be applied in a différeseequency band. Their
combination provides the material with a negatefactive index. To do this,
the cubic cells can be combined like panes in asthward. The boxed resonant
elements of the two kinds can be simply mixed toget The fabricated
isotropic single negative metamaterials are readybe used in many
applications.

Metamaterials constitute a new field of science andineering that goes
back only about eight or nine years. There arérmstiny open questions to be
solved and challenges to be met. It is very chgllanto shift the application of
metamaterials into the optical range of frequenardsere metals can no longer
be treated as good conductors. A possible way a&pply parallel nano-wires
[54] and modified split-ring resonators [55].

Metamaterials can be used as ideal lenses, antemth@mes, layers
increasing the sensitivity of electrically smalltamas, frequency selective
surfaces, cases reducing a target effective radass<ection, phase
compensating layers, etc. Another interesting wayntodify the material
parameters is by terminating the particles that sttute volumetric
metamaterials by various loads, including active aonlinear elements.
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EDUCATION AND SCIENTIFIC WORK, RESEARCH GROUP IN
ELECTROMAGNETICS AND METAMATERIALS, FUTURE
PROSPECTS

Let us finally review the general history of formresearch and design in
electromagnetics and microwave techniques. Ungéil8B60s, relatively simple
tasks were solved. Analytic methods and some getion methods were used
with the help of some labor saving graphical toelg,, the Smith Chart. With
increasing complexity of the problems that were kedron, and increasingly
complex technology, numerical solution methods tstarto be necessary.
Researchers and designers usually had to creatgla-purpose code based on
an appropriate numerical or approximate methodetwh individual problem.
At that time, in the early 1990s, | reflected thiwation by introducing a course
in “Analytical Methods for Passive Elements of Mierave and Millimeterwave
Techniques”. This course introduced PhD studentgatys of doing this kind of
work. Since that time, the progress made by so&wesmpanies in very
successfully introducing wide-purpose sophisticgteafessional software for
solving various electromagnetic problems in micregvatechniques has
substantially changed the work of designers. Atdame time, fine numerical
methods were also being introduced. | was a mewifeegroup of teachers who
introduced a course in “Numerical Solution of Eteatagnetic Fields”, which
reflected this situation. Each user of softwaredsegetailed knowledge of the
numerical method that the code he is using is basedViore recently, only
researchers working on very specialized tasks hewigten their own
electromagnetic field codes. The use of wide-puegmefessional software is in
many cases the only way to solve very complex systand circuits used in
present-day technology. The application of thigvgafe, however, has led to a
new phenomenon that has infected, above all, yemgineers. They sit in front
of a computer and work by the “cut and try” methathjch is suitable only for
routine circuit design. They just repeat and repleatanalysis with the use of
the software. The physical understanding and theesér the technology are
almost lost. This can be improved by returning baxkhe use of analytical
methods, i.e., mathematics. For this reason, ddhutced the course in “Selected
Problems from Mathematics®“. The aim of this cours¢éo stimulate students’
understanding of the problems, and their intergstbe really basic design of
technical problems. This is my vision of educatiomy field, which has in fact
been put into practice. | see the future in teaghimese two courses on a
facultative basis and offering them to the bestiestds, of course according to
their stage of study. These courses aim to motigaidents in the field of
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electromagnetics and high frequency technologhénuse of modern ways and
methods of work, but at the same time help themgain a deep physical and
mathematical understanding of the problems.

This lecture deals with the progress that | havelena the field of
metamaterials, together with my group of coworkemamed in the
Acknowledgements. It demonstrates the most impbogart of the activities of
my research group in the field of electromagnegicd metamaterials. The full
scope of my interests is apparent from my list wblations. Chapters 2 to 8
show some of our original results, presented irergdic journals and
conferences. My PhD students and also my undergtadstudents have
contributed to this process through their reseaschby working on their
projects.

With my research group, | intend to continue infiglids documented in our
latest publications, namely in the framework of @reject “Investigation of
metamaterials and microwave structures with thp behoise spectroscopy and
magnetic resonance”, funded by the Czech Grant &ageAmong the very
broad scope of my plans for the future, | emphatizdollowing:
* Investigation and modeling magnetoinductive lensemposed of split
ring resonators capable of operating with resotuti@low wavelength.
The aim is to improve the sensitivity of measureman magnetic
resonant systems (in cooperation with Prof. Marguéaiversity of
Sevilla).

 The design and realization of homogeneous andoisictmetamaterials
on the basis of the random distribution of resonaauticles. A very
important task is to reduce losses in these pastitVe will take into due
account the size reduction of elementary resonarticfes, by means of
which an improvement in metamaterial homogeneitylva attained.

* Investigation, design and realization the “actiyearticles applicable in

active metamaterials. Controlling of the properti¢she circuits (tuning
and loss compensation) will be realized using sl wave irradiation.

I will continue my tight cooperation with Prof. Omand students from his
department, University of Magdeburg. | also plarettablish the cooperation
with Prof. Marquez’'s Group at University in Sevilla
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