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ABSTRACT: A metamaterial based on a two-
dimensional transmission-line network loaded
with inductors and capacitors enabling to achieve
negative-refractive-index (NRI) is developed.
The dispersion characteristics are calculated by
their equivalent circuit model and an operating
frequency of 2.95 GHz in which there is
impedance matching with free space is chosen
in the S-Band. This NRI metamaterial supports
transverse electric (TE) waves, thus it can be
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S-BAND

used in applications such as lensing.
KEYWORDS: Composite Right/Left-Handed
(CRLH); left-handed media (LHM), metamaterials,
negative permeability, negative permittivity,
negative refractive index, periodic structures.

PROJETO DE UM METAMATERIAL
BASEADO EM PARAMETROS DE LINHA
DE TRANSMISSAO COM iNDICE DE
REFRACCAO NEGATIVO NA BANDA S

RESUMO: Foi desenvolvido um metamaterial
baseado em parametros de linha de transmisséo
bidimensional carregada com indutores e
capacitores que permite obter indice de
refracdo negativo (do inglés, negative refractive
index, NRI). As caracteristicas de disperséo
sdo calculadas por meio do modelo de circuito
equivalente e a frequéncia de operacao de 2,95
GHz na qual hd casamento impedancia com
0 espaco livre é escolhida na banda S. Este
metamaterial NRI suporta ondas transversais
eléctricas (TE), portanto, pode ser usado em
aplicagdes como lentes.

PALAVRAS-CHAVE: Composto Direito/
Esquerdo (CRLH); meio Esquerdo (LHM),
metamateriais, permeabilidade negativa,

permissividade negativa, indice de refragcdo
negativo, estruturas periodicas.

11 INTRODUCTION

In 1968, Veselago investigated materials

with  simultaneously  negative  permittivity
and permeability, due to the reversal of the

Snell’s law, negative phase velocity, and some

Capitulo 10 117




other electrodynamic properties, they are known as left-handed materials (LHM). These
metamaterials (MMs) are artificial composites characterized by subwavelength features and
effective negative value of the refractive index (NRI). LHMs can be applied to optical and
microwave applications, including beam steerers, modulators, band-pass filters, microwave
couplers, antenna radomes, and superlenses [1], [2]. As Pendry proposed in 2000 [3], the
application of MM lensing, which avoids the diffraction limit by utilizing both periodic and
evanescent electromagnetic waves, further increased the interest for NRI MMs.

Whereas the split-ring resonators (SRRs) and thin wires were the first realizations
of LHMs [4]based on a periodic array of interspared conducting nonmagnetic split ring
resonators and continuous wires, that exhibits a frequency region in the microwave regime
with simultaneously negative values of effective permeability mu(eff, the first MM lens in planar
form using the NRI transmission-line (NRI-TL) approach was achieved by [5]. In that work, a
host TL is loaded using lumped shunt inductors and series capacitors that, respectively, create
the conditions for an effective NRI.

The TL MMs can be used in many applications, which include electrically small
antennas, subwavelength resonators, guided wave applications, phase compensators, LTE
antennas, radar applications [6], superconductors [7] and perfect lens, and superlens [8]

Some developments of volumetric arrays of NRI-TL metamaterials that interact
efficiently with free space were achieved in [9], [10] and led to the experimental demonstration
of free space NRI lens [8]. The free space metamaterial lens development in [11] allows
electromagnetic waves to focus into a focal region. The designed lens employs a multilayer
geometry of unit cells that are loaded using fully printed capacitors and inductors in a substrate.

A similar development is done in this work. We propose to design a transmission-line
(TL) network periodically loaded using discrete (surface-mounted) inductors and capacitors.
The TL is modeled by a metamaterial unit cell using circuit theory, and an operating frequency
of 2.95 GHz at S-Band, in which there is impedance matching with free space, is chosen.
The unit cell size is approximately 11 times smaller than the wavelength, which is sufficient to
consider it as an effective medium. The equation for the dispersion relation is compared with
the simulation results to analyze the metamaterial behavior.

The behavior of an NRI-TL metamaterial in the GHz frequency is studied in this paper.
Section Il presents the metamaterials theory based on transmission line parameters. In
Section lll, the simulation of a unit cell is shown. The Conclusion is in Section VI.

21 METAMATERIALS BASED ON TRANSMISSION LINE PARAMETERS

Metamaterials can be defined as artificial structures of natural elements that when
correctly arranged can exhibit unnatural behavior. When they have an average cell size much
smaller than the wavelength, they become effectively homogeneous structures. Thus, the

refractive phenomenon can overlap the diffraction and scattering in MMs when there is wave
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propagation.

It is possible to separate the MMs into two groups: resonant and non-resonant. The
most common resonant is the Split Ring Resonator. In the group of non-resonant, we have the
metamaterials modeled by transmission line theory, also called TL metamaterials [12].

The non-resonant metamaterial, also found in the literature as CRLH (Composite
Right/Left-Handed), do not rely on resonances to provide negative parameters, thus obtaining
lower ohmic losses and larger bandwidth when compared with the resonant metamaterials [5],
[13]. The TL MMs can be used in two configurations: shunt and series [9], [14].

Any natural dielectric can be modeled by an electric circuit composed by a series
inductance and a shunt capacitance, which are directly related to the material parameters
permeability and permittivity. This theory, a circuit of unit cell size d with shunt inductance and
a series capacitance, is used to model a TL metamaterial and obtain negative parameters.

A traditional transmission line can be used as the host to implement a material with
negative parameters, together with loading elements as inductors and capacitors. An example
of this configuration is the microstrip line that can be made in shunt and series configurations
[9]. There are two co-planar strip lines on the top of a substrate in the series topology, and
there is no ground plane. In the shunt configuration [15], the stripline is on top of the substrate

and the ground plane on the bottom. These two configurations are shown in Fig. 1.

VA V)

Fig. 1 - Transmission line host topologies. (a) Series. (b) Shunt [9].

The series configuration is shown in Fig. 1 (a). It can be seen as the connection of four
transfer-matrices, which relates the input and output terminal voltages and currents of a two-
port network. The connected transfer-matrices are shown in Fig. 2.
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Fig. 2 - Block diagram for the series unit cell.

Every arm of Fig.2 is a block represented by its transmission matrix and presents the

following relations:

Ve = ViewiBsd [0 = [ig=ibxd 1
Vy" — Vyte—JByd 1}3 — I)L’e_JByd ( )

Where B is the phase delay over the cell dimension d. Due to the symmetry of the
circuit, the transmission matrix is inverted in the output side.

The series impedance Z = j (w L, - 1/wC,) and the shunt admittance Y= (wC, - 1/
(wL,) can compose the circuit of each loaded block, where L, and C, represent the natural
characteristic of the strip lines, also called host line elements, and L, and C, are the loading
elements.

The circuit of the loaded block can be seen in Fig. 3.

Fig - 3. Circuit model of one block.

Before obtaining the values of the terms L, e C,, it is necessary to calculate the
of the medium. Considering a stripline with lands of width w
a height h, and

effective permittivity €_,

separated by a distance s, on a substrate with relative permittivity €

r
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surrounded by air with permittivity €, As discussed in [16], it can be considered that the
same stripline is surrounded by a single dielectric with an effective permittivity €
in Fig. 4.

Y \&\\\\\\

Fig. 4. Effective permittivity [16].
Then, effective permittivity can be calculated by:

. @s shown

& +1 h
oy =25 {tanh [0,775 In (;) + 1,75]

2
+ %[0,04 — 0.7k +0,01(1 — 0,1,)(0,25 + k)]] @)
where k=s/s+2w.
The values of L, and C, can be obtained from:
120d 1+Vk\ 1
- ln<21_ﬁ),ﬁik5 1
Lg = 377nd 1
—  __0<k<—
oin (2 1+ \/k—> V2
0 1 E‘/P
gyt 1 <k<1 (3)
1200 ln( 1+ ‘/_) -
= \"1-vk,
R 1+ \/k_)
gerrdln (2 -
AV L
377w, V2
where k' =V1-k? e v, is the speed of light in a vacuum.
The transmission matrix coefficients can be defined as:
A=7Z2Y+1 B=7Z (C=Y D=1 (4)

Through the circuit theory in the diagram of Fig.2, it is possible to get the following
equations:

V, = DV} - BLL I, = —CV} + ALL
V, = DV} — BI}, I = —CV} + Al
Vy, = DV? — BI? L= CV2 +AI° (5)
V, = DV — BI? I, = CVP + AI?

0=V, +V,=Va—V, L=L=L=I,

After solving (1) and (5):
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in

[M] x lllf,l =0 (6)
Iy
C+Ce, Ae,—A 0 0
[M] x ng Aoex o +CCey Aei; A )

D—De, —-B—Be, D—De, —B+Be,

Where e,= e -/F“and e = e - /%%, The dispersion relation shows the behavior of MM as a
function of frequency. This relation can be found by solving:

det(M) = 0 (8)

For simplicity, only axial propagation in the x-direction will be considered, so that there is no
delay in the y-direction and By. After solving (8) and simplifying it, the dispersion relation is:

Bd = arccos(1 + 4BC) 9)

31 SIMULATION OF A UNIT CELL

The software CST Studio Suite® was used to simulate a unit cell, according to the theory
developed in the previous section. A comparison between the dispersion relation generated
by theory and simulation is made. The simulation also provides the material parameters that
can be used in the development of the complete system.

The values of the host line elements, L, and C,, are dependent on the unit cell
dimensions and material. The loading elements L, and C, can be freely selected. It is important
to stick to the matching condition with free space that is achieved when g,=-7 and #r=- 1,
culminating in a negative refractive index n = -1 and a characteristic impedance Z = 377Q. The
cell size must be small when compared to the wavelength used, in this case, approximately
11 times smaller.

The free space matching condition can be achieved by many L and C parameter
combinations. These values were defined by iterative calculations. In Fig. 5 (a), the top view
of the simulated unit cell can be seen. The substrate material is Rogers RO3003 with £, = 3
and height h =1.54 mm.
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Fig. 5. (a) Top view of the simulated unit cell with main dimensions. (b)Boundaries conditions used in the
simulation.

The host line elements were obtained for each block using the main dimensions and
referring to [16], [17]. Furthermore, there is no ground below the substrate. Then we have
L,=2.73nHand C, = 0.16 pF, and the loading elements selected are C, = 0.6 pFand L,. To
reduce reflection, the 90-degree bends were mitered.

To simulate the system is necessary to impose boundary conditions, as shown in Fig.
5 (b). These conditions are imposed to simulate the neighboring unit cells by keeping the
behavior of the field as if the unit cell were in the full model. Through two waveguide ports,
the unit cell of Fig. 5 was simulated with the propagating wave passing along the x-axis.

The dispersion relation was drawn and the S-Parameters were retrieved, as shown
in Fig. 6, along with the dispersion relation calculated with (9). Considering the frequency
range of the left-handed (LH) region, between 1.85 and 3.39 GHz, the difference between
the calculated and simulated curves is 11.9%. The LH region shaded in gray is where
backward waves and negative refractive index occur. The matching point with free space at
2.95 GHz is indicated by the intersection point with the light line.
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Fig. 6. Dispersion relation found by theory and by simulation.

Through the simulation, the unit cell parameters of permittivity €, permeability K,

refractive index n and the impedance relative to the characteristic impedance of free space

z were extracted, as shown in Fig. 7. The intersection point with the light line indicates the

matching point frequency with free space at 2.95 GHz given by the dispersion relation of

Fig. 6.
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____________ U,

______

______

“ """ Epsilorn_r (Zmax=4.5) : -0.975773187"
Mu_r (Zmax=4.5) : -1.0182589
n (Zmax=4.5) ; -0.99777165

....................................................
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Fig. 7. Unit cell parameters extracted from simulation.

41 CONCLUSION

In this work, a transmission-line (TL) network periodically loaded using inductors and capaci-

tors was modeled by a metamaterial unit cell using circuit theory. The discrete capacitor and

inductors enabled stronger loading than with fully printed ones. A unit cell size smaller than
A,/11 allowed the use of effective medium theory in this model. The equation for the disper-
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sion relation was validated by simulations and used to analyze the metamaterial behavior.

The simulations confirmed the NRI and impedance matching to free space at the operating
frequency of 2.95 GHz at the S-Band. A structure using the unit cells in the shape of a lens
with fixed curvature that can focus electromagnetic waves is being developed. The lens will

have a ladder-shaped surface since it is made with unit cells.
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