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Artificially engineered metamaterials have become of considerable interest because extend the electromagnetic properties of conventional
materials. To metamaterials, negative refractive index and artificial magnetism are two specific types of behavior that have been demonstrated
over the past few years. In this work we have designed and constructed materials with negative refractive index in the microwave region.
Here we show that there are frequencies in the split ring resonators (SRR) in which the real part of the refractive index has negative values,
the last thing because the direction of the phase velocity is antiparallel to the group velocity. We present simulation results, where we used
MEFiSTo, to determining the characteristic resonance frequency for circular and square split ring resonators. For this purpose we used the
power curves as a function of frequency. These quantities depend primarily on the dimensions and morphology of the cells used. In the
experiment, we employed a signal generator and a spectrum analyzer with an operating frequency from 20 Hz to 20 GHz, and arrangements
of circular and square SRR.

Keywords: Metamaterials; negative index of refraction; split ring resonator; resonance frequency.

Los metamateriales son elementos creados artificialmente que se han vuelto de considerable interés porque extienden las propiedades elec-
tromagńeticas de los materiales convencionales. En años recientes tanto elı́ndice de refracción negativo y el magnetismo artificial son dos
tipos de comportamiento especı́fico que se ha demostrado poseen dichos metamateriales. En el presente trabajo diseñamos y construimos
materiales cońındice de refracción negativo en la región de microondas. Demostramos que en los resonadores de anillos abiertos existen
frecuencias donde la parte real delı́ndice de refracción tiene valores negativos, estoúltimo debido a que la dirección de la velocidad de fase es
antiparalela a la velocidad de grupo. Hicimos simulaciones utilizando MEFiSTo para determinar la frecuencia de resonancia caracterı́stica de
los resonadores de anillos abiertos, circular y cuadrado. Para este propósito usamos las curvas de la potencia como función de la frecuencia.
Estas cantidades dependen primordialmente de las dimensiones y morfologı́a de las celdas utilizadas. Construimos los arreglos de reson-
adores de anillos abiertos, circular y cuadrado. Reportamos resultados experimentales obtenidos con dichos resonadores, donde empleamos
un generador de señales y un analizador de espectros con un rango de frecuencias de operación de 20 Hz hasta 20 GHz.

Descriptores: Metamateriales;́ındice de refracción negativo; resonador de anillo abierto; frecuencia de resonancia.

PACS: 85.05.Xj; 78.67.Pt; 78.20.Ci

1. Introduction

In the late 60’s, V. G. Veselago conjectured the existence of
materials that had simultaneously negative values of the elec-
tric permittivity ε and the magnetic permeability valueµ as
well, called metamaterials, or materials with negative refrac-
tive index [1].

J. B. Pendry theoretically analyzed a practical way of
making a metamaterial, which within this context means a
material in which the “right hand rule” is not followed, al-
lowing an electromagnetic wave to transmit energy (with a
group velocityνg) in the opposite direction to its phase ve-
locity νφ. Pendry considered a distribution of metal wires
aligned along the direction of wave propagation resulting in
a negative electric permittivity (ε < 0). The challenge was
to build a material that had at the same time a negative mag-
netic permeability (µ < 0). In 1999, Pendry showed that a
split ring (in the shape of a “C”) with the axis along the di-
rection of propagation could provide the negative magnetic
permeability. Thus, a periodic distribution of those wires and
rings could lead to a negative effective refractive index [2].

D. R. Smith made the measurement for the first artificially
manufactured metamaterial, consisting of a combination of:
split rings (equivalent to a negative magnetic permeability
medium) and a group of parallel wires (with a behavior of
a high pass filter, equivalent to a negative electric permittiv-
ity medium) [3].

Metamaterials are periodic arrays which present unusual
electromagnetic properties for conventional materials, these
properties arise from cell design or its structure and not from
its composition,i.e. they are different properties to those
of their constituents; besides metamaterials obey the prin-
ciples of classical electrodynamics. In a narrow sense, a
metamaterial is regarded as one consisting on a periodic cell,
whose maximum dimension is less than the considered wave-
lengthλ. Thus, the proposed cell could be considered as a
”molecule” and its properties could be modeled by global pa-
rameters such as: permittivity, permeability, refractive index,
just as with the molecules present in nature. In Fig. 1, two
cases of Snell’s law of a beam are being illustrated: first the
value of the refractive indexn ≥ 1 for conventional materials
in the path 1-4 (ε andµ positive), and second the value of the
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refractive index will always be negativen < 0 for metamate-
rials in the path 1-3 (ε andµ negative).

2. Split Ring Resonators

The SRR (Split Ring Resonators) consist of the coupling of
straight wires and split rings (circular and square), the first
interact with the electric field and the second with the mag-
netic field of the incident wave (see Fig. 2). Both elements
do not interact directly with each other; this is a necessary
condition to satisfy the effective refractive indexnef [4] of
thecomposite medium:

nef (ω) =
√

εef (ω)µef (ω), (1)

In Eq. (1)εef is the straight wires effective electric per-
mittivity and µef is the effective magnetic permeability of
the split rings, both magnitudes are in function of frequency
ω. The medium of the straight wires can be described by the
effective electrical permittivity [4]:

εef = 1− 2π

ω2ε0µ0b2 ln(b/Ra)
, (2)

where:ω is the frequency,ε0 andµ0 are the electric permit-
tivity and magnetic permeability in vacuum, respectively,b
the lattice parameter of the straight wires andRa the distance
between the straight wires (see Fig. 2 (a)). Likewise, Eq. (2)
in a resumed way is rewritten as:

εef = 1− ω2
pe

ω2
, (3)

In Eq. (3) we employωpe as the resonant frequency of
the electrical plasma:

FIGURE 1. Diagram of the Snell’s law. Path 1-4 to common mate-
rials and 1-3 to metamaterials. Path 1-2 represents the beam reflec-
tion.

FIGURE 2. Diagram shows the elements of SRR. (a) Array of
straight wire. (b) Split rings cells (circular and square).

ω2
pe =

2π

ε0µ0b2 ln(b/Ra)
, (4)

The split rings medium is described by the effective mag-
netic permeability [4], which depends mainly on the charac-
teristics and dimensions of the split rings:

µef=1−πr2
c

a2

[
1− h

ω2µ0µrε0εrπr3
c

+i
2ρ

ωµ0µrr2
c

]−1

, (5)

where:rc the radius of the split cell rings,a the length of the
unit cell, h the separation between split rings,µr andεr are
the relative magnetic permeability and relative electrical per-
mittivity relativity, respectively, andρ the electrical resistivity
per unit length, (see Fig. 2 (b)). So Eq. (5) in a simplified
form is:

µef = 1− fω2

ω2 − ω2
0 + iΓω

, (6)

In Eq. (6) we use the following variable changes:f as the
fraction of area occupied by the unit cell,ω0 the resonance
frequency andΓ the dissipation factor.

f =
πr2

c

a2
, (7)

ω0 =

√
h

µ0µrε0εrπr3
c

, (8)

Γ =
2ρ

µ0µrr2
c

, (9)
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The shape of the magnetic resonance frequencyω0 de-
pends largely on the morphology and dimensions of the split
rings cells; the magnetic plasma frequencyωpm is defined as:

ωpm =
ω0√
1− f

, (10)

The condition to satisfy the negative refractive index in
the SRR is that both elements (straight wires and split rings)
independently interact with the wave electromagnetic field
Thus, Eq. (3) describes the effective electrical permittivity
for the straight wires, and the Eq. (6) the effective magnetic
permeability for the split rings, if we consider that in Eq. (6)
there is no losses, the dissipation factorΓ = 0, in Eq. (1):

nef =
1
ω

√(
ω2 − ω2

pe

) (
ω2 − ω2

pm

)

(ω2 − ω2
0)

, (11)

Similarly, the equations that describe the velocities of
phaseνφ and groupνg [4]:

νϕ = cω

√
(ω2 − ω2

0)(
ω2 − ω2

pe

) (
ω2 − ω2

pm

) , (12)

and

νg =
c

ω

√(
ω2 − ω2

pe

) (
ω2 − ω2

pm

)

(ω2 − ω2
0)

×
[(

ω2 − ω2
pe

) (
ω2 − ω2

pm

)

(ω2 − ω2
0)2

(
3− 2

ω2
0

ω2

)

+
2ω2 − ω2

pe − ω2
pm

ω2 − ω2
0

]−1

, (13)

The refractive index as a function of the electromagnetic
wave frequency for a SRR is illustrated in Fig. 3, likewise
for the phase and group velocity are shown in Fig. 4 and
Fig. 5 respectively. For the effective electrical permittiv-
ity expressed by the Eq. (2) we established values of the
parameters for the straight copper wires:b = 2.62 mm and
Ra = 2.37 mm. Likewise for the effective magnetic per-
meability stated in Eq. (5) we chose values for the parame-
ters of the copper split rings:rc = 0.51 mm,a = 2.62 mm,
h = 0.3 mm, ρ = 1.78×10−8Ω•m, µr = 0.999 and for air
as medium between the ringsεr = 1.00059, and considering
µ0 = 4π×10−7 N/A2, ε0 = 8.854×10−12 F/m.

We choose an interval of 0 to 30 GHz in which range are
included the frequencies where both the effective electric per-
mittivity and the effective magnetic permeability are indepen-
dently negative. In Fig. 3, the real part of the refractive index
has negative values for frequencies betweenω0 < ω < ωpm

andω > ωpe, that is, for frequencies:4.98 < ω < 6.47
GHz y ω > 21.37 GHz. In these frequencies both the effec-
tive electrical permittivity and the effective magnetic perme-
ability are negative simultaneously, so we also try to find a
negative refractive index [5].

FIGURE 3. Graph of the refractive index versus frequency for the
SRR. The solid curve represents the real part. The dashed curve
represents the imaginary part.

FIGURE 4. Graph of the phase velocity as function of frequency
for the SRR.

FIGURE 5. Graph of the group velocity as function of frequency
for the SRR.
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FIGURE 6. Transmission line diagrams. (a) A combination of in-
ductors and capacitors. (b) Equivalent model.

FIGURE 7. Basic RSS cells examples of flat geometry. (a) Circular
cell replaced by an octagon, and (b) square cell.

3. Simulations with MEFiSTo

Physical functioning of metamaterials is modeled by LC
equivalent circuits explaining the value of the resonance fre-
quencies. To use this type of medium with planar technology,
several alternatives were proposed based on approximations
through TL (Transmission Line) models [6]. The SRR arise
from TL circuit models, by adding a predominantly capaci-
tive “character” in series and inductive in parallel (see Fig. 6);
the measured result is the presence of a band pass filter in a
region of frequencies where previously there was rejection of
the incident wave.

We assigned actual values for the various dimensions of
circular and square cell of SRR (see Fig. 7). To copper split
rings:rc =0.51 mm,a =2.62 mm,d =0.25 mm,h =0.3 mm
andg =0.46 mm; for straight wires radius isra =0.125 mm;
the dielectric constantεr = 1.

We designated a value of 2500 for the number of steps
and the sampling update time was every 50 steps (these two
parameters provide a higher resolution, but the simulation be-
comes slower) besides the frequency range for the sweep was
0 to 10 GHz. In Fig. 8, we observe resonance frequencies
around 4.954 and 5.051 GHz, these frequencies are charac-
teristic for a circular and a square SRR respectively [5].

4. Experimental results

In Fig. 9 we use a signal generatorAgilentE8247C PSG CW,
a spectrum analyzerAgilentE4446A PSA, two identical an-
tennas UWB (Ultra Wide Band), wiring cables and energy

FIGURE 8. The graphs show the power versus frequency. The
solid curve represents a SRR. The dashed and dotted curve repre-
sents the straight wires and the split rings cells, respectively. (a)
Circular SRR. (b) Square SRR.

FIGURE 9. Experimental setup used to measure the transmitted
microwave power. (a) Photographs of the material and equipment
installation. (b) Diagram of the experimental setup.

absorbers [7]. According to the configuration of the experi-
mental setup (see Fig. 9), we assembled the equipment and
material, where we exchanged the SRR arrangements. Ini-
tially we placed the transmitting and receiving antennas with
a separation distance of 1 m (this distance is ideal for deter-
mining the system gains and losses). We set the signal gener-
ator in a power of 10 dB•m, this power is appropriate for the
operating frequency of the transmitting antenna. We per-

Rev. Mex. Fis. S59 (1) (2013) 141–146
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FIGURE 10. Graphs of power versus frequency. Solid curve rep-
resents a SRR. The dashed and dotted curve represents the straight
wires and the split ring cells, respectively. (a) Circular SRR. (b)
Square SRR.

performed a test measurement (without the SRR), in order
to obtain a measurement of power that included the system
losses and thus identify them. Then, we placed the SRR ar-
rangements at a distance of 0.5 m of the two antennas and
measured the received power at the spectrum analyzer [5].

We graphed the test measurementi.e. the noise floor in
the system that contains all the losses (mainly propagation
in antenna and cables). Therefore, in Fig. 10 we subtracted
the test measurement to the power measurements of the SRR,
this in order to exclude the noise floor.

Figure 10 shows the power curves as a function of fre-
quency for a circular and a square SRR respectively. The
maximum power values are around 4.998 and 5.027 GHz,
the values of frequencies are particular to a circular and
square SRR respectively, with unit cell dimensions of
2.600± 0.025 mm respectively.

5. Discussion

From the graph in Fig. 3 and the theoretical calculations of
Eqs. (2) and (5), for arranging the circular and square SRR
we determined two intervals in which the refractive index has
negative values, to frequencies between:4.98<ω<6.47 GHz
andω > 21.37 GHz. In these frequencies both the effective
electrical permittivity and the effective magnetic permeabil-
ity are negative simultaneously.

The negative index of refraction is caused due to the
fact that the phase velocity is antiparallel to the group
velocity (see Fig. 4 and Fig. 5),i.e. the group velocity
can only be parallel to the phase velocity in a positive
medium or antiparallel in a metamaterial. The effects of
phase and group velocities are found on frequencies between:
4.98 < ω < 6.47 GHz andω > 21.37 GHz; the phase veloc-
ity predominates as the magnitude is 1021 times greater than
the group velocity (νφ À νg, or 109 À 10−12).

We found that the characteristic resonance frequencies for
the SRR are heavily dependent on the type of geometry and
dimensions used. This is verified through theoretical analy-
sis and by using the software package MEFiSTo, as we did
a series of simulations for circular and square cells, with the
initial purpose of obtaining power vs. frequency, and after-
wards to determine the resonant frequency characteristic of
each arrangement.

According to the measurements, when the split rings and
straight wires of SRR are coupled they exhibit a behavior
(resonant) different than they do when interacting with the
microwave separately (band pass filters), this result was also
demonstrated with simulations. The resonance frequencies
are in good agreement with the experimental frequencies ob-
tained by simulation, the percentage error ranges between
0.47% and 0.78%. This error is mainly ascribed to two
causes: first the losses of microwave energy in devices as
well as the reflections present in the measurement process
and, second precision errors for all manufacturing processes.

The experimental values that we obtained from the reso-
nant frequency, are consistent with the simulated values de-
termined using MEFiSTo, and that is, we found that the com-
puter software is reliable and suitable for analyzing electro-
magnetic phenomena.

6. Conclusions

The structures of straight wires and split rings that constitute
the metamaterials are useful in the design and optimization of
microwave devices mainly, this is achieved if the parameters
of these components are modifiedi.e. the resonant frequency
will depend mostly on the value of the electrical resistivity
ρ of each material, as this is one of the parameters respon-
sible for determining that value, along with the dimensions
of the cells. The curves reported in literature show the influ-
ence of the cell resolution which is manifested in the required
frequency.
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5. F. Herńandez-Bautista,Análisis y Disẽno de Resonadores de
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