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Abstract - This paper reports the negative index of
refraction in planar metamaterial consisted of only a
traditional single split-ring resonator (SRR), which is
proved to exhibit simultaneously negative
permittivity and negative permeability without the
use of assistant metallic structures by retrieving the
effective electromagnetic parameters. With the aid of
current distributions investigation, it is demonstrated
that within the left-handed band the negative
permittivity is generated in a way analogous to the
case of dual parallel cut-wire metamaterial, and
negative permeability arises from the asymmetric
second-order magnetic resonant mode.

Index Terms - Negative index reflection, negative
permeability,  negative  permittivity,  planar
metamaterial, single SRR.

I. Introduction

In 2001, the fantastic negative refraction was
accomplished by a prism made of left-handed
material (LHM) [1, 2], which had been previously
predicated by Veselago [3]. Since then, various kinds
of LHMs have been constructed, such as
SRR-shaped [4], Q-shaped [5], brick-wall-shaped [6],
cut-wire-shaped [7], S-shaped [8, 9],
right-angle-shaped [10], H-shaped [11],
chirality-shaped [12] resonators, and so on. Typically,
these LHMs designs can be classified into two
categories: one, like those reported in [1 and 4], is
realized from separate arrays of periodically
arranged split ring resonators that exhibit negative
permeability and metallic wires that exhibit negative
permittivity; the other, as proposed in [5—12], only
uses sub-wavelength structures which incorporate
traditional wires and SRRs into different combined
patterns with simultaneous electric and magnetic
resonances. However, most of these LHMs share

certain defects. For example, most metallic patterns
are printed on both sides of the substrates [1, 5-8],
and some lumped active elements (such as varactor
diodes) are added in the design [8, 9], both of which
increase the complexity of design and application;
some LHMs resort to composite metamaterial units
[10] or bear too long unit length along the electric
polarized direction [11, 12], whose unit cell takes up
too much space accordingly.

Given that their performances are qualitatively
similar to those of double split-ring resonators
(SRRs) [13], single SRRs have been utilized to
design different kinds of metallic metamaterials,
recently. As their electric resonance properties are
just like cut wires, they have already seen
applications in  fabricating planar electric
metamaterials [14-16]. On the other hand, being able
to generate circulating currents, they have also been
used to realize magnetic resonances [17-22].
Generally, a LHM could only function on the
condition that the negative electric and magnetic
responses are modulated to a common frequency
band [1, 3]. However, since an ordinary single SRR
has a much lower fundamental magnetic resonance
frequency than that of the electric resonance, it is
impossible to achieve a common frequency band
after modulation. Therefore, no LHM composed of
single SRR units have been reported yet.

In this paper, after a thorough numerical
investigation of the resonance characteristics of a
single SRR, we propose one new method to design
LHM with a single SRR unit. In the design, we
utilize the magnetic resonant frequency in
asymmetrical second-order mode, and the electric
resonant frequency in fundamental electric resonant
mode. The two frequency bands, after subtle
adjustment of unit dimension, are accommodated to
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overlap very well; thus, contributing to the
accomplishment of our expected LHM. It is of
interest that, without resorting to additional lumped
active elements or metallic cut wires, the proposed
LHM unit is easily achieved and boasts a simple and
uniform configuration.

II. NUMERICAL INVESTIGATION ON
AN ORDINARY SINGLE SRR

The unit cell of an ordinary metallic single SRR
metamaterial is schematically shown in Fig. 1. The
single split ring with a thickness of 0.0017 mm is
placed in the center of the cube with the dimensions
L XL xL=15mmx15mmx15mm, and the cube is
filled with Rogers RT/duroid 5880 with relative
dielectric constant €=2.2. The detailed geometry of
SRR is: the gap of ring g=1mm, the outer radius
R=6mm, and the width w=1.1mm.

The numerical simulations are all performed using
the finite-element method (Ansoft’s HFSS), whose
accuracy has been already confirmed by its good
agreement with experimental results as in literatures
[23, 24]. A theoretical model based on an artificial
waveguide with the transverse boundaries of two
ideal magnetic conductors and two ideal electric
conductor planes is employed. This enables the
model to be equivalent to an infinite layer medium

illuminated by a normal incident plane wave [25-27].

To be specific, input/output ports are imposed in
x-direction, and perfectly electric conducting (PEC)
and perfectly magnetic conducting (PMC) boundary
conditions are imposed in »- and z- directions,
respectively. It is noted that, the electric component
of the electromagnetic wave perpendicular to the
split bearing side of the ring (along y-axis) is
adopted for the sake of eliminating the undesired
bi-anisotropic effect via asymmetry [27, 28].

At first, we discuss the condition in Fig. 2. As
sketched, the single SRR is placed where the
electromagnetic wave propagates (in the x-direction)
perpendicular to the SRR face (in the yz-plane) and
external polarized magnetic field (in the z-direction)
is parallel to its face. Shown in the simulated
transmission spectrum, the SRR can be electrically
excited around 7.35GHz (i.e., in the fundamental
electric resonant mode), in agreement with the
theoretical analysis in literature [29]. Further, the
induced current distribution at 7.35GHz is presented.
Obviously, the charge accumulates symmetrically on
opposite arms of the ring, and the ring is in analogy
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to the dual parallel connected cut-wires of the same
dimensions. Thus, the ring can be viewed as two
parallel LC resonant circuits operating in the
fundamental modes. Owing to the same dimensions
of the two arms, the two LC resonances are both
operating in the same fundamental electric resonant
frequency band.

Fig. 1. The unit cell of the metallic metamaterial
designed with single SRR.

Then, we rotate the SRR around y- axis for 90° in
xz plane, shown in Fig. 3. In this simulation, the
single SRR is placed where the electromagnetic
wave propagates (in the x-direction) parallel to the
SRR face (in the xy-plane). An external polarized
magnetic field (in the z-direction) is perpendicular to
its face, which can induce magnetic response in
addition to electric response. The corresponding
simulated transmission spectrum is, also, presented
in Fig. 3. There are three dips appearing within this
frequency region. As is aforementioned, the third dip
at 7.35GHz results from the external electric
excitation. Therefore, the other two dips (including
2.7GHz and 6.35GHz) could only be caused by
external magnetic excitation, since the bi-anisotropic
effect has been eliminated [28].

In order to confirm its resonance mechanism, the
current distributions at each dip are demonstrated in
Fig. 4. It is obvious that the circling current is
induced by the external magnetic field, which incurs
a magnetic response in fundamental mode around
2.7GHz in Fig. 4(a) [22]. Naturally, the
corresponding second-order mode (i.e., the dip at
6.35GHz in Fig. 3) could occur at a higher resonant
frequency. For clarity, the current distributions at the
higher mode are demonstrated in Fig. 4(b). It is
noted that, the current distribution in second-mode is
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non-uniform and asymmetric [30]. This can be
ascribed to the following two main reasons; one is
that there is no intrinsic symmetric even-mode
current distributions existing based on magnetic
excitation in this type of SRR. As is well known, the
polarization currents are directly contributed by
external magnetic field [13, 31], whenever the SRR
is excited at the arbitrary-order magnetic resonant
modes. It can be assumed that, if the magnetic
resonances in even-modes were symmetric, the
current distributions should also be symmetrically
distributed at the two arms (just like aforementioned
electric resonance in fundamental mode in Fig. 2).
Eventually, it would lead the sum of the even-mode
response for the external magnetic field to be zero,
i.e., the external magnetic field would make no
contribution to the overall SRR magnetic response.
The other reason is that, the other kind of response
(electric response in the fundamental mode at
7.35GHz) is quite near to the magnetic response in
the second-mode 6.35GHz in Fig. 3, and those
nearby responses could exhibit mutual coupling
between each other, which disturbs current
distributions. For the electric resonance in the
fundamental mode, because of the influence of
nearby magnetic excitation, the current distributions
induced by the external electric field in the two
paralleled arms depicted in Fig.4(c) are apparently
not as symmetric as in Fig. 2

Syq (dB)
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Fig. 2. The simulated transmission spectrum and
current distribution (at the dip 7.35GHz), when the
single SRR is only electric excited.
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III. NEGATIVE INDEX OF REFRACTION
ENABLED BY SINGLE SRRS

As is known, negative permittivity can be
achieved by the electric resonance, and negative
permeability can be ensured by magnetic
resonance analogously. It is aforementioned in
Section II that the ordinary single SRR would
usually exhibit electric resonance and magnetic
resonance at different frequencies, as shown in
Fig. 3. However, negative refraction requires a
negative  permittivity and a  negative
permeability at a common frequency range,
which overlapping
frequency range of the electric resonance and
magnetic resonance frequency of single
SRR.

necessitates certain
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Fig. 3. The simulated transmission spectrum on the
condition that the single SRR is both electrically and
magnetically excited.

Considering the electric resonant frequency in
fundamental mode is near to the magnetic
resonant frequency in second-order mode, a
parametric study is carried out in order to make
the two resonance frequency bands closer by
adjusting the SRR dimensions as shown in Fig.
5. Firstly, the effect of the split gap (g) is
numerically studied. From Fig. 5(a), it is
observed that the split gap has little impact on
the distance between the two resonance
frequency bands. When the split gap becomes



larger, the electric resonance frequency goes up
in accordance with the two magnetic resonance
frequencies. The main reason is that the
enlargement of split gap results in the reduction
of the effective electric length along the
E-polarized direction induced by an external
electric field, and the decrease of the effective
circulating current path and split capacitance
induced by an external magnetic field. This
leads to the increase of electric resonance
frequency (w.,) and each magnetic resonance
frequency (). The effect of the SRR width (w)
has also been studied in Fig. 5(b). As mentioned
above, the single SRR is in analogy to the dual

(b) 6.35GHz

(a) 2.7GHz

(c) 7.35GHz

Fig. 4. Current distributions at three different resonant
dips. (a) The fundamental magnetic resonant frequency;
(b) The second-order magnetic resonant frequency; (c)
The fundamental electric resonant frequency.

parallel connected cut wires. Hence, by
decreasing the width of SRR (which is
equivalent to the effective radius of cut wire in
literature [32]), the corresponding @,., drops
distinctly. Meanwhile, its influence on the @,
can be neglected except a little variation due to
the small difference in split capacitance.
Therefore, in Fig. 5(b) it is of our interest that,
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when w goes narrower, the above two resonant
frequencies get closer. Especially, the two
resonant frequency regions occupy overlapping
band (in the dotted zone) when w=0.2mm,
leading to a narrow passband centered at
6.4GHz occurrence. Thirdly, the effect of the
radius (R) of metallic SRR on the resonance
frequency has been investigated shown in Fig.
5(c). When the radius (R) goes up, both of the
Wz and wy, are simultaneously dropping. We
ascribe this phenomenon to that, the increase of
R brings about the corresponding enlargement of
the effective electric length along the
E-polarized direction induced by an external
electric field, and also the increase of the
effective circulating current path induced by an
external magnetic field, simultaneously.
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(c)
Fig. 5. The effect of metallic SRR dimensions on the
resonance frequency; (a) the split gap (g), (b) the width
(w), the radius (R).

Furthermore, in order to judge the existence
of the electric resonance around 6.4GHz in Fig.
5 easily, we also rotate the SRR around y- axis
for 90° in xz plane, with the electromagnetic
environment the same as Fig. 2. Fig. 6(a)
demonstrates that the SRR provides a stopband
near 6.1GHz, exhibiting strong electric response
(according to the current distribution on the two
arms at the dip 6.1GHz) in analogy with the
simulated result in Fig. 2. It verifies that there is
also a strong electric resonance occurring within
the passband. Logically, the magnetic resonance
also exists in the passband to ensure negative
index of refraction. Moreover, Fig. 6(b) shows
the effect of SRR width (w) on the resonance
frequency, when the single SRR is only electric
excited (i.e., it is placed in the same
electromagnetic environment as that in Fig.
6(a)). Apparently, when the W goes narrower,
the electric resonance frequency (w.,) drops
distinctly (from 7.24GHz to 7.10GHz), which is
in good accordance with the results in Fig. 5(b),
thus confirming the validation of our
aforementioned theory [32].

To further confirm the effectiveness of our
proposed LHM design, a retrieval calculation is

performed to obtain the effective permittivity e,

and the effective permeability u.; from the
scattering parameters S; and S;; of the proposed
SRR metamaterial. According to literature [33],
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Fig. 6. The simulated transmission spectrum when the
single SRR is only electric excited; (a) the transmission
spectrum and the current distribution (at the dip
6.1GHz), (b) the effect of SRR width (w) on the
resonance frequency.

in order to attain electrometric parameters
(including permittivity and permeability), the
refractive index (n) and the wave impedance (z)
is firstly obtained from Equations (1) and (2),
respectively, and then the electrometric
parameters are acquired from Equations (3) and
(4), respectively.

(D

(2)




gz%. (3)

U =nz. (4)

It is noted, in the retrieval procedure the
Kramers—Kronig applied to
achieve the uniqueness of their values here
[34]. The retrieved results in Fig. 7
demonstrate  that, within the negative
refractive index frequency band, the ¢, and
Uey are simultaneously negative corresponding
to the passband region from 6.34GHz to
6.45GHz, which is also the overlapping region
between fundamental electric  resonant
frequency band and second-order magnetic
resonant frequency band. Thus, the retrieved
datas are consistent with the results concluded
earlier. Also, Fig. 7 shows the imaginary parts
of permittivity and permeability are relative
smooth and almost zero, which indicate very
weak anti-resonances and low losses of our
proposed LHM unit in spite of its very simple
configuration [35]. However, it is also worth
mentioning that, our proposed LHM can only
provide a much narrower bandwidth (with
only 3.4% fractional bandwidth) with negative
index of reflection than LHM proposed in
literature [33].

relations 1s

Refractive index

15 L L L
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Fig. 7. Retrieved electromagnetism parameters of the
metamaterial composed of SRRs from the scattering
parameters in Fig. 5 where both electric and magnetic
excitations provided (w=0.2mm); (a) refractive index,
(b) permittivity, and (c) permeability.

In addition, the current distributions under
different excitations at different phases have
been compared and discussed in Fig. 8. Figs. 8(a)
and (b) present the current distributions, when
the SRR is excited by time-varying external
electric field and magnetic field, respectively
[31]. As is well known that, the different
resonances come from in phase and out of phase
responses of the structure with the driving
incident field, due to the different excitations. It
is further attested in Fig. 8(a) that the relatively
symmetric charge distribution at both arms of
SRR is observed when there is only electric
excitation, while the majority of charges are
accumulated at only one arm when only
magnetic excitation provided in Fig. 8 (b). And
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it deserves to be mentioned that, the electric
response is more significant at phases 90°, and
135°, while magnetic response is more
significant at phase 45°. In Fig. 8 (c), the
majority of charges accumulate at two arms in
approximately symmetrical distribution at phase
135°, just like that in Fig. 8 (b). Meanwhile, the
majority of charges accumulate at only one arm
at phase 45° also like that in Fig. 8 (a),
exhibiting  distinctly  asymmetric  current
distributions. This phenomenon that there is also
most of the asymmetric current distributions on
the two legs at 90° in Fig. 8 (c), can be ascribed
to the strong mutual coupling between the
magnetic and electric responses centered at the
nearby phases (shown in Fig. 8 (a) and 8 (b),
respectively). The above phenomenon further
validates the existence of the simultaneously
electric and magnetic responses, and confirms
the accomplishment of the LHM design.

O
45

45

90° 9 90

o

-

< 135° > 135° 135°

‘ 180° ’ 180° 180°
(a)

(b) ()

CCO
oloe

Fig. 8. Current distributions at different phases within
half of a period. (a) Only electric excitation at the dip
7.35GHz in Fig. 2; (b) second-order magnetic
excitation at the dip 6.35GHz in Fig. 4(b); (c) both
electric and magnetic excitations at 6.53GHz for
proposed LHM unit.
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IV. CONCLUSION

We have numerically investigated the
left-handed response in metallic metamaterial
comprised of single SRRs. It is learned from
simulation data that the electric response in the
fundamental mode and magnetic response in
second-mode for the traditional single SRR is
very near. By adjusting the geometric
parameters of the SRR configuration, a simple
LHM without using additional metallic wires
can be easily realized.
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