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A �-shaped metallic metamaterial �geometrically, a combination medium of C-shaped resonators and con-
tinuous wires� is proposed to numerically investigate its transmission band near the resonant frequency, where
otherwise it should be a negative-permeability �or negative-permittivity� stop band if either the C-shaped or
continuous-wire constituent is separately considered. However, in contrast to the left-handed materials �LHMs�
composed of split-ring resonators and wires as well as other metallic LHMs, this resonant transmission is a
non-left-handed one as a result of the intrinsic bianisotropic effect attributed to the electrically asymmetric
configuration of this �-shaped metamaterial.
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I. INTRODUCTION

Metamaterials and left-handed materials �LHMs� are now
among the most popular artificial materials for their striking
abilities of extending the application range of previous elec-
tromagnetic media.1–3 As is well known, metamaterials are
generally composed of shaped elements with periodic inter-
vals much smaller than the incident electromagnetic wave-
lengths, and thus they can be referred to as effective homo-
geneous media with electromagnetic constitutive parameters
�i.e., electric permittivity � and magnetic permeability ��,
which are usually unavailable from naturally occurring ma-
terials. For example, a split-ring metallic metamaterial ex-
tends the magnetic response up to the terahertz regime and
even visible frequencies,4,5 while a continuous-wire metallic
metamaterial keeps negative �eff at frequencies as low as
desired.6

As a kind of metamaterial, LHMs simultaneously require
negative electric and magnetic responses �i.e., �eff�0 and
�eff�0� and thus are more difficult to be designed than other
metamaterials with only electric or magnetic response. Ex-
perimentally, the most intensively studied LHMs are gener-
ally composed of metallic elements because of their extraor-
dinary � under the plasma frequencies. To date, several
metallic metamaterials, such as the �-shaped,7 S-shaped,8

H-shaped,9 and double-wire media,10–12 have been claimed
to be LHMs, in addition to an early invented one, that is, a
composite metamaterial with metallic split-ring resonators
�SRRs� and continuous wires.3 However, SRR-wire metama-
terials as LHMs were not widely accepted when reported
because of the difficulties in interpreting their resonant trans-
mission. Meanwhile, Zhou et al. believed that it was not easy
to obtain LHMs with only pairs of cut wires unless they were
replaced by a composite medium of continuous and cut
wires,10,13 while, conversely, the negative index of refraction
was reported to exist in a metamaterial with pairing gold
rods �i.e., cut wires�.11 Furthermore, some feasible criteria
were proposed in order to distinguish between the left-
handed and right-handed transmission peaks.14–16 All these
investigations suggest that it is not always the case for a
resonant transmission band of metallic metamaterial to be

left handed, and thus we need to be extra careful before
making an unambiguous conclusion of reaching a true LHM.
In this paper, a �-shaped metallic metamaterial is proposed
to numerically investigate its resonant transmission by com-
paring its similarity and difference from the left-handed
transmission of the SRR-wire metamaterial. It is found that
such a �-shaped metallic metamaterial does not result in
LHMs because of the underlying bianisotropic effect.

II. STRUCTURAL MODEL

Figures 1�a� and 1�b� show a structured metallic array and
the corresponding physical unit cell with geometric scales,
respectively. This medium is called a �-shaped metamaterial
for convenience �as outlined by the rectangular dashed line
in Fig. 1�a��. This �-shaped metamaterial, just in terms of
geometry, can be conceptually referred to as a combination
of metallic C-shaped resonators and continuous wires �Figs.

FIG. 1. �a� Schematic for the array of a �-shaped metamaterial.
The rectangular shorted line outlines the so-called � shape. �b� Unit
cell with geometric scales a=12.1 mm, b=5.0 mm, c=4.0 mm,
d=2.37 mm, h=3.1 mm, g=0.7 mm, and l=2.0 mm. The metal is
0.6 mm in width and 0.05 mm in thickness. The propagation of the
polarized electromagnetic wave is along the z axis, with the electric
field in the y direction, while the magnetic field is in the x direction.
The �-shaped metamaterial is geometrically a combination of
C-shaped resonator �c� and continuous wire �d�.
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1�c� and 1�d�, respectively�. As commonly reported, metama-
terials with a spirally conducting path for induced current
oscillation are the general means to get magnetism above
gigahertz frequencies,4,5,12,17,18 while a continuous-wire
metamaterial exhibits negative �eff under its plasma
frequency.6

The interest in such a �-shaped metamaterial is to inves-
tigate whether or not there exists a left-handed electromag-
netic response in a certain frequency band, since this me-
dium is designed as a combination of metallic C-shaped
spirals and continuous wires, as an analogy to the other me-
tallic LHMs. To excite the negative magnetic response of its
C-resonator constituent as well as the negative electric re-
sponse of its continuous-wire constituent, the incident elec-
tromagnetic waves are polarized with the magnetic field per-

pendicular to the C-resonator plane �H⇀ �x axis� and the
electric field parallel to the y axis. Consequently, the propa-

gation direction �wave vector k⇀� is along the z axis. In our
numerical simulations based on the full-wave finite element
method, the polarized incidence condition is satisfied
throughout this paper by applying the corresponding perfect
magnetic and electric boundaries �corresponding to the
boundaries perpendicular to the x and y axes, respectively�,
and the waves are incident from one of the two wave ports
�i.e., the two boundaries perpendicular to the z axis�. For
simplicity, all the simulations are performed in the back-
ground of vacuum without taking the substrate into account.
Additionally, the influence of metal losses on the transmis-
sion characteristics is another important issue of metallic
metamaterials. To decrease the loss factor to the best and
without losing generality, the metallic elements under simu-
lations are assumed to be “perfect” conductors �with the pa-
rameters of �=1.0�1030 S/m and �=�=1�, which can be
approximately realized by metals in the microwave frequen-
cies.

III. RESULTS AND DISCUSSION

A. The similarity to left-handed materials

As is known, the SRR-wire composite metamaterial was
originally found to be LHM according to the phenomenon
that its passband occurred just at the stop bands of both SRR-
only medium ��eff�0� and continuous-wire medium
��eff�0�.19,20 Accordingly, in this paper, the transmission co-
efficients �i.e., the scattering parameter S21� of both the
�-shaped metamaterial and its individual constituents,
namely, the C-resonator-only �with parameter l=0� and
continuous-wire metamaterials, are investigated together for
comparison. As far as the transmission spectrum of the
C-resonator-only medium is concerned �Fig. 2, open square
line�, there is a stop band located in the range from
8.4 to 12 GHz, which expectedly resulted from �eff�0. A
retrieval procedure21–23 based on the scattering parameters
S21 and S11 is further developed to confirm its negative mag-
netic response. As presented by the solid squares in Fig. 2,
the retrieved result indicates that there is a �eff�0 regime
corresponding to the resonant stop band. Note that the stop
band for the C-shaped configuration under study is broader

than what a SRR usually exhibits, which is due to the fact of
electric coupling to the magnetic resonance.16 As for the
transmission characteristic of a continuous-wire medium, the
results in Fig. 3 show that no transmission below the electric
plasma frequency of about 20 GHz is due to negative �eff,
consistent with literatures.6,21

On the other hand, the transmission spectrum of a
�-shaped metamaterial shows, intriguingly, an obvious pass-
band around 11 GHz �Fig. 4�, while this frequency regime,
as specified before, shows no transmissions not only for the
C-resonator-only �Fig. 2� but also for the continuous-wire
metamaterials �Fig. 3�. In another way, a gap-closing me-
dium �see Fig. 1�b�, but with g=0� is investigated for further
clarity, and the result shows that a gap-closing medium is
essentially a metamaterial with negative �eff, since there is no

FIG. 2. �Color online� Transmission coefficient �open square
line� and retrieved permeability �solid square line� for C-shaped
medium.

FIG. 3. �Color online� Transmission coefficient �open square
line� and retrieved permittivity �solid square line� for continuous-
wire medium. The vertical arrow marks the point from where the
effective permittivity begins to be positive.
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qualitative difference from a continuous-wire medium in
terms of both their transmission spectra and retrievals. Note
that the gap-closing method14–16 was introduced as an easy-
to-apply criterion to identify the left-handed transmission of
SRR-wire metamaterials. Consequently, the question is
whether or not it is a transmission band under the principle
of left-handed electromagnetic mechanism.

B. The difference from left-handed materials

First, to make a further investigation of the resonant trans-
mission of the �-shaped metamaterial, the width of the
continuous-wire constituent w �represented in the inset of
Fig. 5�a�� is tuned from 0.1 to 1.2 mm, while the width of its
C-shaped branch is kept unchanged. Figure 5�a� reveals in-
terestingly that the resonant transmission around 11 GHz is
more and more suppressed with the width w. By contrast, as
for the SRR-wire metamaterials, the resonant left-handed
transmissions were never suppressed when the originally
used thin wires were replaced by widened wires or by more
wires.24–26 Figure 5�b� reduplicates it by modifying only the
width w� of continuous wires, with the other simulation con-
ditions identical to those of Ref. 26.

Second, Fig. 5�a� also suggests that the transmission
peaks are located at the left side of the resonant frequencies,
while for the SRR-wire LHMs, the corresponding peaks are
found at the right side of the resonant frequencies �Fig. 5�b��.
This discrepancy should be important since generally, the
constitutive parameters are only negative above and next to
the resonant frequencies �i.e., right side�.

Third, we recently reported that the negative refraction
phenomenon of SRR-wire LHMs can be confirmed by simu-
lating the wedge-shaped configuration constructed using
plenty of SRR and wires.26 This method is also adopted to
investigate in what manner the transmitted waves around
11 GHz are bent by the �-shaped metamaterial in wedge-
shaped configurations. In our simulations, no transmitted
beam is found to be negatively refracted with backward
phase direction.

Additionally, it is worth mentioning that all of the above
results are kept qualitatively even if the scales in Fig. 1�b�
are changed.

C. Bianisotropic effect and retrievals

What has been investigated before is that the resonant
transmission of the �-shaped metamaterial is different from
that of SRR-wire LHMs in some aspects, while in other
ways, it seems as if they were the same. In fact, the ambigu-
ity would be solved if the attention is drawn from the reso-
nant transmission to the �-shaped configuration itself, and
taking into account that such a �-shaped metamaterial is an
electrically asymmetric structure and thus intrinsically a bi-
anisotropic medium. Generally speaking, a bianisotropic me-
dium means that its electric and magnetic responses are
coupled to each other,27–29 and hence an additional parameter
�namely, the electromagnetic coupling coefficient �� is re-
quired to modify the general constitutive equations. As a
matter of fact, the relation between bianisotropic materials
and LHMs, to the best of our knowledge, is yet to be sys-
tematically established because the additional � is not con-

FIG. 4. Transmission coefficient for the �-shaped
metamaterials.

FIG. 5. �Color online� Comparison of resonant transmissions by
tuning only the width of continuous-wire constituents. The tuning
parameters w and w� are depicted in the insets, respectively. �a�
Suppressed resonant transmission of �-shaped metamaterial. �b�
Unsuppressed resonant transmission of SRR-wire LHM. Note that
the two transmission bands are located in different sides of their
corresponding resonant frequencies �yellow shaded regions�.
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sidered at all in the LHM system. Consequently, it is hard to
conclude that the resonant transmission from the �-shaped
metamaterial is a left-handed response.

Nevertheless, in another way, we assume that the
�-shaped medium is not strong enough, but negligible, in its
bianisotropic effect such that the generally used retrieval

procedure21,22 can be adopted to find what will happen to its
effective constitutive parameters with respect to the reso-
nance. Figures 6�a�–6�d� are the retrieved results carried out
to determine the effective impedance zeff, index of refraction
neff, and then �eff and �eff of the �-shaped metamaterial.
Surprisingly, the retrieved result obtained according to Refs.
21 and 22 is physically reasonable. It reveals that neither
negative neff nor simultaneously negative �eff and �eff are
obtained around 11 GHz. Instead, the resonance causes a
positive �eff band around the resonance �which otherwise
should be negative� and keeps the positive sign of �eff un-
changed. This result can be interpreted in a reasonable way.
Consider that the electrically induced current in a �-shaped
medium is more overwhelming than the magnetically in-
duced one, such that it completely destroys the possibility of
negative magnetic response, which otherwise would reso-
nantly exist relying on the C-shaped branch of �-shaped
metamaterial. As a result, no matter whether the bianisotro-
pic effect is involved or not, the resonant transmission band
around 11 GHz should be a non-left-handed electromagnetic
response, in contrast to the possible mistake just conjectured
by comparing the passbands and stop bands of several geo-
metrically relative media.

It is emphasized that the objective in this paper is to dem-
onstrate an example of non-left-handed resonant transmis-
sion �despite the fact that in some ways it seems as if it were
left handed�, which is seldom reported by the published pa-
pers. Therefore, it is not a necessary issue to resort to the
rather complicated retrieval procedure in Ref. 30 to solve the
electromagnetic coupling coefficient �. By the way, it is
worth mentioning that the �-shaped medium under study can
be used in microwave application as a frequency selective
surface, because of its controllable transmission characteris-
tic at the narrow band around 11 GHz.

IV. SUMMARY

In summary, a �-shaped metallic metamaterial has been
numerically investigated to study its resonant transmission
band through scattering parameter simulations, retrievals, as
well as analysis based on the knowledge of the bianisotropic
effect. The results demonstrate that, for a metallic metama-
terial with spirals �e.g., C-shaped resonators� and continuous
wires, it is not always the case for its resonant transmission
with simultaneously magnetic and electric responses to be
left handed, especially when the bianisotropic effect is inher-
ent in the geometric configuration. It is expected that the
conclusion in this investigation would be helpful in under-
standing the ambiguity on left-handed and/or non-left-
handed transmissions in various resonant metallic metamate-
rials.
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FIG. 6. �Color online� �a� Retrieved impedance, �b� index, �c�
permeability, and �d� permittivity of the �-shaped metamaterial
�without considering its bianisotropic effect�.
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