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A method of realizing multiband left-handed metamaterials (MB-LHMs) was presented. By
alternatively stacking arrays of unit cells with different geometrical dimensions, the combined
structures exhibit multiple LH passbands. As an example, a typical MB-LHM was designed,
fabricated, and investigated numerically and experimentally. Both the simulation and experiment
results show that the MB-LHM has three alternatively left- and right-handed passbands, of which
two are LH ones. © 2009 American Institute of Physics. [DOI: 10.1063/1.3170236]

Left-handed metamaterials (LHMs) with simultaneously
negative u and & have been attracting great attentions since
the work of Pendry et al." and Smith e al.® in realizing the
first LHM. Nowadays, the realization of broadband, low-loss
LHMs is still the main topic of LHM research. A great vari-
ety of LHMs have been designed and fabricated. Generally
speaking, presently existing LHMs fall roughly into three
categories. The LHMs in the first category are based on me-
tallic patterns. Both negative u and & are realized by the
resonances of metallic patterns. LHMs composed of
S—shaped,3 Q—shaped,4 compound resonator unit cells,s’6 as
well as the so-called planar LHMs' ™" fall into this category.
LHMs in the second category are based on transmission
lines.'"'? Recently, many researchers are focusing on all-
dielectric route to LHMs. Many all-dielectric LHM unit
cells, such as the disklike unit cell,13 were proposed. These
unit cells are based on different resonance modes in all-
dielectric unit cells. Under a certain resonance mode, the
effective u or & is negative. By combing different all-
dielectric unit cells, simultaneously negative p and & can be
achieved.

The abovementioned LHMs have only one LH passband.
In contrast, there are few studies on multiband (MB)-LHM:s.
Eleftheriades' proposed a generalized transmission-line-
based LHM with two LH and two right-handed (RH) pass-
bands. H. Lin er al."” presented arbitrary dual-band micros-
trip components based on composite right/LH transmission
lines. Chen et al.'® proposed a two-passband LHM based on
S-shaped resonators. In this letter, a method of realizing MB-
LHMs was proposed. By alternatively stacking arrays of LH
unit cells with different geometrical dimensions, the com-
bined structures can achieve multiple LH passbands. As an
example, a MB-LHM composed of coplanar resonator unit
cells was designed, fabricated and investigated to verify the
design method.

Generally speaking, there is one particular LH band for
one particular LH unit cell. Thus, N different unit cells can
realize N different LH bands. If we combine N different LH
unit cells in such a way that the size of the combined unit
cell is far less than the wavelength, it is expected that the
combined structure will exhibit multiple LH bands. There-
fore, MB-LHMs can be realized by alternatively stacking
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arrays of different LH unit cells. As an example, a MB-LHM
was designed by using the coplanar resonator unit cells.” The
metallic patterns of the coplanar resonator unit cell are
shown in Fig. 1. The gray parts denote metallic strips while
the white parts denote the substrate. The square metallic ring
with two splits serves as a magnetic resonator while the cop-
per patterns in the center blank part of the square ring acts as
an electric resonator. The electric resonator can realize nega-
tive & while the magnetic resonator can realize negative u.
By carefully adjusting the geometrical dimensions of the two
resonators, their negative response frequency ranges can be
tuned to overlap. Simultaneously w and € can be realized in
the overlapped frequency ranges.

Figure 2 illustrates the structure of the designed LHM
with two LH passbands. There are two kinds of unit cells in
all. They are of the same metallic patterns (shown in Fig. 1)
but different geometrical dimensions. To fabricate the MB-
LHM, the unit cell patterns are first etched on one side of the
substrates. On each substrate, the unit cells are of the same
geometrical dimension, so the substrates fall into two catego-
ries, as shown in Fig. 2. Dimensions of the unit cell on
substrate 1 are: a=3.3 mm, b;=2.8 mm, b,=1.7 mm,
c=0.2 mm, d=0.2 mm, /=0.3 mm, and w=0.2 mm. While
dimensions of the unit cell on substrate 2 are: ¢=3.3 mm,
by=3 mm, b,=1.9 mm, ¢=0.1 mm, d=0.2 mm, [
=0.4 mm, and w=0.2 mm. The two kinds of substrates are
stacked alternatively side by side to form a bulk LHM, as
shown in Fig. 2.

In order to verify the MB-LHM, numerical simulations
were first carried out using the frequency domain solver of
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FIG. 1. The coplanar resonator unit cell.
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FIG. 2. Illustration of the proposed LHM with two LH passbands.

CST MICROWAVE STUDIO. In the simulations, the metal mate-
rial we used is copper (conductivity o=5.8X107 S/m,
thickness £;=0.017 mm) and the substrate is FR4 (dielectric
constant &,=4.9, thickness =3 mm). By a standard
algorithm,”r’18 effective constitutive parameters can be ex-
tracted from the scattering parameters. Figure 3 gives the
simulated magnitudes of §;; and S,, parameters, as well as
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FIG. 3. (Color online) Simulated magnitudes of S;; and S,, parameters, as
well as the real parts (solid curves) and imaginary parts (dashed curves) of
effective parameters retrieved from simulated scattering parameters: (a)
simulated magnitudes of S;; and S,,, (b) effective permeability, and (c)
effective permittivity.
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FIG. 4. (Color online) (a) Photograph of the fabricated sample and (b) the
measured scattering parameters.

the retrieved real parts (solid curves) and imaginary parts
(dashed curves) of effective permeability and permittivity.
Figure 3(a) shows that there are three transmission peaks at
8.6, 10.0, and 11.0 GHz, respectively, which indicate three
passbands. From Figs. 3(b) and 3(c), it can be found that in
8.6-9.7 and 11.0-11.5 GHz, real part of the effective perme-
ability is negative, while real part of the effective permittiv-
ity is negative in 8.7-9.6 and 10.6—11.5 GHz. In the fre-
quency ranges where both the real parts of effective
permeability and permittivity are negative, LH passbands are
expected. Thus, the two LH passbands are 8.7-9.6 and 11.0—
11.5 GHz. The first and third passbands in Fig. 3(a) are LH,
while the second one is RH.

Note there is a RH passband between the two LH pass-
bands. This is in clear contrast with the MB-LHM in Ref. 16
where there is a stopband between two LH passbands. The
underlying reason for the difference lies in that the mecha-
nisms of realizing LH passbands in the two cases are differ-
ent. For the MB-LHM in Ref. 16, the permeability is nega-
tive only in the negative magnetic response frequency range,
while the permittivity is negative over all the considered fre-
quency range. Thus, outside the LH passbands, the perme-
ability is positive while the permittivity is negative, so there
is a stopband between two LH passbands. For the MB-LHM
we presented in this letter, both the negative permeability
and permittivity are realized by negative responses. The
negative response bandwidths of magnetic and electric re-
sponses are usually not equal. As a result, outside the LH
passbands, both the permeability and permittivity are posi-
tive. Therefore, there is usually a RH passband between two
LH passbands.

The proposed MB-LHM was also fabricated and inves-
tigated experimentally. In practical fabrications, periodic ar-
rays of copper (conductivity o=5.8X107 S/m, thickness
£,=0.017 mm) patterns were etched on the lossy FR4 sub-
strate (dielectric constant £,=4.9, loss tangent tan 6=0.025,
thickness =3 mm). Then the substrates were stacked alter-
natively and put together by adhesives. Photograph of the
fabricated MB-LHM is shown in Fig. 4(a). The sample was
put into a standard waveguide BJ100. Scattering parameters
of the fabricated MB-LHM were measured by the Agilent
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FIG. 5. (Color online) Real parts of (a) effective permeability and (b) ef-
fective permittivity retrieved from experimentally measured scattering
parameters.

network analyzer HP8720ES. The measured S;; and S,; pa-
rameters are shown in Fig. 4(b). Comparing Figs. 3(a) and
4(b), we can find that the measured S,; and S,, parameters
are almost the same as the simulated ones. There are also
three transmission peaks around 8.6, 10.0, and 11.0 GHz,
respectively. Note in both Figs. 3(a) and 4(b), the first trans-
mission peak is the highest while the third one is the lowest.
This can be explained by the loss brought about by the lossy
FR4 substrates. As the frequency increases, the substrate loss
becomes higher, resulting in the reduction of transmission.
Note also the measured transmission is generally lower than
the simulated one. This can be explained by the adhesives we
used in the experiment, which introduce extra losses.
Figures 5(a) and 5(b) show, respectively, the real parts of
effective permeability and permittivity retrieved from experi-
mentally measured scattering parameters. The real part of
effective permeability is negative in 7.2-9.9 and 11.0-13.6
GHz, while the real part of effective permittivity is negative
in 8.3-9.9 and 11.0-12.0 GHz. Thus, the two LH passbands
are 8.3-9.9 and 11.0-12.0 GHz. Between the two LH pass-
bands, both the real parts of effective permeability and per-
mittivity are positive, which means a RH passband. Note the
measured two LH passbands are wider than the simulated

Appl. Phys. Lett. 95, 014105 (2009)

ones. This difference is caused by the fabrication error as
well as the adhesives we used.

In conclusion, we proposed a method of realizing MB-
LHM by combing different LH unit cells. The number of LH
passbands is dependent on the number of different LH unit
cells in the combined LHM structures. As an example, we
designed, fabricated and investigated a typical MB-LHM
composed of coplanar resonator unit cells. Both the simula-
tion and experiment results show that the LHM has two LH
passbands, with a RH passband between them. To fabricate
the MB-LHM, what we have to do is just to stack alterna-
tively the substrates etched with different LH unit cells, so
the MB-LHM can be conveniently fabricated for practical
uses.
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