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Three-dimensional surface current loops in
broadband responsive negative refractive
metamaterial with isotropy*
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We propose a bulk negative refractive index (NRI) metamaterial composed of periodic array of tightly coupled

metallic cross-pairs printed on the six sides of a cube for applications of superlenses. The structural characteristics of

the three-dimensional (3D) metamaterial consist in the high symmetry and the superposition of metallic cross-pairs,

which can increase the magnetic inductive coupling between adjacent cross-pairs and realize a broadband and isotropic
NRI. The proposed 3D structure is simulated using the CST Microwave Studio 2006 to verify the design validity.

The simulation results show that the proposed structure can not only realize simultaneously an electric and magnetic
response to an incident electromagnetic (EM) wave, but also exhibit a broadband NRI whose relative bandwidth can
reach up to 56.7%. In addition, the NRI band is insensitive to the polarization and the incident angle of the incident

EM wave. Therefore, the proposed metamaterial is a good candidate material as three-dimensional broadband isotropic

NRI metamaterial.
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1. Introduction

The negative refractive index (NRI) metamate-
rials are artificially composite structures exhibiting
simultaneously a negative permeability and negative
Such
metamaterials have recently attracted considerable at-

permittivity over a common frequency range.

tention and obtained rapid development due to their
unique electromagnetic properties.[!! Currently, a va-
riety of NRI metamaterials have been designed and
fabricated,[?=% based on the analogous principle com-
bining periodic split ring resonator (SRR)/Wire.!
However, their negative refractions are achieved only
when a fixed polarization EM wave parallelly prop-
agates the sample surfaces, due to anisotropy struc-
tures. This results in high anisotropy and strong
polarization dependence, which will seriously affect
and restrict their practical applications, especially
when isotropic applications are targeted for obtain-

(6]

ing superlenses.'”s Therefore, the realization of a

polarization-independent and isotropic NRI metama-
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terial is a hot subject of the NRI metamaterial re-
search.

It is well known that the NRI metamaterials men-
tioned above are mostly two-dimensional structures,
which are based on a planar concept.!”8! Compara-
tively, the three-dimensional (3D) structure easily re-
alizes the isotropy and polarization independence, due
to the high symmetry of the unit cell.[>1% Currently,
the realization of the 3D NRI metamaterials has two
modes. One is the distributed structures based on
transmission lines or lumped-elements,[!12 and the
other is the bulk medium structures based on the ex-
tension of two-dimensional (2D) NRI structurel!3~16]
or resonant dielectric spheres.[!718] Moreover, both
methods can realize isotropy and polarization inde-
pendence. But, the NRI characteristics are obtained
only in the given frequency band and moreover the
bandwidths are rather narrow,!'*% which seriously
restricts their practical applications.

In this paper, we propose a new type of 3D bulk
metamaterial composed of periodic array of tightly
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coupled metallic cross-pairs printed on the six sides
of a cube. The special characteristics of the 3D meta-
material consist in high symmetry and superposition
of metallic cross-pairs, thus, it can not only realize
isotropy, but also exhibit strong magnetic inductive
coupling between adjacent cross-pairs, consequently
realizing a broad isotropic metamaterial. In order to
verify the validity of the proposed design and bet-
ter understand the physical mechanism of broadband
NRI, the scattering parameters and field distribution
of the proposed 3D metamaterial structure in the case
of different incidence conditions are analysed using the
CST Microwave Studio 2006, and the corresponding
effective parameters (permeability, permittivity, and
refractive index) of the structure are retrieved from
scattering parameters obtained by simulations based
on the retrieved program. The simulation results
demonstrate that this 3D structure not only exhibits
polarization independence and isotropy, but also ob-
tains a broadband NRI region, in which the ratio of
the negative bandwidth to the central frequency of the
NRI is up to 56.7%.

2. Structure design and simula-
tion

To realize a broadband and isotropic NRI meta-
material, we design a new type of 3D bulk metama-
terial composed of tightly coupled metallic cross-pairs
printed on the six sides of a cube, which is periodi-
cally infinite in the z—y plane as shown in Fig. 1. The
advantage of this unit cell is that it is able to real-
ize the high symmetry and superposition of metallic
cross-pairs. As in earlier NRI structure,® the bars of
our metallic cross-pairs are analogous to small elec-
trical dipoles, which are responsible for an electric
resonance, while the adjacent cross-pairs can produce
an equivalent current loop when the structure is ex-

cited by the EM wave, thus exhibiting a magnetic
resonance. If both magnetic and electric resonances
simultaneously occur in the same frequency band by
adjusting structural parameters, the structure can re-
alize an effective NRI performance. Owing to the
high symmetric structure, the structure can provide
an isotropic response to any linearly polarized incident
wave. In addition, the structure can also be considered
as the superposition of cell-to-cell to form a 3D surface
current, which can produce a strong magnet-inductive
coupling between neighbouring cross-pairs, resulting
in a broadband NRI behaviour.2°=22] Therefore, the
proposed metamaterial can exhibit a broadband and
isotropic NRI characteristic.

In order to verify our speculation, the proposed
3D metamaterial structure is numerically analysed us-
ing CST Microwave Studio 2006 by imposing the spe-
cial boundary conditions, where the periodic bound-
aries correspond to the £« sides and +y sides of a cube
unit cell respectively, while the open boundaries corre-
spond to *z sides of two cubic unit cells, respectively.
Thus, the simulated structure can be considered as an
infinitely wide metamaterial slab with a thickness of
two unit cells. To illustrate the incident state of EM
wave in simulation, figure 1(a) shows the incidence
angle and the polarization angle of the incident plane
wave, where k is the oblique incident plane wave vec-
tor with the incidence angle #; with respect to the z
direction, and polarization angle ¢; which is the angle
between the projection of k in the x—y plane and the
x direction. While, figure 1(b) shows the unit cell of
the structure, where the metallic cross-pairs are made
of copper with conductivity o = 5.8 x 107 S-m~! and
thickness ¢ = 0.035 mm, and etched on an FR-4 di-
electric cube with dielectric constant e, = 4.9 and loss
tangent tgd = 0.025. The length of the cube edge is
a = 3 mm, while the width w and length [ of cross-
pairs are 0.6 mm and 2.8 mm, respectively.

Fig. 1. Proposed 3D bulk metamaterial: (a) schematic diagram and (b) unit cell of structure.
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To better understand the NRI physical mecha-
nism of the proposed 3D metamaterial structure, we
firstly calculate the field and the surface current dis-
tributions of the unit cell structure under normal in-
cidence at 6; = 0 and ¢; = 0. Figures 2 and 3 show
the calculated results of field distributions at 12 GHz.
Figures 2(a) and 2(b) show the general solid view and
perspective view of electric field distributions, respec-
tively. As can be seen clearly from Figs. 2(a) and 2(b),
the front and the back adjacent cross-pairs carry elec-
trical charges with opposite signs, which are analogous
to small electrical dipoles. Moreover, the electric field
between the ends of the front and the back adjacent
cross-pairs is very strong. These results indicate that
there is a strong electric resonance, thus a negative
effective permittivity is expected in the negative res-
onance frequency range.

Max

Min

Figures 3(a) and 3(b) show the perspective view
and sectional view in z—y plane of surface current
distributions for the same unit cell, respectively. As
shown in Figs. 3(a) and 3(b), the surface currents on
the front cross-pairs are antiparallel to that on the
back adjacent cross-pairs everywhere, moreover the
surface currents on both side cross-pairs are also the
same. Thus, the antiparallel surface currents on the
cross-pairs above four planes combining with the dis-
placement currents of the substrate form an equiva-
lent current loop, which can be represented as equiv-
alent magnetic dipole moment, while the arrows in
Fig. 3(b) represent the directions of the current loop.
This magnetic moment is responsible for the artificial
magnetism of the structure, and therefore such a res-

onance is referred to as a magnetic resonance.

Fig. 2. Electric field distributions of unit cell structure under normal incidence at 6; = 0, ¢; = 0, and 12 GHz: (a)

general solid view, and (b) perspective view.

Fig. 3. Surface current distributions of unit cell structure under normal incidence at 6; = 0, ¢; = 0, and 12 GHz:

(a) perspective view and (b) sectional view.

It is well known that the electric and the mag-
netic dipole moments are thought of as the basic al-

phabet for constructing NRI metamaterial.*®! In the

unit cell structure of our 3D metamatrial, the strong
electric field between the ends of the front and the

back adjacent cross-pairs can be equivalent to an elec-
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tric dipole, exhibiting an electric resonance. While,
the current loop formed by combining surface currents
on the front and the back cross-pairs as well as both
side cross-pairs with displacement currents of the sub-
strate can be equivalent to a magnetic dipole, exhibit-
ing a magnetic resonance. Moreover, the electric and
the magnetic resonances can simultaneously occur in
the same frequency band by adjusting structural pa-
rameters. Therefore, the 3D metamaterial structure
based on such a unit cell structure is expected to be
a candidate of 3D NRI metamaterial.

3. NRI property of 3D metama-

terial structure

To analyse the NRI property of the proposed 3D
metamaterial structure, we calculate the scattering
parameters of the proposed 3D metamaterial struc-
ture under normal incidence at #; = 0 and ¢; = 0.
Figure 4 shows the magnitudes and the phase spectra
The cal-
culated magnitude of scattering parameter Si; (re-

of the calculated scattering parameters.

flection) presented in Fig. 4(a) shows clearly two
resonance dips, the first one is at 8.3 GHz and the
second one is at 15.1 GHz. Moreover, the reflection
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Fig. 4. Calculated magnitude (a) and phase (b) spec-
tra of the transmission and reflection of the proposed 3D
metamaterial under normal incidence at 6; = 0 and ¢; = 0.

magnitude shows a wider dip around 8.3 GHz than
around 15.1 GHz, where the scattering parameter
S21 (transmission) has a maximum value and quite
a broad pass-band. We also note in Fig. 4(b) that
a change in sign occurs abruptly for the transmis-
sion phase at the first resonance dip (8.3 GHz), sub-
sequently the transmission phase reduces monotoni-
cally with frequency increasing. In general, the phase
factor of the propagating EM wave is defined as the
exp(—inkr), with k being the incident wave vector
and r the propagation distance. Thus, the transmis-
sion phase is defined as the @ = —nkr. In Fig. 4(b),
we obtain the positive transmission phase, which in-
dicates that the EM wave must propagate inside a
material with negative index n, due to both &k > 0
and 7 > 0.24 Therefore, this result further demon-
strates that the realization of the NRI characteristic
is possible for our proposed 3D structure.

In order to further analyse the NRI character-
istic, based on the calculated scattering parameters,
the constitutive parameters of the proposed structure,
which mean effective permittivity e, permeability pu,
and refractive index n, can be extracted by the re-
trieval procedures proposed in Refs. [25] and [26]. The
four equations listed below are the main formulas to
calculate the constitutive parameters, respectively:

(
exp(inkod) = X +i+/[(1 — X)2, (
e=n/z, (3

(

p=nz,

where X = (1 — S}, + 53,)/(2521), ko denotes the
wave number of the incident wave in free space, and
d represents the thickness of the slab sample.

Figure 5 shows the extracted effective permittiv-
ity €, permeability p, and refractive index n of the
proposed 3D metamaterial under normal incidence at
6; = 0° and ¢; = 0°. In Figs. 5(a) and 5(b), the pro-
posed 3D metamaterial structure exhibits the same
magnetic and electric resonant characteristics around
the first reflection resonance dip in Fig. 4(a), due to
high symmetry of the unit cell structure. Moreover,
the real parts of effective permeability and permittiv-
ity each present a sudden jump from positive to neg-
ative in the vicinity of the first reflection resonance.
This can be explained as the special propagating per-
formance of the EM wave in the structure, where the
transmission phase abruptly changes sign from nega-
tive to positive as shown in Fig. 4(b).?4 Then, the
real parts of effective permittivity and permeability
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each undergo a negative value region. Finally, we can
notice that the zero values for the ¢ and u responses
are very close to the second reflective resonance dip in
Fig. 4(a), where a small transmission band is observed
in Fig. 4(a).
mittivity and permeability can exhibit simultaneously

Thus, the real parts of effective per-

negative values in a frequency range from 8.24 GHz to
14.76 GHz, which indicates that there exists a negative
refractive index n in this region. As shown in Fig. 5(c),
an NRI band is achieved in the above double negative
region. Moreover, the NRI bandwidth can attain up
to 6.52 GHz and the relative bandwidth can be up
to 56.7%, which is superior to the currently reported
results.[!4] Therefore, the proposed 3D metamaterial
can be regarded as a broadband negative refractive
metamaterial.

20 T T T

(a)

10

—10

—20 . . .
6 9 12 15 18

Frequency/GHz

Re(u) )

———Im(n)

26 9 12 15 18
Frequency/GHz
2
L] Re(n) (c)
1k ———1Im(n)

n

6 9 12 15 18
Frequency/GHz
Fig. 5. Magnitudes of retrieved effective parameters of
the proposed 3D metamaterial under normal incidence at
0; = 0° and ¢; = 0°: (a) effective permittivity, (b) effec-
tive permeability, and (c) effective refractive index.

To understand the physical mechanism of the
above broadband characteristics, we calculate the field
and the surface current distributions of the proposed
3D metamaterial structure, and the results are shown
in Figs. 6 and 7. We observe in Fig. 6 that the
cross-pairs of adjacent cells for the EM wave prop-
agating direction (k) carry electric charges with op-
posite signs and the equivalent capacitance is con-
centrated on the overlapping sections of cross-pairs
as shown in Fig. 6(b), while the ends of neighbour-
ing cross-pairs for the vertically propagating direction
(k) also carry opposite electric charges, leading to an-
other type of capacitance between neighbouring cells
as shown in Fig. 6(d). At the same time, we also note
in Fig. 7 that two large current loops resulting from
four cross-pairs between adjacent cells exhibit the op-
posite current directions in the k direction as shown
in Fig. 7(b), while exhibiting two large clockwise cur-
rent loops in the E direction as shown in Fig. 7(d).
In addition, the single metallic cross-pair also pro-
duces a small counterclockwise current loop as shown
in Figs. 7(b) and 7(d).

produces the 3D surface current loops due to the su-

Consequently, the structure

perposition of cell-to-cell, forming the strong magnet-
inductive coupling between neighbouring cross-pairs
by capacitance and inductance, finally resulting in a
broadband NRI. Therefore, the metametrial behaves
as a traveling wave structure by increasing the mutual
coupling between cubes as demonstrated in previous
results.[22l

To further verify the NRI broadband characteris-
tics of the proposed structure we construct a wedge-
shaped prism of the metamaterial to perform a Snell’s
law refraction experiment by the CST Microwave Stu-
dio 2006. The wedge-shaped prism is composed of a
unit cell in the z direction, up to 12 unit cells in the
y direction and up to 24 unit cells in the = direction
respectively, while the refraction interface is charac-
terized by a staircase pattern with a step ratio of 2:1,
which represents a wedge with a 26.6° angle, thus re-
sulting in 168 cells as shown in Fig. 8. This configura-
tion has been adopted in many earlier reported NRI
experiments, and it can display a direct image of the

r.[27:28] Ty simulation, the

negative refraction behaviou
wedge-shaped prism is positioned between the perfect
electric conductor plates, which serve as top and bot-
tom perfect magnetic boundary conditions to form a

two-dimensional waveguide, while open boundary con-
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ditions are imposed at the 2 and £y sides of the  wave is incident on the first interface of the wedge-
wedge-shaped prism. When the wedge-shaped prism  shaped prism normally. After it propagates through
is excited by a TEM wave of a waveguide port located  the wedge, the wave undergoes the refraction at the
at the front-side boundary of the structure, the EM  second interface.

Min 0

Fig. 6. Electric field distributions of adjacent unit cell structure under normal incidence at 6; = 0, ¢;=0, and
at 12 GHz: (a) general solid view and (b) perspective view in the k direction, (c) general solid view and (d)
perspective view in the E direction.

Fig. 7. Surface current distributions of adjacent unit cell structure under normal incidence at 6; = 0, ¢; = O,
and 12 GHz: (a) perspective view and (b) sectional view in the k direction, (c) perspective view and (d) sectional
view in the E direction.
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Fig. 8. Rigorous detailed implementation of the metama-
terial macrostructure based on proposed 3D unit cell.

The recorded distributions of the electric field
at four frequency points in the range of interest are
shown in Fig. 9, where the dashed line, solid line, and
arrow denote the direction of surface normal, refrac-
tion interface, and EM wave respectively. We note
in Figs. 9(b) and 9(c) that the negative refractive

b |

Gaussian beams are clearly observed at 8.5 GHz and
14.5 GHz falling into the above extracted NRI region.
Moreover, they exhibit negative refractive angles of
51.4° and 10.3° at 8.5 GHz and 14.5 GHz respectively
and correspondingly calculated refractive indexes are
—1.745 and —0.399 based on the extracted refractive
angles, which are in good agreement with the retrieval
results based on the extracted procedure (—1.661 and
—0.12 at 8.5 GHz and 14.5 GHz, respectively). The
slight difference between two results is ascribed rea-
sonably to the broadening of the extracted refractive
angle. Whereas the refractive wave and the incident
wave are on both sides of surface normal at 8 GHz
and 15 GHz falling into the above extracted positive
refractive index region as shown in Figs. 9(a) and 9(d).
Therefore, these results further confirm that the pro-
posed metamaterial has an NRI broadband character-
istic.

Fig. 9. Electric field distributions of the wedge structure consisting of the proposed 3D unit cell at four different
frequencies: (a) 8 GHz, (b) 8.5 GHz, (¢) 14.5 GHz, and (d) 15 GHz.

4. Polarization independence and

isotropy of metamaterial

To show that the observed negative refrac-
tion in our structure is isotropic and polarization-
independent for the EM wave incident normally or
obliquely as shown in Fig. 1(a), we analyse the influ-
ence of incident condition on effective refractive index
n. Figure 10 shows the real part Re(n) values of the

retrieved effective refractive index under normally in-
cident TE mode plane waves, whose polarizations are
rotated by angle ¢; = 0°, 20°, 40°, 60°, and 80°, re-
spectively. It is found from Fig. 10 that the real part
Re(n) values of the retrieved refractive index do not
exhibit any change as the polarization angle of the nor-
mally incident TE wave increases. Moreover, there are
the same results for the normally incident TM wave
(not shown here). These indicate that the proposed
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metamaterial structure is independent of the polariza-
tion angle of the normally incident EM wave.

2 T T
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Fig. 10. Curves for Re(n) of retrieved effective refractive
index versus frequency for the normally incident TE mode
plane wave at different polarization angles.

For the purpose of further achieving a compre-
hensive response to the obliquely incident TE and TM
mode plane waves, we also examine the combined ef-
fect of polarization angle and incident angle. Figure
11 shows the real part Re(n) values of the retrieved
refractive index of the combined incident and polar-
ization angles of the TE or TM plane wave passing
through the proposed metamaterial, where either the
polarization angle ¢; of TE plane wave increases from
0° to 80° with an interval of 20° when 6; is set to
be 40°, or the incident angle 6; of the TM plane wave
changes from 0° to 80° with an interval of 20° when ¢;
is set to be 40°. In Fig. 11(a), the real part Re(n) val-
ues of the retrieved effective refractive index are nearly
independent of the polarization angle as the polariza-
tion angle ¢; increases from 0° to 80°. As the incident
angle 6; increases from 0° to 80° in Fig. 11(b) the real
part Re(n) values of the retrieved effective refraction
index are also independent of incident angle. However,
two different trends can be noticed for the transmis-
sion response of the metamaterial (not shown here).
For example, in the former case the transmission res-
onance peaks progressively shrink with the increase
of ¢;, whereas in the latter the peak slightly shifts
upward towards a high frequency with 6; increasing.
But, at any rate, these effects have a limited influence
on the real part Re(n) value of the negative refractive
index due to broadband performance of metamaterial
as shown in Fig. 11. Therefore, these results further
confirm that this metamaterial is dependent of the
incident angle and polarization angle of the incident
field.

2
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Fig. 11. Curves for Re(n) of retrieved effective refractive
index n versus frequency for an obliquely incident TE or
TM plane wave at different (a) incident and (b) polariza-
tion angles.

From the above analyses, we can conclude that
no matter what (normally or obliquely) incident TE
or TM mode plane wave is used, the proposed meta-
material is independent of its incident angle and polar-
ization angle. These results are due mainly to the high
symmetry of the unit cell, thus the proposed metama-
terial can provide an an isotropic response to any lin-
early polarized incident wave, which is demonstrated
in the previous result,l?”! where a slight variation of
the symmetrical design can have a significant influ-
ence on the effective parameters of the metamaterial.

5. Conclusion

A 3D NRI metamaterial with broadband and
isotropy is successfully characterized for applications
of superlenses in this paper using the CST Microwave
Studio 2006. The proposed metamaterial is composed
of a periodic array of tightly coupled metallic cross-
pairs printed on the six sides of a cube, whose char-
acters consist in high symmetry and superposition of
The field distributions demon-
strate that the magnetic and the electric resonances

metallic cross-pairs.

are realized by the coupling between adjacent metal-
lic cross-pairs. The retrieved constitutive parameters,

044101-8



Chin. Phys. B Vol. 21, No. 4 (2012) 044101

the coupling field distributions, and the wedge prism
experiment show that the metamaterial exhibits an
NRI region, whose absolute bandwidth and relative
bandwidth can attain up to 6.52 GHz and 56.7%, re-
spectively. In addditon, the insensitivity to arbitrarily
(normally or obliquely) incident EM wave with vary-
ing incident angle and polarization angle demonstrates
that this metamaterial is isotropic. Therefore, the pro-
posed metamaterial is a better candidate material as
3D broadband isotropic NRI metamaterial than the
traditional SRR and wire or fishnet structures.
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