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We report on a negative-zero-positive metamaterial based on an omega-type microstructure with
special attention on the nonvanishing group velocity for a zero refractive index. We first investigate
the dispersion characteristics by full wave analysis, by stressing the necessary conditions of equality
between the electric and magnetic plasma frequencies which are characteristic of the dispersion of
the effective permittivity and permeability. Also, tuning of the gapless transition frequency between
the left and right-handed dispersion branches was analyzed when the permittivity of the host
substrate is changed. Last, we demonstrate experimentally the balanced composite character of the
dispersion by frequency and angle-resolved transmission measurements, carried out at centimeter
wavelengths on slabs and wedge-type prototypes, respectively.

© 2008 American Institute of Physics. [DOI: 10.1063/1.2910831]

I. INTRODUCTION

The left-handed materials (LHMs), introduced by Vese-
lago in 1968," are now extensively studied to take benefit of
unusual electromagnetic properties not found in natural ma-
terials. Basically, backward wave media can be synthesized
either by introducing split ring resonator (SRR)/wire
structures® > or other related particles such as omega-type
arrays6_10 or by periodically loaded phase advance transmis-
sion lines,"" ™ as proposed in the pioneering book of
Brillouin.'® For most LHMs, the left-handed (LH) passband
is separated from the right-handed (RH) one by a band gap.
At the edges of this passband, the group velocity vanishes. It
was recently shown that a zero-gap dispersion characteristic
can be achieved in LH transmission lines'>™* so that an in-
finite wavelength condition can be met at the wave vector
k=0 with a nonvanishing group velocity. Such a structure
was termed composite right and left-handed (CRLH) mate-
rial, with an equality criterion between the series and parallel
resonant frequencies of the lumped circuit elements. CRLH
waveguides were used successfully at microwaves for sub-
wavelength resonators and leaky wave antennas notably. The
extension of the concept of balanced composite transmission
lines to high-dimensionality devices such as metasurfaces
and bulk metamaterials is a difficult task despite the encour-
aging results published recently.”’18

In this paper, we investigate how the SRR/wire technol-
ogy, which exhibits basically a narrow LH band separated by
a forbidden gap from the RH one, can be used to realize a
negative-zero-positive index material. To this aim, we based
our analysis on an omega-type metal inclusion, which can be
considered as a related compound of broadside coupled
SRR/wire arrays so that the electric and magnetic responses
can be treated as a whole. First, we show that under the
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condition of interconnecting the omega-shaped particles, a
broader band can be achieved, as demonstrated before by
Kong’s group.7_9 In a second stage, we identify the key geo-
metrical parameters to balance the dielectric and magnetic
plasma frequencies, and demonstrate the balanced composite
character of the structure by the retrieval of the effective
permittivity and permeability. These conclusions are then as-
sessed experimentally by carrying out frequency and angle-
resolved transmission measurements on slab and wedge-type
prototypes operating at centimeter wavelengths.

The paper is organized as follows: In Sec. II, we analyze
the guidelines to obtain a balanced composite metamaterial
on the basis of plasma frequency analytical functions. The
fitting of omega geometries is then performed by full-wave
simulations, which permits us to deduce the complex k dis-
persion characteristics and to retrieve the refractive index,
the Bloch impedance, along with the effective permittivity
and permeability. In this section, we also consider the tun-
ability of the dispersion characteristics. The properties of the
microstructured slab and prismlike devices were numerically
assessed using full-wave simulations and experimentally
characterized by frequency and angle-resolved transmission
measurements; the comparison is provided in Sec. III.

Il. BALANCED STRUCTURE

A. Mode analysis

Figure 1 illustrates the typical dispersion of the effective
permittivity and permeability of an edge-coupled split ring
resonator/infinite wire and transmission response of one ar-
ray whose basic cell is shown in the inset. In fact, an infinite
wire array yields a quasi-Drude-type dependence for the dis-
persion of the effective permittivity, whereas the effective
permittivity of SRRs exhibits a Lorentz-type dispersion char-
acteristic. It can be concluded that the material behaves as a

© 2008 American Institute of Physics


http://dx.doi.org/10.1063/1.2910831
http://dx.doi.org/10.1063/1.2910831

084312-2 Zhang et al.

/.

Re(p) 4
- - - Re(s) |

Re(u),Re(e)

(b)

~

FIG. 1. (Color online) Characteristics of an edge-coupled SRR /wire (basic
cell is shown in inset). (a) Real parts of permeability (solid) and permittivity
(dash). (b) Frequency dependence of the transmission of an array. The band
gap (gray region) ranging from w, and w,,, is caused by a single negative
effective parameter, i.e., negative permittivity.

single negative medium in the grayed frequency band be-
tween the magnetic plasma frequency w,,, and the electric
plasma frequency w, ~within which the waves are evanes-
cent. In contrast, the propagation is backward between the
resonance frequency w, (the magnetic resonance frequency
of SRRs) and w,,, and forward above ®,.

Let us now consider an omega-type metal inclusion as
depicted in Fig. 2. The basic unit cell [Fig. 2(a)] is composed
of two Q-patterns in a back-to-back configuration to avoid
chiral effects.® For pure magnetic excitation, namely for a
magnetic dipole induced by the incident magnetic field (H),
the polarization of H has to be along a direction normal to
the surface on which the current loops (the C shape of the
omega inclusion) are implemented. In addition, in order to
induce an electrical activity, the E field polarization has to be
oriented parallel to the arms of the omega patterns. Under
these polarization considerations, the array was implemented
according to the scheme shown in Fig. 2(b). A volumetric
prototype is achieved by stacking several substrates with
omega-shaped metal inclusions printed on one side of each
layer. In order to alleviate a resonant characteristic in the
dielectric response (quasi Drude-type dispersion), the omega
arms are interconnected along the direction of the E field. As
seen above, the plasma frequency w), is usually higher than
the magnetic plasma frequency w,, for an unbalanced
metamaterial. As a consequence, the condition of a balanced
composite structure, achieved when w,=w,,,, requires an in-
crease of w,,, or a decrease of w,.

In order to satisfy this criterion for omega-type arrays,
we first considered a lumped-element circuit description of
the magnetic response of the current loopsg’lo’19 and focused
on some guidelines to achieve a balanced structure with
negative-zero-positive behavior.

J. Appl. Phys. 103, 084312 (2008)

FIG. 2. (Color online) (a) Schematic of the omega unit cell. (b) Schematic
of omega pattern array with an edge illumination by a plane wave.

For the current loops, the magnetic angular resonance
frequency w, can be described by the equation

! (1)
W)= —T—,
N

where L is the inductance of the current loops and C is the
total capacitance between the broadside coupled split ring
resonators. Using a parallel-plate model, the total capaci-
tance C (the fringing effect is not considered) is approxi-
mated by

1 lsosrw( 2R+w g)

€=36%=374 2 2 @)
where C, is the capacitance between two half-circular rings
of current loops, &, and ¢, are the effective permittivity of
the vacuum and substrate, respectively. w is the wire width,
R is the inner radius, g is the gap of the omega pattern, and
d is the thickness of the substrate. The inductance L of the
omega pattern is given by

L=u,mR*d. (3)

The relation between the magnetic plasma frequency w,,,
and the resonant frequency w, can be expressed as™
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where F=mR?/S is the fraction occupied by the interior ring
of the omega pattern in the xz plane and S is the area of the
basic unit cell in the xz plane. On the other hand, the electric
plasma frequency w, can be described in a first approxima-
tion by Pendry’s formula as follows:*

2
) 27rcy

w =,
P a® In(alr)

(5)

where a and r are the periodicity of the wire array and wire
radius, respectively. It can be seen that the plasma frequency
w, increases with the wire radius r. The cross section of wire
considered here is rectangular whereas it was originally cir-
cular in Pendry’s model, but the plasma frequency has an
analogous function, i.e., increasing with the wire width w2
Therefore, we see that reducing the strip width will cause an
increase of w,,, and a decrease of w, simultaneously, which
could be employed as a rather simple method to achieve a
balanced condition.

The aforementioned arguments can be used not only as a
first estimate of the relevant geometry of the omega inclu-
sions but also as guidelines to tune w,, and w,. However,
because the magnetic and electric responses are not strictly
separated, a finer optimization has to be conducted by means
of a full-wave analysis. In practice, this procedure was per-
formed with the HIGH FREQUENCY STRUCTURE SIMULATOR
(HFSS) by Ansoft, a finite-element commercial software
package. With respect to the numerical simulations reported
below, it was found that the approximation of w,,, by means
of Eq. (4) is quite good (within a few percent), whereas Eq.
(5) gives a more crude assumption of the plasma frequency
due mainly to the difference in the wire array geometry. The
dimensions of the basic unit cell were chosen as follows: R
=1.1, w=g=0.5 (unit: millimeters). For these simulations,
we assumed a substrate with the following dielectric charac-
teristics at centimeter wavelength (e,=4.0,tan §=0.02) and a
thickness of 0.8 mm. The basic cell dimensions are 3.9 mm
along the x and z directions and 0.8 mm along y.

B. Balanced condition

The first clue for a zero-gap CRLH metamaterial is a
broad transmission window which is assessed by the magni-
tude of the scattering parameter S,;. It is however difficult to
conclude on the left-handedness or right-handedness of the
dispersion characteristics. As a consequence, we calculated
in the second stage the dispersion characteristics (Fig. 3)
according to the method we used in Ref. 22 based on the
Bloch-Floquet theorem. Note that this approach is similar to
the retrieval method reported in Refs. 23 and 24. For this
calculation, only one cell was considered along the propaga-
tion direction, whereas an infinitely long periodic array was
mimicked along the transverse directions with proper bound-
ary conditions [see Fig. 2(a)]. Perfect E conditions were ap-
plied for the surfaces normal to the omega arms, and perfect
H boundaries to the surface parallels to the omega plane. In
short, the solved scattering matrix is converted into the cor-

J. Appl. Phys. 103, 084312 (2008)
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FIG. 3. (Color online) Dispersion characteristics of the negative-zero-
positive index structure depicted in Fig. 2(b).

responding transfer matrix M, which is also termed an
ABCD or chain matrix. On the other hand, the chain matrix
of a homogeneous propagation medium can also be written
as a function of a complex propagation constant y=a+jf,
where a and S depict the evanescence of the wave and the
phase constant. z is the reduced impedance of the propaga-
tion medium with respect to its surrounding environment,

ch(ya)

z-sh(ya
L Pt R
“|Cc D| |=-sh(ya) ch(ya) |
z
By equating the various matrix elements of the microstruc-
tured and homogeneous media term by term, it can be shown
that

1 —

a=—In|A + VA - 1], (7)
a

Ba= £/ (A*+VA’—1)+2km, kEZ, (8)

7= =* \/g (9)

The information about the index is implicitly present in the
complex propagation constant since

n="". (10)

iw

The dispersion characteristics of the real and imaginary parts
of the propagation constant are displayed as a function of
a-a and B-a (a is the periodicity along the propagation di-
rection; Fig. 2). It can be noted that the phase constant 3 is
negative in the frequency domain in the 8.0-12.8 GHz fre-
quency domain with a positive group velocity v, (dw/dpB).
Hence, the group velocity and phase velocities of the propa-
gating wave are antiparallel and therefore it supports a back-
ward wave (LH mode). On the other hand, it supports a
forward wave (RH mode) above 12.8 GHz. The corner fre-
quency between the two modes is at 12.8 GHz, where the
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phase constant is zero (infinite wavelength). In contrast with
the conventional split ring resonator array (see Fig. 1), here
the group velocity (dw/dB) does not vanish and presents a
value close to 5.5X 107 m s~ by taking an estimate of the
slope at k=0. Below the resonant frequency of the current
loops, corresponding to a forbidden gap, the evanescence of
the waves is directly related to the decay length o'

The variations of the Bloch impedance and of the refrac-
tive index, which can be determined from Egs. (9) and (10),
are plotted in Fig. 4. The physical meaning of n below w
(gray region) is doubtful since the incident wave is evanes-
cent. Just above wy, a spike can be seen in the impedance
resulting from the resonance effect. The refractive index ex-
hibits a smooth transition between the negative band
(8.0-12.8 GHz) and the positive band (12.8—16.0 GHz),
with thus a transition frequency at 12.8 GHz where the re-
fractive index value is zero. The frequency dependence of
the effective permittivity can be described by a Drude model
(continuous increase of the negative permittivity up to the
electric plasma frequency). Although a slight resonant fea-
ture is superimposed at 8.1 GHz, the value of the effective
permittivity is always negative. The effective permeability
shows a well-defined negative peak at the resonance fre-
quency with an increase in the losses. As a last comment, it
can be assessed that the turning frequencies w,,, and w), are
equal.

'mp

C. Tunability of balanced structure

Because balanced structures enable smooth switching
from the LH branch to the RH one, this opens the possibility
to fabricate tunable balanced composite metamaterials. How-
ever, when some tunability is introduced, the magnetic
plasma frequency w,,, should always be equal to the plasma
frequency w, in order to maintain the balanced condition,
which considerably increases the difficulties. Basically, tun-

ability can be introduced by changing the value of the ca-

pacitance C given by Eq. (2) via the modification of the unit
cell geometry for fixed tuning or by varying the permittivity
of the substrate. Such a tuning of w, yields a concomitant
shift of the magnetic plasma frequency w,,, which varies as
the inverse of the square root of the permittivity of the sub-
strate according to Eq. (4).

For the frequency dependence of this artificial permittiv-
ity, we learned that the plasma frequency w, can also be
deggrziébed as the cutoff frequency of a metal wire array given
by~

(l)p = Clight/Za \“JSr, (1 1)

where a is the periodicity of the wire array. From Egs. (4)
and (11), we see that both ®,,, and ), are proportional to
1/\e,. Therefore, the balanced condition will be independent
of the permittivity of the substrate. In order to check this
analysis, the influence of the substrate permittivity on the
balanced condition was studied numerically. The results of
this study in terms of dispersion characteristics are shown in
Fig. 5. It is important to note that the balanced criterion is
maintained when the permittivity of the substrate varies. The
transition frequency increases gradually from 12.5 to 14.0
GHz as the permittivity is decreased from 4.2 to 3.4 with a
step of 0.2. In summary, by incorporating some materials
which exhibit a tunable permittivity, such as liquid crystals
and ferroelectrics, it is possible to realize a reconfigurable
balanced composite omega-based metamaterial.

lll. EXPERIMENTAL RESULTS

In order to confirm experimentally the main conclusions
of the previous theoretical analysis, we carried out two
complementary studies. We first performed transmission
measurements of a metamaterial slab in order to check the
absence of a band gap between the LH and RH transmission
window. The second type of transmission experiment was
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FIG. 5. (Color online) Propagation phase constant as a function of the
substrate permittivity.

carried out on a prismlike prototype under angle-resolved
conditions, in order to determine the refractive index, via the
Snell-Descarte’s law.

A. Transmission measurement of the slab device

In practice, the metamaterial slab [Fig. 6(a)] consists of
100 layers of epoxy glass with omega patterns printed on one

0 ® Experiment (b) T
e Simulation
-10 <
o
S
o' 20} -
-30 .
-40 1 . N 1
8 10 12 14 16 18
Frequency(GHz)

FIG. 6. (Color online) Transmission measurement of the slab. (a) Photo-
graph of slab sample fabricated for transmission measurements. (b) Trans-
mission characteristics of the metamaterial slab.

J. Appl. Phys. 103, 084312 (2008)

side by the standard print circuit board (PCB) technology.
Each layer consists of 10 unit cells along the z-direction and
18 unit cells along x with the same periodicity of 3.9 mm.
Two horizontal strips were printed at the top and bottom
edges of each layer to further increase the electrical length of
the omega arms in order to avoid the influence of the wire
finite length.27

For the transmission experiment, the metamaterial slab
was put between two aluminum plates with microwave ab-
sorbers on the side walls. This parallel plate waveguiding
setup is similar to the one described in Ref. 28. The spacing
between the aluminum plates fits the horn apertures equal to
7.5 cm. Two pairs of horns were used to initiate a Gaussian-
shaped electromagnetic excitation at the input and to probe
the transmitted signal at the output for the X band and K,
bands, respectively. We recall that the incident wave was set
to propagate along the z-direction with the electric field
along the x-direction and the magnetic field along y. The
transmission spectrum was measured by an HP 85107A vec-
tor network analyzer.

Figure 6(b) compares the experimental and simulation
transmission results. It can be seen that the slab exhibits a
broad passband from 8.3—16.0 GHz, with a good agreement
with the simulated transmission window. Despite the ripple
resulting from the truncation of the structure, no band gap
can be evidenced in the passband, which is consistent with
the analysis of the dispersion curve of Fig. 2.

B. Angle-resolved measurement of the prismlike
device

For the refraction experiment, we have to ensure that a
prismlike structure can be used for the experimental determi-
nation of the refractive index n along the propagation direc-
tion. In fact, despite the fact that we fabricated a volumetric
prototype, the structure properties are anisotropic so that the
effective parameters are now described by tensors. This also
explains why the previous slab cannot be used in a double-
refraction experiment as carried out for isotropic metamate-
rial.

The model of the prism sample is depicted in Fig. 7. The
incident beam impinges onto the sample at normal incidence
with a Gaussian intensity profile tailored by side absorbers.
For this condition of excitation, the electromagnetic wave
undergoes refraction at the second tilted interface. Let us
note that the prism model, which exhibits a stairlike pattern
with a four-unit cell (eight omega patterns) step along the
y-direction and a one-unit-cell along z, can be considered as
a wedge of 30.5°. Seven stairs along the y-direction were
found to be a good tradeoff between computer resources,
accuracy, and reasonable calculation time. The prism was
positioned between two perfect electric conductors (PEC),
which sandwiched a unit cell in the x direction so that the
structure can be considered infinite along this direction.

Figures 8(a)-8(c) shows the maps of the electric field
magnitude at various operating frequencies calculated at the
midplane between the top and bottom perfect electric con-
ductors. The black arrow and the dash-dot line indicate the
direction of the refracted beam and the normal to the second
tilted interface, respectively. For a frequency of 10.0 GHz
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FIG. 7. (Color online) Prism model used in simulation. (a) 3D view of prism
sample model. (b) Magnified view of one prism model stair, which consists
of four cells along the y direction and one cell along the x direction. (c) Top
view of prism model and applied boundaries.

[Fig. 8(a)], it can be seen that the angle of the refracted beam
is in the negative direction with respect to the normal as
expected for a LH dispersion branch. At 12.8 GHz [Fig.
8(b)], the refracted beam direction is quasiparallel to the nor-
mal, indicating that the refraction index is extremely close to
zero. The magnitudes of the refracted beams at 12.8 and 10.0
GHz are comparable, thus in magnitude in agreement with
the frequency dependence of the transmission of a slab
shown in Fig. 5. Finally, at 15 GHz [Fig. 8(c)] the peak of
the refracted beam is directed along a positive angle with
respect to the normal and is consistent with the RH branch.

The prism refraction experiment was then carried out in
a manner similar to the method reported in Ref. 2. The prism
prototype, composed of 11 stairs instead of 7 for the simula-
tion sample, is shown in Fig. 9(a). The number of unit cells
along the propagation direction at the first stair and the last
stair was increased to 5 and 15 cells, respectively. Figure
9(b) shows the normalized intensity of the refracted beam as
a function of angular position of the probing horn antenna
for three characteristic frequencies corresponding to a nega-
tive, zero, and positive index. By taking the central angle at
the full width at half-maximum, the refraction beam peak
was found to occur at —38.0°, 0.5°, and 13.0°, at 11.1, 13.6,
and 15.0 GHz, respectively. Moreover, half the beamwidth of
the refracted beam is only 15.9° at 13.5 GHz, which is
smaller than that of 18.2° at 15.0 GHz and 29.2° at 11.1
GHz, consistent with the unique characteristics of a zero-
index metamaterial.”

The frequency dependence of the refractive index, com-
puted from the Snell-Descartes’ law, is plotted in Fig. 10(a).
We see that the increase in the refractive index with fre-

J. Appl. Phys. 103, 084312 (2008)

FIG. 8. (Color online) Electric field magnitude of refracted beam at different
frequencies, (a) 10.0 GHz; (b) 12.8 GHz; (c¢) 15.0 GHz.

quency is continuous throughout the negative index to the
positive index region. Thus, the experimental result demon-
strates that the proposed structure indeed exhibits a balanced
property with a negative-zero-positive behavior. The slight
shift of the transition frequency between the experimental
and numerical retrieved results is mainly due to the lower
substrate permittivity in the simulation. However, it is noted
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FIG. 9. (Color online) Experimental results of refraction measurement. (a)
Photograph of the prismlike prototype. (b) Intensity of the refracted beam as
a function of the probing horn angular position.

that the balanced condition is sustained because it does not
depend on the substrate permittivity as shown in Fig. 5. Fur-
thermore, the group velocity v, of this metamaterial can also
be obtained from the phase index Re(n) as follows: ¢3¢
c
v, = (12)

§ JdRe(n)
Re(n) + w#
Jw

As shown in Fig. 10(b), the group velocity continuously de-
creases as the frequency is increased, indicating that the pro-
posed structure is highly dispersive. For the transition fre-
quency of 13.6 GHz, the group velocity is 4.8 X 107 m s7!,
which clearly shows that energy can be transmitted through
the device and offers the possibility to make use of the de-

sired frequency point of zero refractive index.

IV. CONCLUSION

In summary, we have proposed a balanced composite
LH/RH metamaterial based on omega-type structures. We
experimentally and numerically demonstrated that this struc-
ture exhibits a broad transmission window from 8.3 to 16.0
GHz with a seamless transition frequency of 13.6 GHz from

J. Appl. Phys. 103, 084312 (2008)
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FIG. 10. (Color online) (a) Refractive index as a function of frequency. (b)
Frequency dependence of the group velocity.

the LH to the RH dispersion branch. The balanced condition
was demonstrated theoretically on the basis of the calcula-
tion of the dispersion characteristics and subsequent retrieval
of the effective parameters. This was confirmed experimen-
tally by means of frequency and angle-resolved transmission
experiments carried out for a slab and prism prototype. The
refractive index as well as the group velocity exhibits a con-
tinuous frequency dependence, notably at k=0 with a nonva-
nishing group velocity. The insensitivity of the balanced fre-
quency to the tuning of the substrate permittivity makes the
proposed architecture an interesting platform for steerable
antennas at microwave frequencies.
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