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1 Introduction

Metamaterials are artificial electromagnetic/light wave-guiding structures that
are composed of elements, referred to as unit cells, much smaller than a
wavelength of an incident wave [1, 2, 3]. The macroscopic behavior of ar-
tificial multiple electric and magnetic dipoles in the composite structures,
which are controlled by designing shapes and alignments of the unit cells
and are excited in response to the incident waves, governs the constitution
relation of the “effective” medium, in analogy to electric and magnetic po-
larizations of molecules/atoms in nature. The metamaterials can bring fas-
cinating electromagnetic phenomena and technologies, such as negative re-
fraction [4, 5], superlenses with subwavelength resolution [6], cloaking tech-
niques that make objects invisible [7, 8], transformation optics, state-of-the-
art microwave/millimeter-wave circuits and antennas [1, 2, 3], and so forth.
Negative-refractive-index metamaterials or left-handed metamaterials have
negative effective permittivity and negative permeability simultaneously, and
support backward wave propagation with wavenumber vectors anti-parallel
to the transmitted power direction [4, 5]. Most of the unit cells designed
to achieve negative permeability in the early work contained resonant cir-
cuits with Lorentz-type dispersion, such as split ring resonator (SRR) [9].
The resonant-type metamaterials are readily extended to the 2-D and 3-D
structures without direct connections between individual elements. But they
suffer from the conductor loss near the resonant frequencies. Transmission-
line-type metamaterials without Lorentz-type dispersion in both permittivity
and permeability were proposed and developed due to the relatively low loss
and easy applications to microwave circuits [1, 2, 3]. But the extension of
such transmission-line-based structures into 3-D left-handed metamaterials
would have the difficulties in fabrication of the LC networks with considerably
complex configuration [10, 11, 12].

For the purpose of conductor loss reduction and simplification of configu-
rations for fabrication, left-handed metamaterials using nonmetallic dielectric
resonators were proposed in various configurations [13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. The most
typical one is a two-dielectric-resonator scheme [15, 16, 17, 18, 19, 20] with
two different electric and magnetic dipole moment-like resonances. Since
the operational bandwidth is very narrow due to high quality factors of the
resonators, this scheme is very dispersive and would have the difficulty in
achieving double negative condition for fabrication. The second type is a one-
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dielectric-resonator scheme using their mutual coupling [21, 22, 23, 24, 25].
This scheme has a relatively wide bandwidth due to low-Q of resonators to
maintain the mutual coupling, but the lattice type of resonators is important
and determines the left-handedness. With a low dielectric-constant material
in the dielectric resonators, the resonator’s size becomes comparable to the
half wavelength, and the mechanisms of the left-handed transmission would
be analogous to negative refraction in photonic crystals [37, 38, 39, 40]. The
above-mentioned two different schemes are composed of all-dielectric meta-
materials. However, both schemes show a positive-refractive-index at off-
resonant frequencies, and this condition allows propagation of right-handed
modes at low frequencies.

In recent years, another configuration of one-dielectric-resonator scheme
has been proposed by using a hybrid combination with a metal-based e-
negative host medium. In optical region, plasmonic materials with plasma
frequency higher than the operational frequency can be regarded as e-negative
media [18, 26, 27, 28], and so can be TE cut-off waveguide structures in the
microwave/millimeter waves as well as in the terahertz region [29, 30, 31,
32, 33, 34, 35, 36]. In this scheme, negative permeability is achieved by
magnetic dipole moment-like resonance of dielectric resonators, and negative
permittivity is obtained by non-resonant metal-based structures. The most
outstanding advantage of this hybrid scheme is to be able to avoid unde-
sired mode excitation in the host medium below the plasma (or TE cut-off)
frequency, and only p-negative mechanism due to the magnetic dipoles can
excite a dominant left-handed mode. Some other configurations with plas-
monic particles do not utilize such cut-off characteristics [28].

In recent work on transformation optics, spatial mapping of effective per-
mittivity has been made by distributing non-resonant dielectric elements into
a host medium for realization of cloaking with almost dispersionless charac-
teristics [41, 42, 43]. It is noted that such a manner of manipulation of dielec-
tric constant is conventional in optics, except for the mathematical concept
of the transformation. Some other composite structures for cloaking were
designed by distributing resonant-type dielectrics into the host medium in
order to manipulate effective permeability [44, 45]. The latter approach is
very dispersive but is considered more intrinsic to metamaterials, in the same
manner as SRR [46].

In this paper, dielectric-resonator-based metamaterials are reviewed. They
are classified mainly into three schemes, and the transmission mechanisms
are explained by using equivalent circuit models. In addition, recent progress
on one-dielectric-resonator scheme in hybrid combination with metal-based
e-negative host medium and their applications will be shown.

2 Magnetic dipole moment-like resonance in dielectric res-
onators and p-negative metamaterials

In this section, we consider a composite structure that is composed of a
3-D array of identical dielectric spheres with high dielectric constant. In the
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configuration, each dielectric sphere behaves like a magnetic dipole moment
under the resonance in a specific frequency region, in the same manner as
SRR, and macroscopic behavior of the multiple dipoles can significantly af-
fect the effective permeability. In another frequency region, electric dipole
moment-like resonance occurs in the sphere and affects the effective permit-
tivity. When a plane wave is externally incident to the composite structure
at the frequency near the resonances, the wave excites and is strongly cou-
pled to the resonant modes. When the mutual coupling between neighboring
resonators is weak, the effective permittivity and permeability are approxi-
mately formulated by Lewin [13, 14, 15, 16, 17, 18, 19, 20, 26, 27, 47| as,

- . vy
sett =86 Y Q) T 26 /(F(8) —bo) —vf |

3v
flegy = 16 ll 0 ) F ) ) vf] '
be = €Ba/eDR,bm = pBG /DR, F(0)
= 2(sin® — B cosh)/[(6* — 1)sin @ + 6 cos b], (1)

0 = koa\/epritDR/2

where a and v represent the radius and volume fraction of dielectric spheres
in the structure, respectively. The subscripts of variables in (1), DR and BG,
denote the physical quantities in the dielectric resonator and host medium,
respectively. Effective permittivity and permeability evaluated from (1) are
plotted for the lossless cases in Fig. 1. In Fig. 1 (a), the effective permeability
shows Lorentz-type dispersion around the fundamental TE resonance with
the normalized frequency a/\ of 0.09 — 0.10. In the frequency region near
and above the resonance, effective permeability takes negative values, and
the bandwidth of negative region is increased with density of the resonators.
The permittivity in Fig. 1(b) does not show such singularities at the same
frequency. Thus, the composite structure with the array of identical dielectric
spheres can be a single p-negative metamateial. The second higher-order
resonant mode of dielectric sphere is a fundamental TM mode and shows
an electric dipole moment-like resonance. From Fig. 1(b), the resonance is
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Fig. 1. Effective permeability and permittivity as a func-
tion of frequency and the density. (a) Effective
permeability. (b) Effective permittivity.
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found at a/A of 0.14 and e-negative characteristics are observed on the upper
side of the resonant frequency.

The transmission characteristics in the array of spheres are expressed with
the help of equivalent circuit models, as shown in Figs. 2 and 3. When the
magnetic dipole moment-like resonance is excited by the magnetic field of the
propagating wave, the wave propagation is expressed by the mutual magnetic
coupling between a LC loop and a series inductance in the transmission-line
ladder network, as shown in Fig. 2 (b). The effective series inductance L.y s
and shunt capacitance Ceyr, in the network, which correspond to effective
permeability and permittivity, are given in terms of circuit parameters by

Lurs = Lol — K)o oy o2 !
= — 5 5 = ’w :—,
eff 0 m/ 2 —sz eff 0; %Wrn Loy Crus
2 L
2= M 2 e = e (2)

M T TR, ToLoar
The frequency dependence of effective series inductance in (2) is illustrated
in Fig. 2 (c), and represents the Lorentz-type dispersion, which corresponds
to Fig. 1(a). The frequency region between w,j; and wsys in (2) shows
negative permeability. For the electric dipole moment-like resonance, the
transmission is expressed by an electrical coupling of another LC loop to
the shunt capacitance, as shown in Fig. 3(b). In this case, the effective
permittivity has Lorentz-type dispersion, and takes negative values above
the resonant frequency, as shown in Fig. 3 (c).

sl i) ) -

(8)

C c Magnetici Eipole L 7
moment like <
Loy ™ LrM "™ | resonance Mey<0
L, - /

Lyy<0

L
Ly 1 :
C oo >
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(b) ©

Fig. 2. Magnetic dipole moment-like fundamental TE res-
onant mode of dielectric spheres. (b) Equivalent
circuit model. (c) Effective series inductance.
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Fig. 3. Electric dipole moment-like fundamental TM res-
onant mode of dielectric spheres. (b) Equivalent
circuit model. (c) Effective shunt capacitance.
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In the following discussion, we will focus on the magnetic dipole moment-
like resonance of dielectrics, specifically the cylindrical type. The selection of
shape of dielectric resonators, e.g. spheres, cylinders, rods, cubes, or others is
not important to achieve the dipole-like resonances, but restricts polarization
directions and frequency dependences [47, 48, 49, 50, 51, 52, 53, 54].

3 Classification of dielectric-resonator-based metamaterials

In this section, we will classify dielectric-resonator-based left-handed meta-
materials, from a propagation mechanism point of view. One of the most typ-
ical configurations is a two-dielectric-resonator scheme [15, 16, 17, 18, 19, 20],
in which there are two different types of resonators; the one is under the
magnetic dipole moment-like resonance in order to control the effective per-
meability, and the other is under the electric dipole moment-like resonance
so as to steer the effective permittivity, as illustrated in Fig. 4. Therefore,
the double negative condition is realized by appropriately adjusting the res-
onant frequencies and densities of these resonators. The transmission in the
scheme is expressed by a circuit model with a combination of Figs. 2 (b) and
3 (b), that is, a LC loop for magnetic dipoles is magnetically coupled to the
series inductive element in the ladder network, whereas another LC loop for
electric dipoles is electrically coupled to the shunt capacitive elements.

Fig. 4. Two-dielectric-resonator scheme for double-
negative metamaterials.

The second typical configuration is a one-dielectric-resonator scheme us-
ing magnetic dipole-like resonance and their mutual coupling [21, 22, 23, 24,
25]. The left-handed transmission characteristics are explained by a circuit
model with a chain of magnetically coupled LC loops, as shown in Fig. 5.
The converted equivalent circuit provides a series resonant circuit in series
branch and a shunt inductive element, resulting in double negative condition.

5%“%“@%

Mutual coupllng _____

Left-handed transmission line

Fig. 5. One-dielectric-resonator scheme using mutual
magnetic coupling for double-negative metamate-
rials.
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The 2-D structures based on the scheme are readily constructed, such as with
dielectric rods.

Another configuration of one-dielectric-resonator scheme is a hybrid com-
bination with magnetic dipole moment-like resonators embedded in the metal-
based e-negative host medium, as shown in Fig. 6. Such an e-negative host
medium is realized by the use of plasmonic materials in optical region, as
shown in Fig. 6 (a) [18, 26, 27, 28]. In the microwave, millimeter-wave and
up to terahertz frequency region, TE cut-off metallic waveguides [55] pro-
vide negative effective permittivity below the cut-off frequency [29, 30, 31,
32, 33, 34, 35, 36], in which polarization of the incident wave is parallel to
the two metallic plates with the distance smaller than the half wavelength,
as illustrated in Fig. 6 (b). The circuit model for the unit cell is shown in
Fig. 6 (c). The TE cut-off waveguide is described by the ladder network with
a series inductance and shunt parallel resonant circuit. The shunt parallel
resonant frequency corresponds to the cut-off frequency, and indicates zero
effective permittivity. The interaction of the TE-cut-off waveguide with mag-
netic dipoles results in Lorentz-type dispersion in effective permeability. The
permittivity does not show such singularities. When the series resonant fre-
quency in series branch is the same as the shunt parallel resonant frequency
in the scheme, a band gap between left and right handed modes disappears,
referred to as balanced composite right/left handed (CRLH) metamaterials.
Indeed, the configurations including metals in part may enhance conductor
loss. However, the loss will not be so significant unless the conductors are
employed in Lorentz-type resonators. It should be emphasized that in this
scheme double negative condition is realized independently of Q factors of

Magnetic dipole moment like mode
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Fig. 6. One-dielectric-resonator scheme in combination
with e-negative structures. (a) Dielectric res-

onators embedded in plasma medium. (b) Dielec-
tric resonators inserted in TE-cut-off waveguides.
(c) Equivalent circuit model. (d) 2-DCRLH struc-
ture.
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resonators, except for lossy materials, and is easily extended to 2-D struc-
tures, as shown in Fig. 6 (d).

4 One dielectric-resonator scheme in hybrid combination with
metal-based s-negative host medium and its applications

In this section, we will review recent progress on CRLH metamaterials based
on one-dielectric-resonator scheme with magnetic dipoles embedded in TE
cut-off waveguide structures in the microwave region. The 1-D, 2-D and 3-D
CRLH metamaterial structures and their applications will be shown.

4.1 One-dimensional CRLH structures and leaky wave antenna
application
As mentioned in the previous section, balanced CRLH transmission lines can
be designed in the present scheme and implemented in the same manner
as conventional printed circuit-type. One example of the applications is to
frequency-scanned backfire-to-endfire leaky wave antennas [32]. Fundamental
TEg1s resonant mode in dielectric disc with the magnetic dipole moment-like
field profiles is employed to achieve negative permeability. The geometry of
the designed leaky wave antenna operating with 30 cells at X band is shown in
Fig. 7. The beam angle is taken from the broadside to the forward direction,
and the simulated radiation angles at 11.0 GHz, 11.5 GHz, and 12.0 GHz are
—46 deg., 4deg., and 52 deg., respectively. The corresponding antenna gains
are 9.6dBi, 10.5dBi, and 11.2dBi, respectively. This leaky wave antenna
provides continuous backfire-to-endfire radiation, and that the beam steering
angle of 100 degrees has been achieved with steady gain of about 10dBi.

TE; mode input
Connected to WR-90

ight-handed
feeding waveguide

30-cell CRHL section

ight-handed feeding waveguide
Connected to WR-90

Fig. 7. Geometry of the 1-D CRLH leaky wave antenna
(After [32] (© 2008 IEEE).
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Fig. 8. Beam scanning characteristics. (After [32] © 2008
IEEE).
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Measured radiation patterns shown in Fig. 8 verify the numerical simulation
results.

4.2 Two-dimensional CRLH structures and zeroth-order res-
onator antennas
The concept of dielectric-resonator-based CRLH transmission lines is ex-
tended into 2-D structures [29, 31], and can be applied to zeroth order
resonators [56]. It is well-known that resonant frequencies of zeroth order
resonators do not depend on the whole size of the resonators but on the unit
cell. In addition, they provide uniform field distribution in the phase and
magnitude along the structure [57]. To date, zeroth order resonance was
investigated for miniaturization of antennas [58], gain enhancement of the
antennas, and microwave power dividers. In Fig. 9, a 2-D large-scale zeroth-
order resonator antenna using dielectric-resonator-based CRLH metamateri-

circular aperture
conductor

Fig. 9. Geometry of the 2-D zeroth order resonator (After
[56] © 2008 IEEE).
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als is illustrated [56]. It is composed of a 2-D array of disc-type dielectric
resonators inserted in the parallel-plate waveguide with open windows on the
top wall as an aperture to the air. The side walls are covered with conductor.
The conducting side walls correspond to short ended terminals of zeroth-order
resonators. In this case, series resonance in series branch is dominant and the
fields are well-confined in dielectric resonators, as predicted from Fig. 6 (c).
The balanced CRLH metamaterial was designed and employed in the res-
onator antenna. In Fig. 10, the measured radiation patterns for 9 x 9cells
are shown along with the numerical results. The measured patterns in both
E- and H-planes are in good agreement with the simulation results. In ad-
dition, open-ended zeroth-order resonator antenna is also demonstrated for
the 1-D structure [59]. Parallel resonance in the shunt branch is dominant
for open-ended case, and current flow on mesh plates near apertures is sig-
nificant. It is confirmed that the gain for open-ended cases is much enhanced
compared to the short ended cases.

4.3 Volumetric 2-D and 3-D CRLH structures
In this section, multilayered volumetric 2-D and 3-D CRLH metamaterial
structures are reviewed. Geometry of the multilayered volumetric 2-D CRLH
metamaterial structure is shown in Fig. 11 [33, 34]. It is composed of a con-
ducting mesh plate and a dielectric layer including dielectric resonators. The
volumetric CRLH metamaterials support almost isotropic 2-D CRLH trans-
mission near I" point in the dispersion diagram for the in-plane propagation.
In the configuration, the aperture size in conductive mesh plates is optimally
selected so that both balanced CRLH transmission and impedance matching
to free space are achieved. However, this volumetric structure did not support
CRLH transmission in the normal direction. The present stacked structure
has essentially uniaxial anisotropic characteristics, as found from Fig. 11. In
order to achieve less anisotropic 3-D CRLH transmission characteristics for
the multilayered structures, we attempt to make the anisotropy as small as
possible for propagation directions parallel and normal to the mesh plates
at the expense of impedance matching to free space [35]. It is noted that
polarizations of the electric fields are limited to be in mesh plates.

For wave propagation normal to the stacked layers, HE;1s resonant mode
of dielectric disc is employed to obtain positive and negative effective perme-

Conductive mesh plate

(2)

Fig. 11. Geometry of the 3-D multilayered CRLH metama-
terial structures. (a) Perspective view. (b) Unit
cell. (After [35] (© 2010 IEEE)
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ability. In order for TEy;s and HE;15 resonant modes of dielectric disc to be
degenerate at the same operational frequency, the height and the diameter
of the disc are set to be about the same. When designing the effective per-
mittivity of the structure, the unit cell can be separated into two sections; a
dielectric layer section including dielectric resonators, and conducting mesh
plate sections. The effective permittivity of the former section is always pos-
itive, whereas the aperture hole below the cut off region has negative permit-
tivity. Therefore, the effective permittivity of the whole structure can provide
positive and negative permittivity. By adjusting configuration parameters in
order for both frequencies at zero permittivity and zero permeability to coin-
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cide with each other, balanced CRLH structures for the propagation normal
to the stacked layers can be designed.

In Fig, 12, dispersion diagrams and the wave impedances of the designed
3-D CRLH metamaterial structure are shown. It is found from Fig. 12 that
balanced CRLH structure is designed not only in the parallel propagation
directions, but also in the normal direction, and almost isotropic characteris-
tics are achieved around I' point in the dispersion characteristics. However,
the structure is still significantly anisotropic from a wave impedance point
of view. It is found from our recent research achievement [36] that almost
isotropic characteristics not only in the dispersion diagram but also in the
wave impedance are achieved by using higher dielectric constant material and
making the unit cells much smaller. Negative-refractive-index flat focusing
lens is demonstrated by using the 3-D multilayered CRLH metamaterials.
The prototype lens, measurement system, and measured field patterns are
shown in Fig. 13. The magnetic field patterns were measured with a small
loop antenna, and the beam focusing was verified through the flat lens from
the field patterns.

5 Conclusion

In this paper, dielectric-resonator-based metamaterials were reviewed, and
were classified mainly into three schemes with explanations of their transmis-
sion mechanisms. In addition, recent progress on 1-D, 2-D, and 3-D CRLH
structures based on one-dielectric-resonator scheme in hybrid combination
with metal-based e-negative host medium were shown along with their ap-
plications.

Acknowledgments

This work was supported in part by KAKENHI (22109002), from The Min-
istry of Education, Culture, Sports, Science and Technology, Japan.

Tetsuya Ueda

received the B.E., M.E., and Ph.D. degrees in communication engineer-
ing from Osaka University, Osaka, Japan, in 1992, 1994, and 1997, re-
spectively. Since 1997, he has been with the Department of Electronics,
Kyoto Institute of Technology, Kyoto, Japan, where he is currently an
assistant professor. From 2005 to 2006, he was a Visiting Scholar with
the Department of Electrical Engineering, University of California at
Los Angeles. His current research interests include metamaterials and
their applications. Dr. Ueda is a senior member of the IEEE. He was
the recipient of the 1999 IEICE Young Engineer Award and the 2008
IEEE Microwave Theory and Techniques Society (MTT-S) Japan Chap-
ter Young Engineer Award.

79



IEICE Electronics Express, Vol.9, No.2, 65-80

Tatsuo Itoh

received the Ph.D. Degree in Electrical Engineering from the Univer-
sity of Illinois, Urbana in 1969. After working for University of Illinois,
SRI and University of Kentucky, he joined the faculty at The University
of Texas at Austin in 1978, where he became a Professor of Electrical
Engineering in 1981. In September 1983, he was selected to hold the
Hayden Head Centennial Professorship of Engineering at The University
of Texas. In January 1991, he joined the University of California, Los
Angeles as Professor of Electrical Engineering and holder of the TRW
Endowed Chair in Microwave and Millimeter Wave Electronics (currently
Northrop Grumman Endowed Chair). He received a number of awards
including IEEE Third Millennium Medal in 2000, and IEEE MTT Dis-
tinguished Educator Award in 2000. He was elected to a member of
National Academy of Engineering in 2003. In 2011, he received Mi-
crowave Career Award from IEEE MTT Society. Dr. Itoh is a Fellow
of the IEEE, a member of the Institute of Electronics and Communi-
cation Engineers of Japan, and Commissions B and D of USNC/URSI.
He served as the Editor of IEEE Transactions on Microwave Theory and
Techniques for 1983-1985. He was President of the Microwave Theory
and Techniques Society in 1990. He was the Editor-in-Chief of IEEE
Microwave and Guided Wave Letters from 1991 through 1994. He was
elected as an Honorary Life Member of MTT Society in 1994. He was
the Chairman of Commission D of International URSI for 1993-1996, the
Chairman of Commission D of International URSI for 1993-1996. He
serves on advisory boards and committees of a number of organizations.
He served as Distinguished Microwave Lecturer on Microwave Applica-
tions of Metamaterial Structures of IEEE MTT-S for 2004 — 2006. He has
400 journal publications, 820 refereed conference presentations and has
written 48 books/book chapters in the area of microwaves, millimeter-
waves, antennas and numerical electromagnetics. He generated 73 Ph.D.
students.

80



