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Metamaterial-Based Antennas: Research and Developments

SUMMARY A brief review of metamaterials and their applications to
antenna systems is given. Artificial magnetic conductors and electrically
small radiating and scattering systems are emphasized. Single negative,
double negative, and zero-index metamaterial systems are discussed as a
means to manipulate their size, efficiency, bandwidth, and directivity char-
acteristics.
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1. Introduction

Maxwell’s equations allow for a wide variety of interesting
physical phenomena. Many of these occur because of in-
teresting material properties. For instance, a change in the
index of refraction from one region of space to another is re-
sponsible for phenomena such as refraction and total inter-
nal reflection. Periodic media changes allow or prevent the
propagation of certain wave vectors and frequencies. Wave
interactions can stimulate energy exchanges with active me-
dia. Basic phenomena such as these are responsible for de-
vices such as lenses, dielectric guides, filters, and ampli-
fiers. These devices are used, for example, in electromag-
netic wave systems from UHF to microwave to millimeter
wave to terahertz wave to optical frequencies.
Unfortunately, the possible variations in the permit-
tivities and permeabilities of materials available in nature,
e.g., their magnitudes, losses, frequency dependencies, and
signs, are limited. Even traditional composite materials
formed from combinations of naturally occurring substances
have limited responses. More often than not, one must build
a device or system based upon such a restricted set of mate-
rial choices. If there was a means of designing and building
materials with permittivity and permeability values that can
be tailored to a specific application, the potential benefit to
electromagnetic systems would be enormous.
Metamaterials (MTMs) are artificial media character-
ized by constitutive parameters generally not found in nature
whose values can be engineered to specified values. To date
they have been realized mainly as composite artificial media
formed by periodic arrays of dielectric or metallic inclusions
in a host substrate. The “meta” refers to the resulting ef-
fective properties whose electromagnetic responses are “‘be-
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yond” those of their constituent materials. It has been dis-
cussed how metamaterials can have counterintuitive prop-
erties in their interactions with electromagnetic waves, e.g.,
[1]-[3]. They have been considered for use in a wide vari-
ety of guiding and radiating structures [1]-[3]. Here a brief
review of some of the attractive properties of metamaterials
and their potential applications to antenna systems, which
have been discussed recently in the technical literature, is
given. Particular emphasis will be given to electrically small
metamaterial-based resonant radiating systems that arise by
designed pairings of conventional materials with metamate-
rials and that can be used to overcome conventional physical
limitations.

Materials may be categorized by their constitutive pa-
rameters € and y according to the diagram shown in Fig. 1.
If both the permittivity and permeability have positive real
parts as in the first quadrant of Fig. 1, as most of the materi-
als in nature do, they will be called “double positive (DPS)”
media. In contrast, if both of these quantities are nega-
tive, as in the third quadrant of Fig. 1, they will be called
“double-negative (DNG).” The materials with one negative
parameter, quadrants two and four, will be called “single-
negative (SNG).” If the permittivity is negative, as in the sec-
ond quadrant, these SNG materials will be called “epsilon-
negative (ENG).” The ionospheric plasma layer exhibits this
behavior at AM radio frequencies while natural plasmonic
materials (noble metals and some dielectrics) do at optical
frequencies. If the permeability is negative, as in the fourth
quadrant, they will be called “mu-negative (MNG).” Fer-
romagnetic materials exhibit this behavior in the VHF and
UHF regimes. If both £ and u are zero or very close to zero,

u
-
DPS Material
(6<0, u>0) (6> 0, 4> 0)
Plasmas Dielectrics
@ > £
DNG Material
(<0, u<0) (>0, u<0)
Not found in nature Gyn:otroplc -
magnetic materials

@ Zero-index

Fig.1 Classification of metamaterials by the real parts of their constitu-
tive parameters, i.e., their permittivity and permeability.
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the materials will be called “zero index.” This nomenclature
will be used throughout this review. We note that the realiza-
tion of SNG materials may be relatively easier than that of
DNG materials. Therefore, many recent efforts have been
aimed at exploring if SNG media can be used to achieve
some of the applications originally proposed for DNG me-
dia.

To achieve negative values of the constitutive param-
eters € and y, metamaterials must be dispersive, i.e., their
permittivity and permeability must be frequency dependent,
otherwise they would not be causal [4]. As will be discussed
below, this dispersive behavior constrains the performance
of metamaterial-based antenna systems. To maintain inde-
pendently the positive definiteness of the electric and mag-
netic field energies in a passive medium, this frequency de-
pendent behavior should satisfy [5]

O(we) wp)
>20,—/—— >0. 1
ow ow M
The two-time derivative Lorentz material (2TDLM) model

encompasses the metamaterial models most commonly dis-
cussed; it has the frequency domain susceptibility [6]

B wiX(y + jwpxpw —)(ywz
W}, + jol — w?

2

There would be independent models for the permittivity and
permeability: e(w) = wo(l+yx.) and pu(w) = wo(1 +x,,). This
2TDLM model produces a resonant response at w = woo
whenI' = 0. It recovers the Drude model when this resonant
frequency goes to zero, wop , and the constants y, = 1, 3 =
Xy = 050 that, for instance, £(w) = &[1 — w?/w(w — jD)].
The real part of this permittivity is clearly negative for all

w< 4 /w% + I'2. The Drude model is obtained with the bed-

of-nails medium [7]-[9]. In contrast to any resonant behav-
ior, it produces a broad bandwidth response. The standard
Lorentz model is obtained immediately with yz = x, = 0.
The magnetic split ring resonator (SRR) response [10], [11]
is recovered with xom = xgm = 0, ¥y = —F. Note that
it must be understood that whatever material model is used
to describe the electromagnetic response of any inclusion-
based metamaterial, the model is in reality localized to a
particular set of frequencies, i.e., to obtain an effective mate-
rial model, the intrinsic length of the inclusions should be on
the order of or smaller than 1/10, a condition which would
be violated as the frequency becomes high enough.

2. Surface and Volumetric AMCs

One significant area of metamaterials research has been
the development of artificial magnetic conductors (AMCs)
for wireless applications. These AMCs have been realized
mainly as high impedance surfaces that produce an in-phase
reflection coefficient. One of the best known is the Sieven-
piper mushroom or thumbtack high-impedance surface [12],
which consists of an array of metal patches on a flat dielec-
tric slab, the patches being arranged in a two-dimensional

IEICE TRANS. ELECTRON., VOL.E89-C, NO.9 SEPTEMBER 2006

lattice with each being connected to a ground plane by
metal-plated vias to form a continuous conductive metal tex-
ture. With the period being much smaller than a wavelength,
this surface can be analyzed as an effective medium with its
impedance represented by effective lumped-element circuit
parameters [13]. An incident electric field across the gaps
of the patches produces a capacitance C; the currents that
flow between neighboring patches through the vias and the
ground plane produce an inductance L. The effective L and
C form a parallel resonant circuit that dictates the electro-
magnetic behavior of the material. In particular, its surface
impedance is given by the expression Z; = jwL/(1 - w?LC).
The high impedance properties are thus obtained in a certain
band of frequencies in the neighborhood of the resonant fre-
quency wo = 1/ VLC.

By combining multiple elements, this resonant fre-
quency can be lowered significantly [14]. These mushroom
surfaces have been considered for a number of antenna sys-
tems. Combining active elements, for instance, with the
patches, one can obtain a tunable impedance surface for
beam steering [15]. By placing a horizontal dipole antenna
above an AMC, it will have an image current with the same
phase as the current on the dipole, resulting in enhanced ra-
diation performance from a very low profile configuration
[16]. Moreover, the vias produce a structure that prevents
the propagation of surface waves along the ground plane, a
useful property for arrays of antennas [17], [18].

These in-phase reflection and surface wave suppression
properties can be obtained with other types of engineered
electromagnetic surface textures, e.g., as with frequency se-
lective surfaces (FSSs), the AMC properties can be achieved
with designed resonant inclusions on a nonconducting host
substrate layer in parallel with a conducting ground plane
[19], [20]. These textured surfaces also provide a way to de-
sign new boundary conditions for building electromagnetic
structures, such as for varying the radiation patterns of small
antennas [21]. Moreover, the texturing can be made ex-
treme, for example with space filling curves, to achieve elec-
trically small antenna systems at the cost of some bandwidth
[22]-[24]. Bandwidth properties can be enhanced with frac-
tal designs [25].

All of these surface-based AMCs include a PEC
ground plane and thus guarantee, at least, high reflectiv-
ity. In contrast, in [26] a volumetric AMC was realized
with only the capacitivelyloaded loop (CLL) based MNG
material shown in Fig. 2(a), i.e., there was no ground plane
and the CLL element is a simplified form of the SRR. This
aspect demonstrates that the response of the MNG mate-
rial can be made large enough by itself to realize the req-
uisite in-phase reflectivity. Moreover, the associated surface
modes are dramatically different from those associated with
the ground plane-based AMCs. The predicted radiation pat-
terns for a dipole antenna near the CLL-based AMC block
are compared to those of a dipole radiating in free space in
Figs. 2(b) and 2(c). Current investigations into this volumet-
ric AMC include the integration of a printed dipole into the
block structure, achieving high directivity, and optimizing
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Fig.2 A CLL-based AMC block will act as an in-phase reflector for a
low-profile dipole antenna near it: (a) geometry, (b) E-plane and (c) H-
plane patterns compared to the dipole radiating in free space.

the front-to-back ratios.
3. MTM-Based Electrically Small Antennas

The use of metamaterial coatings to enhance the radiation
and matching properties of electrically small electric and
magnetic dipole antennas has been championed in [27]-
[31]. The unconventional properties exhibited by meta-
mateials, such as the resonances in electrically-small cav-
ities, scatterers, and radiators, occur when they are paired
with materials having at least one oppositely-signed consti-
tutive parameter. In such electrically small electromagnetic
systems, these “complementary” interfaces allow a squeez-
ing of the resonant dimensions, the effect being dependent
on specific filling ratios between the SNG and DNG meta-
materials and the DPS materials rather than on the total elec-
trical size of the system.

An electrically small dipole antenna is known to be a
very inefficient radiator, i.e., because it has a very small ra-
diation resistance while simultaneously having a very large
capacitance reactance, a large impedance mismatch to any
realistic power source exists. Dedicated matching networks
must be designed and added to such electrically small anten-
nas to make them efficient radiators. The matching network
(a large inductor and a quarter-wave transformer) is thus an
actual part of the antenna system; its size significantly re-
duces the effective miniaturization of the overall antenna
system. It has been demonstrated recently [27]-[31] that
enclosing an electrically small dipole antenna in an elec-
trically small epsilon-negative (ENG) shell leads to an effi-
cient radiator. The inductive nature of the ENG shell com-
pensates for the capacitive nature of the electrically small
electric dipole antenna and functions as a distributed match-
ing element. When the geometrical parameters are correctly
selected, an LC resonance occurs. The dipole and the en-
tire matching network are contained within the outer radius
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Fig.3  Electrically-small metamaterial-based antenna systems that have
been modeled numerically with HFSS. (a) Electric dipole-ENG shell, (b)
Coax-fed monopole-ENG shell, (c) Dipole-(DPS-ENG-DPS) shell, and (d)
Loop antenna-MNG shell.

of the ENG shell. It was shown in [28] that this naturally
resonant radiating system is reciprocal to the resonant scat-
tering of a plane wave from the corresponding ENG-coated
DPS sphere. Additionally, by duality, the capacitive na-
ture of an MNG shell can be designed to compensate for
the inductive nature of an electrically small magnetic loop
antenna to achieve such a resonant system. Several varia-
tions on these metamaterial-based shell systems have been
considered [29]-[31]. These include analytical models of
an electrically small (constant current) electric dipole an-
tenna in multilayered ENG-based spherical shell systems
and ANSOFT High Frequency Structure Simulator (HFSS)
numerical models of an electrically small center-fed elec-
trical dipole in the same multilayered shell system and a
coaxially-fed monopole in the corresponding hemispherical
shell system, as well as an electrically small loop antenna in
the corresponding MNG-based shell systems. Illustrations
of these numerical models are given in Figs. 3(a)-3(d).

The analytical models are numerically efficient, allow-
ing many variations of the properties of the systems they
describe in order to explore their resonant properties. More-
over, they allow a straightforward means to introduce dis-
persion into the metamaterial regions. Unfortunately, while
the total radiated power can be calculated easily with these
analytical models, they do not provide the corresponding
input impedance of the system. On the other hand, the
HFSS models do provide both the total radiated power and
the input impedance. Thus, the HFSS models provide a
complete prediction of the overall efficiency of the system.
Nonetheless, the introduction of dispersion into the HFSS
models is very problematic because of the required num-
ber of simulations as well as the requisite fineness of the
frequency steps. A combination of the two approaches al-
lows a reasonable prediction of the performance of these
systems. In particular, when an analytical configuration
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exhibits a natural resonance, the corresponding numerical
model also will and then the antenna and shell parame-
ters of that numerical model can be further optimized to
achieve a matched antenna resonance (zero total input re-
actance and input resistance matched to the feedline). For
example, a constant current infinitesimal electric dipole an-
tenna driven at fy = 300 MHz at the center of an inner ra-
dius, Finner = 10.0mm, frequency independent ENG shell
with ¢, = -3.0, u, = +1.0, produces a 63.22dB reso-
nant peak in the radiated power ratio (RPR), i.e., the ra-
tio of the total radiated power in the presence of the shell
to its value in free space for the same 1A driving current,
when the outer radius rogtermax = 18.79 mm. As shown in
Fig.4(a), the corresponding HFSS model: a 10 mm long,
0.1 mm radius center-fed electric dipole, predicts a resonant
behavior of the relative gain (ratio of the total radiated power
when 1 W is delivered to the dipole in the presence of the
ENG shell to when the same antenna is radiating in free
space) whose peak value is 64.05 dB when the outer radius
Toutermax = 18.45mm. The decrease in the shell thickness
occurs because the shell must now also match an additional
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Fig.4 The HFSS model of a center-fed electric dipole-ENG shell system
predicts a natural resonance when the system is electrically small. The
system can then be adjusted to produce a matched resonance to a 50 Q
feedline, thus realizing a high overall efficiency. (a) Relative gain and (b)
Input impedance.
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capacitance value, which is introduced by the feed gap. This
resonance is a dipolar mode and, thus, the radiation pattern
is that of a dipole. With further modifications of the an-
tenna and shell dimensions (i.e., increasing the radius of the
wire to 2.5 mm and the outer radius of the ENG shell to
19.51 mm), a resonant center-fed electric dipole-ENG shell
system was achieved. As shown in Fig. 4(b), the (resonance)
zero crossing of the input reactance occurred at 305.56 MHz
with a resistance value of 58.44 Q. The input impedance at
300MHz was Zippy = 52.54 — j17.00 Q. Thus, the over-
all efficiency of this system for a 50 Q source at 300 MHz
was found to be 97.18%. The electrical size of this resonant
antenna system at 300 MHz was ka = 0.123.

We recall that the fundamental limits on the radiation
quality factor, Q, associated with electrically small antennas
have been explored by many authors, e.g., [32]-[38]. The
minimum of the Q, i.e., the Chu limit, has been shown to
be:

1+2(ka)®
(ka[1 + (ka)?] ~ (ka)?

where a is the radius of the radiansphere (minimum radius
sphere) surrounding the antenna system. The corresponding
fractional bandwidth is

FBWey, = 200 _
"7 fos Ochu

where fi,3qp and f_,34p represent the frequencies above
and below the resonance frequency fyqg where the ra-
diated power falls to half its peak value and Afzgp =
fis3dB —f-.348- This result shows that if the electrical size
ka decreases by a factor of 10, the fractional bandwidth de-
creases by a factor of 1000. The quality factor and the frac-
tional bandwidth of an antenna approach their Chu limits
only if it efficiently utilizes the available volume within the
radiansphere.

For the analytical non-dispersive ENG shell case dis-
cussed above, one finds for fy = 300 MHz and rouermax =
18.79 mm that ka = 0.118 and that the fractional bandwidth
from the 3 dB points of the RPR values to be FBW34g =
10.46% so that Qsqg = 9.56. Similarly, from the HFSS
model the VSWR bandwidth FBWyswr = 23.65%, which
according to [36] yields the quality factor Qyswr(fo) =
2/F BWyswr(fo) = 8.46. Alternatively, the input impedance
according to [36] yields the quality factor

OvB = f0l0 ¢ Zinpu(fo)l/2R(fo) = 8.78 )

The corresponding fractional conductance bandwidth is thus
FBWcp = 1/Qyp = 11.38%. All of these quality factors are
consistent and are substantially smaller than the Chu limit
value Qcpy = 617.

Unfortunately, when dispersion, which is always
present in any realistic metamaterial, is taken into account,
this behavior changes dramatically. The RPR values for the
infinitesimal dipole-ENG shell case when the ENG medium
is frequency independent, is described by the lossless Drude
model, and is described by the lossless dispersion model

Ochu = for ka < 1 3)

~ (ka)’ )
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Fig.5 Radiated power ratio (RPR) for the infinitesimal electric dipole-
ENG shell system when the ENG shell is described by various lossless
dispersion models.

corresponding to the energy-based constraint (1) are com-
pared in Fig.5. In all three cases &,(fy) = —3.0; the loss-
less models are emphasized because any losses would in-
crease the bandwidth and the quality factor would have to
be adjusted for the corresponding decrease in efficiency.
While all of the RPR values at the resonance frequency fy
are the same; the narrowing of the bandwidth of the res-
onance is apparent immediately. The FBW and Q for the
Drude case are FBWpuge = 0.103% = 0.636 FBW¢y, and
Oprude = 971 = 1.57Qchy ; and for the energy limit case they
are FBWLimit =0.269% = 1.66FBWChu and QLimit =372 =
0.60Qchy. Thus with a proper design of the dispersion prop-
erties of the passive ENG metamaterial, the quality factor
(bandwidth) associated with the resulting electrically small
antenna system can be smaller (larger) than the Chu limit
value. Nonetheless, for practical applications, one would
ideally wish to achieve the bandwidths associated with the
non-dispersive case. It has been demonstrated that with
an active ENG metamaterial shell, described by a Lorentz-
Lorentz gain doublet permittivity model created with two
Lorentz resonances: one active (frequency above the oper-
ating frequency) and one passive (frequency below the oper-
ating frequency), the bandwidth can approach the frequency
independent value [30]. Thus, in principle, there may be a
means of achieving not only an efficient electrically small
antenna, but one with interesting bandwidth characteristics.
The introduction of dispersion-engineered gain media into
the electrically small resonant dipole-multilayer ENG spher-
ical shell systems is currently under active investigation.
Realizing an ENG medium with a metamaterial based
on finite-sized inclusions at UHF frequencies had turned
out to be very challenging. Note that the low frequency
properties of the bed-of-nails ENG medium occur because
the wires are infinite. Cut wires have significantly higher
resonant frequencies. On the other hand, as noted above,
ENG media occur naturally at very high frequencies. In
contrast, an MNG medium is readily obtained at low fre-
quencies while it is difficult to obtain at high frequencies.
Consequently, a resonant loop antenna-MNG shell system
may be easier to realize at UHF frequencies than the electric
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dipole antenna-ENG shell system. It is also noted that an
ENG medium is straightforwardly obtained with a plasma
medium at UHF frequencies. The relative permittivity of
a lossy cold plasma is described by the Drude model. A
plasma density corresponding to that in a fluorescent light
bulb would produce the values considered in the above ex-
ample [30]. Both of these SNG configurations, as well as
lumped element-based ENG inclusions, are currently being
investigated in order to achieve a UHF proof-of-concept ex-
periment. It must be emphasized that the coax-fed electric
monopole-ENG hemispherical shell antenna systems are the
most likely candidates for initial testing since they provide
a means to drive the antenna without disrupting the shell
properties. It has been demonstrated, as expected, that these
metamaterial-based coax-fed monopole antenna cases re-
cover the performance characteristics of the corresponding
dipole cases [29]-[31].

4. Zero-Index MTM Applications

It has been demonstrated that zero-index metamaterials can
be used to achieve high directivity antennas. Because a sig-
nal propagating in a zero-index metamaterial will stimulate
a spatially static field structure that varies in time, the phase
at any point in a zero-index metamaterial will have the same
constant value once steady state is reached [39]. This coher-
ent response causes the phase across the output face of a slab
of zero-index metamaterial to be uniform. Moreover, from
Snell’s Law, all of the outgoing wave vectors will be normal
to the interface. Consequently, this effective aperture will
produce the highest-directivity beam. These behaviors have
been confirmed with analysis and supporting FDTD simu-
lations [39], [40]. Such highly directive sources have been
achieved with electromagnetic band-gap (EBG) structures
[41]-[45].

Zero-index metamaterials have also been used to
achieve a zeroth-order resonance (ZOR) antenna [46], [47].
Because the index is zero or near zero, the wavelength in the
medium is effectively infinite and the resonance is indepen-
dent of the physical dimensions. The physical size of the
antenna can thus be made smaller than a half-wavelength.
The perfectly uniform current distribution associated with
the zero-order mode may also decrease the overall loss re-
sistance of the system and, hence, provide a higher overall
efficiency. Experimental verification of these properties has
been accomplished [46], [47].

Another interesting use of near-zero-index metamate-
rials has been uncovered with optimization studies of mul-
tilayered metamaterial-coated sphere systems [31]. It has
been found that in the same manner in which there are reso-
nant radiating states for the dipole-ENG shell system, there
are also resonant non-radiating (NR) modes. It is believed
that these NR modes of the source problem are reciprocal to
the transparency scattering states reported in [48]. These NR
modes occur when the ENG shell has an effective permit-
tivity approximately equal to zero. Both resonant radiating
and non-radiating modes occur for the same configuration
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Fig.6  Optimized RPR values for an infinitesimal electric dipole in a
nested dispersive ENG spherical shell system that has one, two, and three
metamaterial layers and that produces, respectively, single, dual, and tri
band operation.

when the shell is described with a dispersion model, i.e., if
a dipole-ENG shell configuration is designed to have a res-
onant radiating state and the dispersion of the ENG shell is
described by the Drude model, then at a higher frequency
the real part of the permittivity of the ENG shell will pass
through zero and the non-radiating mode will express itself.
While the exterior field is large for the resonant radiated
mode; the field becomes resonantly trapped in the ENG shell
for the NR mode.

With an N-layered nested metamaterial shell system,
there can be N different pairs of these radiating and non-
radiating states. Consequently, the same electrically small
system can be made to be multi-frequency. This is illus-
trated in Fig. 6. The RPR values are plotted as a function of
the frequency for the infinitesimal electric dipole-ENG shell
system which has one, two, and three nested spherical dis-
persive metamaterial layers, each of which is described by
a lossless Drude model. One observes that there are one,
two, and three resonant radiating (and non-radiating) states,
respectively, for the one, two, and three MTM layer sys-
tems. By properly dispersion engineering the permittivities
in each ENG shell, the frequencies of the resonant radiat-
ing and non-radiating states can be designed to specifica-
tion. The single, dual, and tri band systems in Fig. 6 were
optimized so that their first resonant radiating peak occurred
at fo = 300 MHz. The second resonant peak was designed
to be at 350 MHz for the dual and tri band cases; the third
resonant peak occurred at 383 MHz for the tri band case.
The relative permittivities in the interior and exterior spheri-
cal regions for all cases were set equal to one, the free space
value, while the relative permeabilities in each region were
set equal to one. The one layer configuration (3 regions) had
ri = 8mm, r, = 10mm, and &,(fy) = —0.1415; the two-
layer configuration (4 regions) had r; = 8 mm, r, = 10 mm,
ry = 12mm, and &,(fy) = —0.1897, &3,(fp) = —0.4254;
and the three-layer configuration (5 regions) had r; = 8 mm,
rp = 10mm, r3 = 12mm, ry, = 14mm and &,(fy) =
-0.2212, &3,(fo) = —0.7175, €4,(fo) = —0.3967. Again,
it is possible to obtain as many radiating bands in an elec-

IEICE TRANS. ELECTRON., VOL.E89-C, NO.9 SEPTEMBER 2006

trically small geometry as one wishes if one can obtain a
corresponding number of nested metamaterial shell layers
with the requisite permittivities.

5. Additional MTM Avenues to Sub-Wavelength and
Directive Antennas

Patch antennas have become a favorite choice for many ap-
plications, including wireless communications and radars.
In particular, their low profile characteristics are highly de-
sirable. Moreover, they are generally low weight, cost effec-
tive, and can be shaped to fit a particular space requirement.
It would be desirable to miniaturize these antennas while en-
hancing their directivities and bandwidths. Unfortunately,
these goals are conflicting. Nonetheless, metamaterial-
inspired approaches have led to improved aspects of all of
these characteristics.

Since the volume under the patch of a standard patch
antenna acts as a cavity resonator with at least one dimen-
sion being a half-wavelength, a possible solution to shrink
its dimensions would be to fill its volume with a high-
permittivity dielectric. This effectively reduces the wave-
length inside the cavity and, hence, the physical dimensions
required for a resonance. However, grounded substrates
with high dielectric constants support surface-wave prop-
agation. Moreover, these high-permittivity dielectrics are
quite lossy. The gain, radiation efficiency, and bandwidth
are noticeably reduced when the excitation of these modes
is increased.

The possibility of using the phase compensation prop-
erties of matched DPS-DNG or ENG-MNG bilayers to
achieve thin, sub-wavelength cavity resonators, i.e., the abil-
ity of oppositely-signed index of refraction layers to attain
a zero phase change across the bilayer and, hence, a reso-
nance condition based on a ratio of the dimensions rather
than a sum, was suggested in [49]. This subwavelength res-
onator concept has been used to advance the concept of an
ultra-thin laser cavity [50]. It has also been proposed re-
cently as an idea for squeezing the resonant dimensions of
a circular ring patch antenna by loading it with a concentric
pair of DPS and DNG finite cylinders [51]. Since this con-
figuration is analogous to an infinite line source driving an
infinite MTMcoated cylinder [52]-[55], again the frequency
of the natural resonance of this structure depends primarily
on the ratio of the radii of the DPS and DNG annular cylin-
ders and, thus, the overall dimensions of the cavity can be
reduced significantly.

The uses of properly designed slow-wave artificial re-
active surfaces and magneto-dielectric layers have also been
proposed in [56] and [57] to achieve antenna miniaturiza-
tion. This slow wave surface approach can reduce the
transverse dimensions of a microstrip antenna, but its to-
tal thickness is increased and the wideband behavior is re-
lated to the overall resonance of the reactive surface and
the patch itself. In related work [58] improved bandwidth
and impedance matching with smaller thicknesses have been
proposed through the use of polygonal patch shapes and
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proximity coupling feeding techniques. Magnetic metama-
terials have been considered for the miniaturization and in-
crease in bandwidth of patch and PIFA antennas in [59],
[60]. High-directivity printed dipole and patch antennas
have been obtained with combinations of metamaterial-
based cavity-size reductions and AMC concepts as well as
MNG and DNG substrates and superstrates in [61]-[63].

6. Conclusions

The metamaterials research area has evolved into promi-
nence only very recently. Nonetheless, it is already having a
large impact on the international electromagnetics commu-
nity. Metamaterials have revitalized our interests in complex
media; their exotic properties; their analysis and numerical
modeling; and their potential applications. There have been
large strides in our understanding of their anomalous behav-
iors and of their possible utilization in many electromagnetic
applications from the microwave to the optical regime.

This review has only briefly touched upon some se-
lective research efforts associated with metamaterials and
their antenna applications. Metamaterials, because of their
promise to provide engineerable permittivities and perme-
abilities, possess interesting properties for the design of
next-generation structures for radiating and scattering ap-
plications. Artificial magnetic conductors have been at-
tained with high impedance and frequency selective sur-
face constructs as well as with volumetric inclusion-based
media. Resonances arising in electrically small regions of
space where single and double negative materials are paired
with common double positive materials were shown to have
a great potential for overcoming the limits generally as-
sociated with several electromagnetic problems by provid-
ing a means to engineer the overall responses of the sys-
tems. Zero-index metamaterials, media with permittivi-
ties and permeabilities with zero or near zero values, may
have strong impact in some applications despite their non-
resonant character, since they combine anomalous wave in-
teractions with relatively larger bandwidth and lower losses.

Metamaterials have been considered as a means to ma-
nipulate the size, efficiency, bandwidth, and directivity of
several basic radiating and scattering systems. There are
many researchers whose works were not mentioned, and I
apologize to all of them. Metamaterials and their antenna
applications is a very fertile research area in which there
is much interest. The initial seed physics efforts are only
now beginning to bear some engineering applications fruit.
There remain many challenging and potentially rewarding
problems left to solve; we all look forward to sharing these
solutions in the near future.
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