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ABSTRACT

Metamaterials are artificial materials with unusual bulk
properties, based on suitably designed arrays of subwavelength
inclusions. They have properties not available in their constituent
elements, nor in natural materials at the frequency of interest.
These unusual responses are not associated with mixing rules, but
they emerge from strong wave-matter interactions, based on
carefully engineered meta-atoms and their relative arrangements.
In the past decade, metamaterials have opened several exciting
directions for basic science, first started in electromagnetics and
optics, then expanded into other fields, including acoustics and
mechanics. In this paper, I briefly review some recent applications
of metamaterials and their potential impact on different
engineering frontiers, overcoming long-standing challenges for
technology.

INTRODUCTION

The field of metamaterials has seen a continuous and steady
growth in the past fifteen years. After initial pioneering work
aimed at demonstrating the possibility of negative index of
refraction at microwave frequencies [1], resulting from a
composite medium with negative real parts of its effective
permittivity and permeability, also known as double-negative
(DNG) material, the interest has rapidly expanded to the
unprecedented electromagnetic properties of these materials, and
their potential applications in different engineering fields. These
have included the possibility of building ultrathin lenses with sub-
diffractive resolution properties [2], ultrathin cavity resonators [3]
and waveguides [4], and scatterers with unusually large [5] or
small [6] cross-section. With the realization of these unusual
electromagnetic responses, the interest has rapidly shifted to other
fascinating applications, including the possibility of cloaking
objects from the incoming radiation [7]-[8], and advancing antenna
technology [9]. While the first demonstrations of these unusual
concepts were limited to microwave frequencies, the interest in
metamaterials expanded in following years to optics, acoustics, and
more recently even to other types of waves, including seismic and
matter waves.

Among the unusual electromagnetic properties available with
metamaterials, also “single-negative (SNG)” materials are popular.
These are media for which only one of the material parameters, not
both, has a negative real value. This implies that the metamaterial
can be properly homogenized and described as a bulk material,
which often times requires careful homogenization procedures
[10]. SNG media exhibit interesting properties when they are
paired in a conjugate manner. These media include epsilon-
negative (ENG) media, in which the real part of permittivity is
negative but the real part of permeability is positive, and mu-
negative (MNG) media, in which the real part of permeability is
negative but the real part of permittivity is positive. When paired
together unusual resonances and tunneling arises [11]. The idea of
constructing an effective DNG medium by having layers of SNG
media has been originally explored by Fredkin and Ron in [12].
Since then, several exciting applications of SNG and DNG
materials have been explored in different contexts [13].

In the following, we review a few applications of interest that
my group has explored in recent years. I will describe in more
detail the impact of these concepts for basic science and
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engineering applications during my presentation at the conference.

CLOAKING AND RADIO-TRANSPARENT
ANTENNAS

Invisibility has drawn the imagination of mankind for several
centuries. With the recent developments in metamaterial
technology, the possibility of cloaking objects to incoming
electromagnetic radiation has been getting close to a technological
reality [6]-[8]. While the cloaking concepts keep inspiring
scientists and laymen for their fascinating potential, actually
cloaked objects can be of importance also in several practical fields
of engineering, including radar-camouflaging, radio-transparent
devices, and non-invasive biomedical sensing [14]. At the same
time, it should be realized that it is inherently challenging to
significantly suppress the scattering of objects many wavelengths
large with a passive coating [15], as there are fundamental
constraints dictated by causality that limit the overall scattering
reduction achievable over a certain bandwidth, as a function of the
electrical size of the object. In this regard, one of the most viable
and realistic application of cloaking technology focuses in the area
of radio-frequency cloaked antennas or radiators, whose size is
comparable to the wavelength, and therefore it allows significant
scattering suppression over large bandwidths. Our group has
pioneered this area, proposing several radio-wave antenna cloaking
applications [16]-[18], including the possibility of largely
suppressing the electromagnetic signature of conventional antennas
using suitably designed metasurfaces, while preserving the
possibility of transmitting and receiving signals over large
bandwidths. Figure 1, as an example, shows a cloaked dipole
antenna for cellular communications, highlighting significantly
suppressed radar cross section, spanning a large angular range,
while maintaining the capability of transmitting and receiving,
with the same performance metrics of a bare dipole antenna in the
cellular band.
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Figure 1: (Adapted from [18]-[19]) A cloaked dipole antenna,
designed to transmit and receive radio-frequency signals, while
being radio-transparent when excited by an arbitrary external
field. On the right: measured scattering gain, defined as the ratio
(in dB) between a bare dipole and a cloaked one.

AN INVISIBLE ACOUSTIC SENSOR

Cloaking a sensor or a receiving antenna is an interesting
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application of metamaterials, not only for its impact on engineering
applications, but also because it represents a fundamental
challenge for basic science. The same action of sensing, in fact,
requires extracting a portion of the impinging signal, and therefore
it is expected to create a shadow [20]. A way around this
fundamental limitation can be realized by considering active
metamaterials, or artificial materials that involve active inclusions
that can draw energy by a reservoir.

Inspired by recent advances in quantum mechanics in the area
of parity-time (PT) symmetry, which studies systems whose
Hamiltonian is symmetric under a concurrent parity and time-
reversal operation, we have recently shown that it is possible to
realize a fully invisible acoustic sensor with strong absorption
cross-section. The concept was based on pairing a resonant
absorbing sensor with its time-reversed image (Fig. 2) [21]. In this
device, whose loss and gain are balanced in space, an incoming
signal, independent of its amplitude and phase, can be fully
absorbed in the first element, yet at the same time the second
element produces an exact replica of the incoming signal,
eliminating shadows and reflections. The realized system was
based on two identical loudspeakers loaded by circuit elements
with conjugate impedances. The first loudspeaker was passive, and
was designed to convert the impinging sound into a voltage across
a resistor. At the same time, the second element was active, with
the time reversed impedance of the first element, whose role was to
emit a signal in sync with the impinging one, that would suppress
the shadow created by absorption. Interestingly, the functionality
of this pair of devices may be at the basis of a new class of
metamaterials with PT-symmetric properties. We have envisioned
fascinating applications of these metamaterials in acoustics and
electromagnetics, including the possibility of realizing loss-free
negative index, aberration-free planar lenses [22]-[23] and a new
generation of advanced cloaking devices that go beyond the
limitations of passive cloaks [24].

Figure 2: (Adapted from [19],[21]) An invisible acoustic sensor
based on PT-symmetric loudspeakers achieved by loading them
with conjugate impedances. This system enables a shadow-free
efficient acoustic sensor that can pave the way to loss-free
negative-index lenses and active cloaks that overcome the
limitations of conventional cloaking technology.

NON-RECIPROCAL MAGNETIC-FREE DEVICES
Sound, radio-waves and light typically travel in space in a
symmetric fashion: if we can send a signal from point A to point B,
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we can expect to be able to send it back from B to A with equal
strength. This inherent symmetry stems directly from Lorentz
reciprocity theorem, and it is directly associated with the time-
reversal symmetry of wave propagation in conventional media.
Reciprocity is not necessarily desirable, however, especially when
the aim is to isolate a source from its echo, or separate signal flows
traveling in opposite directions. An important application of non-
reciprocal propagation is for full-duplex communications, i.e., the
possibility of transmitting and receiving signals from the same
antenna on the same frequency channel, leading to a more efficient
use of the radio-wave communication spectrum, as well as better
radar systems and ultrasound imaging devices.

The most common way to break reciprocity is based on
breaking time-reversal symmetry by biasing ferromagnetic
materials with a constant magnetic bias. This approach presents
however several challenges: it requires the use of scarce materials,
which also lead to heavy and pricy devices, and it is difficult to
integrate them on-chip. Recently we have shown that reciprocity
can be broken without the need of magnetic bias, replacing it with
an angular-momentum bias properly applied to a metamaterial
cavity. In our first proof-of-concept demonstration, we applied an
angular momentum bias in the form of a slow motion of fluid, to a
circularly symmetric acoustic cavity, enabling a first-of-its-kind
circulator, or a three-port non-reciprocal device that imparts a
preferred sense of circulation to the incoming signal, for acoustic
waves (Fig. 3) [25].

The system is a basic three-port device that allows one-way
rotation of the input signals, rotating from port 1 to 2, from 2 to 3,
and from 3 to 1, while it prevents transmission in the opposite
circulation direction. Based on this simple system, we were able to
measure very large isolation (over 40 dB) for airborne acoustic
waves. The subwavelength acoustic ring cavity shown in Fig. 3
was biased by moving air rotated simply using fans, and the cavity
was symmetrically coupled to three acoustic waveguides, which
formed the input and output channels of the device.

While it is interesting to see how such a basic component can
dramatically modify the way in which sound propagates, not
always a mechanical motion of the filling material may be
convenient or practical, especially when translating these effects to
other types of waves, such as radio signals, which travel much
faster than sound. In [26]-[27] these concepts were extended to an
equivalent meta-device in which fluid motion was replaced by a
suitable form of spatio-temporal modulation of three strongly
coupled resonators, which emulates an angular-momentum bias,
enabling the realization of magnetic-free circulators for radio and
ultrasound waves. We also extended these concepts to light, by
considering a microring resonator biased by spatio-temporal
modulation imparted via three p-i-n junctions. Using realistic
parameters, we were able to design an integrated nanophotonic
circulator for light tuned around telecom wavelengths [28].



Figure 3: (Adapted from [25]) A first-of-its-kind circulator for
acoustic waves, which enables large isolation and time-reversal
symmetry breaking by applying an angular momentum bias to a
circularly symmetric cavity. The cavity was loaded with three CPU
fans that move air at a moderate velocity, fast enough to break
reciprocity and enable large isolation. The cavity is connected to
three acoustic waveguides carrying acoustic air-borne signals.

CONCLUSIONS

The field of metamaterials has opened exciting directions in
basic research, with a direct impact on several applications,
spanning electromagnetics, acoustics, nano-optics, and beyond.
Metamaterials have become an important platform for applied
technology, with implications at the frontiers of several
engineering fields, opening exciting new directions and
overcoming several of the conventional limitations of technology
that stem from the use of conventional materials.
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