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The development of metamaterials, i.e., artificially structured materials that interact with waves in
unconventional ways, has revolutionized our ability to manipulate the propagation of electromagnetic
waves and their interaction with matter. One of the most exciting applications of metamaterial science
is related to the possibility of totally suppressing the scattering of an object using an invisibility cloak. Here,
we review the available methods to make an object undetectable to electromagnetic waves, and we
highlight the outstanding challenges that need to be addressed in order to obtain a fully functional coating
capable of suppressing the total scattering of an object. Our outlook discusses how, while passive linear
cloaks are fundamentally limited in terms of bandwidth of operation and overall scattering suppression,
active and/or nonlinear cloaks hold the promise to overcome, at least partially, some of these limitations.
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I. INTRODUCTION

Common materials, formed by charged particles that
interact with electromagnetic waves, are inherently detect-
able using electromagnetic radiation. We experience this
every time we look at an object: the reason why our eyes
can see an object is that it reflects or scatters a fraction of
the ambient light hitting its surface, and our retina can
detect a portion of this scattered wave. The same principle
is used in radar systems, which detect the scattering of a
radio-frequency signal impinging on an unknown object. In
order to make an object completely invisible, it is therefore
necessary to cancel any scattering from it or, in other words,
the propagation of electromagnetic waves must be the same
regardless of whether the object is present or not. This
implies that we need to modify the interaction of the object
with electromagnetic waves by pairing it with a suitable
engineered system whose presence influences the natural
scattering signature of the object, canceling it. This is the
purpose of invisibility cloaks.
Depending on the targeted application, the requirements

for invisibility cloaks are more or less stringent. In the case
of invisibility to the human eye, for instance, the opera-
tional bandwidth should cover the visible spectrum, but
since the human eye is insensitive to the phase or the
polarization of light, it may not matter whether the wave
phase or polarization is conserved via scattering, while the
most important quantities to conserve are the direction of
propagation, frequency, and intensity. In other applications,
for which the direction of the incident illumination is
known, scattering cancellation for all angles is not required,
which may simplify the cloak design. Some other

applications do not require a large bandwidth; for instance,
cloaking receiving antennas requires cloaks with the same
bandwidth as the antenna. In any case, the most important
metrics for cloaks are (i) the amount of scattering reduction
induced by the cloak and its angular dependence (scattering
pattern) and (ii) the bandwidth of operation, i.e., the
frequency band over which the object visibility is reduced
to the point that common sensors cannot detect it.
Over the last century, problems related to cloaking have

been investigated by the scientific community, such as the
concept of invisible particles [1,2], nonradiating source
distributions [3–7], low-scattering antennas [8–10], and the
nonuniqueness of the inverse-scattering or tomography
problem [11–14]. These studies suggest that cloaking
may be theoretically possible, as they all describe the
possibility of having polarized bodies that do not scatter.
However, we had to wait for the development of the field of
metamaterials over the past 15 years to see a significant
breakthrough in the science and technology of invisibility.
These structured materials are tailored to reach on-demand
properties by putting together individually engineered
scatterers that act as artificial atoms, resulting in an
engineered propagation medium that interacts with waves
in anomalous ways, achieving a degree of wave control that
is impossible with natural materials [15–25]. Metamaterials
have been associated with exotic phenomena, such as
negative refraction [26–30], spatial localization and sub-
wavelength focusing [27], spontaneous emission control
[31–34], and a plethora of novel tunneling and wave-
routing effects [35–42]. Because of their superior wave-
manipulation capabilities, metamaterials have made
invisibility one step closer to reality.
This paper aims at analyzing the state of research in the

field of invisibility and cloaking, and drawing perspectives
on its future. In the first part, we review the most popular
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available methods to cancel the electromagnetic scattering
from an object. We identify the main scientific challenges
associated with designing and building a functional invis-
ibility cloak, and highlight what remains to be done to
transition these proof-of-concept prototypes to practical
devices. In the second part, we build upon our analysis of
the literature to show that passive linear cloaks are funda-
mentally limited in their ability to manipulate the scattering
of an object over large bandwidths. We discuss how any
scatterer is forced by causality, passivity, time independence,
and linearity to abide by global bounds that limit the
applicability of conventional passive cloaking schemes.
The use of active and/or nonlinear cloaks, which do not
abide by the above-mentioned bounds, is discussed in the
third and final part of this article. We discuss promising
examples that enable cloaking over broader bandwidth using
active schemes. We conclude with an outlook on the future
of this subject, which shows exciting perspectives involving
active and nonlinear metamaterials and metasurfaces.

II. CONVENTIONAL CLOAKING METHODS

In order to set a basis for our analysis and vision, we now
analyze the main methods to induce invisibility of a given
object to electromagnetic waves using metamaterials. We
aim at drawing a clearer picture of the principal challenges
associated with passive cloaking techniques that have been
developed over the past decade.

A. Spherical cloaking based on
transformation electrodynamics

Transformation-based cloaking is a cloaking design
method that uses the concept of transformation electrody-
namics [43–51] to control the flow of electromagnetic
energy using coordinate transformations that deform the
coordinate grid of space, as in Fig. 1[52]. The idea starts by
considering a ray of light propagating along a line in free
space, as in Fig. 1(a). If we imagine that we have the ability
to bend and stretch at will the coordinate grid of space, then,
according to the Fermat principle, we can completely modify
the path of the rays and redirect them, as shown in Fig. 1(b).
Because of the form invariance of Maxwell’s equation under
a coordinate transformation, it is possible to interpret the

propagation of light in the transformed coordinate system as
the propagation in the untransformed system, but filled with
a medium containing specific inhomogeneous and aniso-
tropic permittivity and permeability distributions. According
to transformation electrodynamics, if we could build a
medium with such constitutive parameters, we would
force light to follow the intended curved coordinates.
Metamaterials, which enable full local control over their
constitutive parameters, may represent the ideal platform to
implement transformation optics in actual devices.
The possibility to apply transformation electrodynam-

ics to the cloaking problem is well established and
documented in the literature [52–69]. To do so, all one
needs is to find a coordinate transformation that would
redirect the flow of energy around a spherical region of
space, in which the object to be concealed is placed.
Transformation-electrodynamics equations can then auto-
matically provide the required cloak design. A possible
transformation is one that takes a spherical region of
radius R2 and maps its internal spherical volume into a
spherical shell of internal radius R1 and external radius R2.
The result of the transformation is basically to map free
space into a curved space with a hole in it [Fig. 2(a)]. After
mimicking this transformation using metamaterials, we
would obtain a region of the actual physical space that is
completely isolated from electromagnetic waves, in which
we can hide an arbitrary object. Since the object cannot
be reached by the electromagnetic energy, it cannot be
polarized, and therefore cannot scatter. By design, the
energy flow simply goes around the cloaked region and
continues its way as if nothing were there [Fig. 2(b)].
For instance, using the radial transformation

r0 ¼ R1 þ rðR2 − R1Þ=R1, we obtain the following con-
stitutive tensor parameters for the cloak in the region
R1 < r < R2 [52]:

εrr ¼ μrr ¼
R2

R2 − R1

ðr − R1Þ2
r2

;

εθθ ¼ μθθ ¼
R2

R2 − R1

;

εϕϕ ¼ μϕϕ ¼ R2

R2 − R1

: ð1ÞFIG. 1. Coordinate transformations can be used to manipulate the
path of light. ©2006 AAAS. Reprinted with permission, Ref. [52].

FIG. 2. Transformation-based spherical cloaking. ©2006
AAAS. Reprinted with permission, Ref. [52].

REVIEW ARTICLES PHYS. REV. APPLIED 4, 037001 (2015)

037001-2

REVIEW ARTICLE



From Eq. (1), we see that the magnetic and electric
response for the cloak must be identical. This is to
guarantee impedance matching to the background in the
cloaking shell, ensuring no reflection and no scattering
from the cloak itself. This also guarantees that the scatter-
ing response is not dependent on the polarization of the
incident field, making the object invisible regardless of the
illumination polarization. We also notice that the required
constitutive parameters are anisotropic and depend on the
radial coordinate r: this complex response is not avoidable,
as it is necessary to emulate curved coordinate systems.
Finally, we notice that the value of the radial component
of the constitutive parameters at the boundary R1 of the
cloaked region must be zero. This can be understood by
considering the ray picture of Fig. 3, which shows how a
light ray that goes close to the origin (blue point) in the
untransformed coordinate system [Fig. 3(a)] has to travel a
greater distance in the transformed coordinate system and
yet experience no phase delay [70]. Such a behavior
requires that this ray travels faster than the speed of light,
and in the limit of the critical ray that crosses the origin, the
required phase velocity needs to go to infinity, consistent
with the zero value of the constitutive parameters in Eq. (1).
In any passive, causal, linear, and time-independent
material, according to Kramers-Kronig relations, this can
happen only at isolated frequencies, implying a strong
frequency dispersion [71].
Given the complex material requirements, such a spheri-

cal cloak may become challenging to fabricate and pos-
sesses inherent drawbacks. First, the anisotropy and
functional dependence of the constitutive parameters is
hard to obtain in practice, even with metamaterials. Second,
the magnetic response of the cloak should be equal to its
electric response, however, a strong magnetic response is
difficult to achieve, especially in the optical frequency
range, hindering the applicability of the concept to high
frequencies. Finally, the superluminal propagation (the
requirement of having a phase velocity faster than the
speed of light) required in the cloak implies that the concept
can ideally work only over a bandwidth of zero measure,
i.e., at only one frequency.

Nevertheless, the possibility to bend the flow of energy
around an object and conceal it from electromagnetic
radiation was demonstrated experimentally at microwave
frequencies by Schurig et al. [72], in a frequency range in
which strong magnetic responses can be achieved. The
design was simplified by considering only one polarization
and using the eikonal approximation, which relaxes the
constraints on the radial dependence of the cloak param-
eters at the cost of introducing some mismatch and
reflections from the cloak. Such a design makes the
cloaking imperfect, however, it maintains the ray-path
profile, which is sufficient for the purpose of proving
the concept and bending the impinging power around the
object. Figure 4 shows a picture of the electromagnetic
cloak tested in this experiment, whose design is based on
split-ring resonators with tailored radial dependency.
The spherical transformation cloak is an elegant way of

achieving invisibility, however, its applicability is limited
by two principal drawbacks: (i) the necessity of super-
luminal light propagation in the cloak, which drastically
limits the cloaking bandwidth, and (ii) the complexity of
the required constitutive parameters, in particular, the
strong required anisotropy and equal electric and magnetic
response. These issues can be solved in some specific
situations by employing different cloaking techniques: non-
Euclidian transformation electrodynamics, which solves
problem (i) by sacrificing the phase of the wave; carpet
cloaking and its variants, which solve problem (ii) but do
not work for free-standing objects or for all angles; and
plasmonic cloaking, which solves problem (ii), but is
restricted to objects with sizes comparable to the wave-
length. We now highlight these other cloaking schemes and
their main characteristics.

FIG. 3. Differences in path length in free space (a) and within
the cloak (b) imply superluminal propagation. ©2011 IOP
Publishing. Reprinted with permission, Ref. [52].

FIG. 4. The electromagnetic cloak based on transformation
electrodynamics at microwave frequencies. ©2006 AAAS.
Reprinted with permission, Ref. [72].
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B. Non-Euclidian transformation cloaking

Non-Euclidian transformation electrodynamics is a tech-
nique introduced by Leonhardt and Tyc [73], who proposed
using non-Euclidian transformations (for instance, mapping
a region of the physical space into the surface of a sphere) in
order to avoid singularities in the required cloak-constitutive
parameters. The method can be used to completely get rid of
the requirement of superluminal propagation. Because of
this, cloaking can in principle be made broadband. The
principal sacrifice made here to gain bandwidth is that the
cloak does not preserve the phase of the impinging wave,
unlike the ideal spherical cloak described in the previous
section, i.e., the object may become detectable using time-of-
flight measurement or interferometric techniques. Note,
however, that since the human eye is not sensitive to the
phase, this compromise may not be a practical problem, even
though interference effects can still make the object detect-
able, as discussed in Ref. [74]. No experimental validation of
this concept has been reported to date, probably because the
high complexity of practical designs due to the required
anisotropic and constitutive parameters for the cloak are still
prohibitive; however, this is only a technological challenge,
and the method is a promising solution for wideband all-
angle invisibility.

C. Carpet cloaking

Another interesting approach, that greatly simplifies the
required parameters for the cloak, has been proposed by Li
and Pendry [75], which introduced a method based on two-
dimensional quasiconformal transformation electrodynam-
ics. They showed that certain types of transformations may
be achieved with dielectric-only materials, reasonable
values of permittivity, and weak forms of anisotropy. An
example of such a transformation is shown in Fig. 5, in
which this method is used to make a mirror with a bump
appear perfectly flat, by covering the bump with a carpet
cloak, also known as ground-plane cloak. The blue region
of the figure represents the volume over which the trans-
formation is applied, while the gray region represents
perfect electric conductors, i.e., ideal mirrors. Inside the
bump, any object may be hidden. The cloaking method
relies on finding the transformation that makes the mirror
appear flat, as exemplified in the figure, yielding the

required inhomogeneous index distribution for the
ground-plane cloak. Figure 6 shows the result of full wave
simulations for the scattering of a Gaussian beam by a
mirror with a triangular bump, with and without cloak. The
beam is reflected as if the mirror where flat in the presence
of the cloak, making the bump essentially invisible.
Numerous experiments have demonstrated the concept
from microwave frequencies to optical frequencies,
obtaining cloaking over a wide range of frequencies
[76–82]. Figure 7 represents the result of the experiment
in Ref. [82] in the cases of blue and red light.
This method also suffers from a certain number of

drawbacks. First, it is inherently two dimensional, which
makes the concealed object automatically detectable by
scattering experiment in the third dimension, as was studied
in Ref. [83]. Second, despite the fact that the anisotropy in
the cloak is weak, it cannot be approximated to be zero.
Isotropic carpet cloaks indeed suffer from the lateral-shift
effect [84], making them equivalent to using a second
ground plane on top of the bump, which is obviously
detectable because there is a shift of the reflected ray for a

FIG. 5. Carpet cloaking uses a coordinate transformation to
make a mirror with a bump appear flat. ©2008 APS. Reprinted
with permission, Ref. [75].

FIG. 7. Experimental validation of carpet cloaking in the
visible. ©2011 ACS. Reprinted with permission, Ref. [82].

FIG. 6. Numerical simulation of carpet cloaking. (a) Reflection by
a PEC mirror with a bump covered by the carpet cloak (contained
within the dashed rectangle) and (b) case of the uncovered object.
©2008 APS. Reprinted with permission, Ref. [75].
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finite width, as if the mirror were closer than it should be.
This defeats the initial purpose of trying to get rid of
anisotropy: it is simply not possible to have an isotropic
carpet cloak, and the weak remaining anisotropy is necessary
for invisibility. This remark conducted researchers to ask the
following question: instead of aiming at zero anisotropy,
may it be possible to aim instead at a specific anisotropic
material that we already have in nature, and build all-
dielectric, broadband carpet cloaks based on natural bire-
fringent materials, such as calcite? After all, we have the
degree of freedom of selecting the transformation of choice.
Following that idea, it was found that affine transformations
can lead to carpet cloaks made of naturally anisotropic
materials [85–88], calcite in the visible [87,89], and sapphire
at THz [88]. This method enables relatively broadband
carpet cloaking of macroscopic objects with a weak angular
sensitivity and no lateral shift, for a given polarization of
light. By putting back to back two carpet cloaks, it is also
possible to get rid of the ground plane and hide objects in
free space either unidirectionally or in multiple directions
[90–92]. These carpet-cloak variants work well for large
free-standing objects, but only for specific directions and
often sacrificing phase preservation.
An interesting direction in the area of carpet cloaking is

represented by graded inhomogeneous metasurfaces, which
may be able to replace volumetric transformation cloaks
to conceal a bump on a ground plane. Recently, using the
equivalence principle, interesting ultrathin cloaking meta-
surfaces have been designed to replace ground-plane
cloaks [93,94].

D. Plasmonic cloaking

Carpet cloaking and its variants simplify the cloak design
by changing the environment of the object to be cloaked
(i.e., by exploiting the presence of a ground plane) or by
sacrificing all-angle 3D cloaking to work for specific
directions of the incident light. Can we achieve all-angle
scattering cancellation in free space with simple, homog-
enous, and isotropic cloaks? The answer is yes, if we focus
on suppressing the dominant scattering harmonics radiated
from an object, and this is at the basis of plasmonic cloaking.
To address the problem formally, let us consider the
scattering of a time-harmonic plane wave by an arbitrary
object placed at the center of a spherical coordinate system
ðr; θ;φÞ. The background medium has permittivity ε0 and
permeability μ0. Such a plane wave can be expanded in
spherical harmonics under an ejωt time convention as [95]

~Ei ¼
X∞
n¼1

Xn
m¼−n

anm ~∇ × ~∇ × ð~rψm
n Þ − jωμ0bnm ~∇ × ð~rψm

n Þ;

~Hi ¼
X∞
n¼1

Xn
m¼−n

bnm ~∇ × ~∇ × ð~rψm
n Þ − jωε0anm ~∇ × ð~rψm

n Þ;

ð2Þ

where the ψm
n functions are scalar spherical harmonics,

and the coefficients anm and bnm, respectively, describe the
amplitude of the incident transverse magnetic (TM) and
transverse electric (TE) multipoles of order ðn;mÞ. By
linearity of Maxwell’s equations and orthogonality of each
spherical harmonic, the scattered field is composed of all the
scattering responses from all TE and TM multipoles [96]:

~Es ¼
X∞
n¼1

Xn
m¼−n

cTMnm anm ~∇ × ~∇ × ð~rψm
n Þ

− jωμ0cTEnmbnm ~∇ × ð~rψm
n Þ;

~Hs ¼
X∞
n¼1

Xn
m¼−n

cTEnmbnm ~∇ × ~∇ × ð~rψm
n Þ

− jωε0cTMnm anm ~∇ × ð~rψm
n Þ: ð3Þ

In Eq. (3), the scattering coefficients cTEor TM
n are

independent of the excitation and depend only on the
specific object and on the frequency of operation, quantify-
ing how much scattering is generated in each TE or TM
harmonic. Altogether, these coefficients represent the
overall visibility of the object, which can rigorously be
measured as its total scattering cross section (SCS), given
as [96]

σs ¼
2π

jk0j2
Xþ∞

n¼1

Xn
m¼−n

ð2nþ 1ÞðjcTEnmj2 þ jcTMnm j2Þ; ð4Þ

where k0 is the wave number in the background medium. In
many situations, the sum in Eq. (4) is dominated by only a
few terms. For instance, for an object of characteristic size
a, only terms up to order n ≈ k0a contribute significantly to
scattering [97,98]. Plasmonic cloaking is a scattering
cancellation technique that uses concentric homogenous
and isotropic spherical shells to cancel each of the
dominant terms of the scattering cross-section expansion
(4) [99–118]. To better understand how it works, let us
consider the didactic case of an electrically small dielectric
sphere of radius a, which is illuminated by a plane wave.
In this situation, all the terms with m ≠ 1 must vanish in
Eqs. (3) and (4) [97], and because the sphere is assumed to
be electrically small, the only significant term in the sums is
the n ¼ 1 term. We then assume that we cover the dielectric
sphere with a spherical shell layer of a different material
with permittivity εc and outer radius ac, obtaining an
electrically small core-shell structure whose scattering is
effectively described by the dipolar scattering parameters
cTE11 and cTM11 . They can be calculated using Mie theory [99],
and we obtain in a first-order expansion on k0a

cTE11 ¼ 0; cTM11 ¼ −jðk0acÞ3fðεc; a=acÞ; ð5Þ

where f is a real-valued function of εc and a=ac. The TE
scattering coefficient is negligible due to the nonmagnetic
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nature of the particle and its subwavelength size, and all the
scattering is conveyed by the first TM scattering channel,
which is electrically dipolar by nature, and proportional in
magnitude to the function f. Interestingly, such a function
can vanish under the condition [99]

�
a
ac

�
3

¼ ðεc − ε0Þð2εc þ εÞ
ðεc − εÞð2εc þ ε0Þ

: ð6Þ

Equation (6) represents the invisibility condition for a
core-shell nanoparticle in the long wavelength limit. The
left-hand side of Eq. (6) is bounded between 0 and 1, and
therefore the invisibility condition cannot be satisfied for
any value of ε and εc. The acceptable regions for the core
and shell dielectric constants are shown in Fig. 8, where the
corresponding value of a=ac is also shown. Notice that any
value of permittivity is acceptable for cloaking, however, it
is interesting to note that the polarizability of cloak and
shell should have opposite values to achieve cloaking. For a
dielectric sphere with ε > ε0, this implies that the cloak
requires ε≃ 0, which may be realized with plasmonic
materials, whose permittivity dispersion resembles the one
of a plasma, and has a small permittivity around the plasma
frequency. The result is that the induced dipole moment in
the sphere is exactly compensated by the dipole moment
induced in the cloak, which has an opposite sign and
identical magnitude, as represented in Fig. 9. Different
from all other cloaking methods, both object and cloak,
by themselves, scatter the incident wave, and it is only by
pairing them that we obtain an invisible object with zero
net-induced dipole moment and zero dipolar scattering.
This condition for dipolar plasmonic cloaking is also
readily understood in the static limit considering Born
approximation [119].

Plasmonic shells can be obtained at optical frequencies
by considering noble metals, and at microwave frequencies
they can be implemented using metamaterials [111,112].
Bigger objects can be cloaked using several isotropic layers
[105,106], and the method is robust to geometric imper-
fections [107] and generally leads to a larger bandwidth
than the transformation-optics approach [120]. Figure 10
shows the experimental validation of plasmonic cloaking at
microwave frequencies (3.1 GHz) [114], for a dielectric
cylinder covered with a metamaterial cloak. The field
distributions measured with and without the cloak show
that cloaking is very efficient even in the very near field of
the cylinder, see Fig. 11.

E. Mantle cloaking

Like plasmonic cloaking, mantle cloaking strongly
reduces the scattering of an object by canceling the
dominant terms in the multipole expansion of the scattered
field. The main difference with plasmonic cloaking is that,
instead of employing a spherical shell in which an opposite
dipole moment is induced, mantle cloaking uses an ultra-
thin frequency-selective surface (FSS) which is designed so
that the induced currents along the surface cancel the
scattering from the object to cloak [121–124]. Such a
strategy is particularly relevant at microwave frequencies at
which frequency-selective surfaces are readily available

FIG. 8. The cloaking condition for a core-shell nanoparticle in
the ðε; εcÞ plane. The color contour represents the ratio
a=ac ∈ ½0; 1�. ©2005 APS. Reprinted with permission, Ref. [99].

FIG. 9. Plasmonic cloaking relies on compensating the polari-
zation of the object using a shell with opposite polarizability.
©2005 APS. Adapted with permission, Ref. [99].

FIG. 10. An experiment on plasmonic cloaking for a dielectric
cylinder at microwave frequencies. ©2012 IOP Publishing.
Reprinted with permission, Ref. [114].
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and easy to fabricate [125,126]. The advantages are the
low weight and the thinness of the cloak, which can be
conformal to the object. Examples of mantle cloak designs
that may be used to control the scattering of a sphere are
shown in Fig. 12 [121].
The effect of the surface is to introduce a discontinuity of

the tangential magnetic field across its interface. This
discontinuity is controlled by the value of the surface
impedance Zs of the FSS, yielding the boundary condition

Etanjr¼a� ¼ ZTM
s r̂ × ðHtanjr¼aþ −Htanjr¼a−Þ: ð7Þ

Typical designs use periodic metallic patterns deposited
on a thin dielectric layer, such as arrays of stripes, patches,
holes, or crosses [127]. At THz frequencies, graphene has
also been proposed to realize a one-atom-thick mantle
cloak [128]. In the example of a small dielectric sphere of
permittivity ε and radius a, the required surface impedance
for scattering cancellation can be calculated by Mie theory,
taking into account the boundary condition (7), and we
find [121]

Zs ¼ j
2½2þ ε − γ3ðε − 1Þ�
3γ3ωaε0ðε − 1Þ ; ð8Þ

where γ ¼ a=ac is the ratio between the sphere and the
cloak radii.
Figure 13 shows the example of a dielectric sphere with

ε ¼ 10, covered by a quasi-isotropic FSS made from six
orthogonal interconnected conductive stripes, with
γ ¼ 0.91. The plot shows the scattering cross section of
the sphere in the cloaked and uncloaked cases versus the
frequency in units of the design frequency f0, defined as
the frequency at which the FSS satisfies condition (8).
This realistic design may provide up to 15 dB scattering
reduction at this frequency, for an object diameter of λ=3.
Mantle cloaking was experimentally validated, obtaining
cloaking for a dielectric rod in free space and from all
angles [129], and later also verified for conducting objects
[130]. Figure 14 shows near-field measurements, and
compares the cases of the cloaked cylinder to the uncloaked
case and to the case of free space for the dielectric case.
Multiple surfaces may be stacked to improve the scattering
suppression, broaden the bandwidth, and cloak larger

FIG. 11. Near-field measurements (snapshot in time) for the
dielectric cylinder of Fig. 10 without the cloak (left), with the
cloak (center), and in the case of free space (right).©2012 IOP
Publishing. Reprinted with permission, Ref. [114].

FIG. 12. Possible examples of mantle cloaks for a dielectric
sphere. ©2009 APS. Reprinted with permission, Ref. [121].

FIG. 13. Significant reduction of the scattering cross section of
a dielectric object can be obtained at the design frequency f0
using frequency-selective surfaces. ©2009 APS. Reprinted with
permission, Ref. [121].

FIG. 14. Experiment on mantle cloaking demonstrating all
angle-scattering cancellation for a cylindrical scatterer at micro-
wave frequencies. ©2013 IOP Publishing. Reprinted with per-
mission, Ref. [129].
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objects. In addition, mantle cloaking is particularly well
suited to suppress the scattering from transmitting and
receiving antennas, given its conformability and ease of
realization [131,132].

F. Comparison of cloaking methods

In addition to the methods presented above, alternative
cloaking techniques are available in the literature. Cloaking
using transmission-line networks uses a matched mesh of
electromagnetic components to guide the electromagnetic
energy within the network which, by itself, does not scatter,
and proposes to hide tiny objects in the empty spaces within
the mesh [133–137]. Parallel-plate cloaking focuses on a
given polarization of the incident field and induces cloak-
ing by routing the electromagnetic power around an object
using parallel conductive plates with adiabatically decreas-
ing separation [138–140]. Anomalous resonance methods
use the resonance occurring at the interface of comple-
mentary media to induce invisibility in a finite region
outside the cloak [141–146]. All of these methods are based
either on principles similar to transformation electrody-
namics, i.e., routing the impinging power around the object,
or on the principle of dominant scattering cancellation, in
which we let the object be polarized but the polarization of
the cloak compensates the one of the object. As they are
based on similarly limited phenomena, they possess similar
advantages and disadvantages when compared to trans-
formation optics and plasmonic cloaking (see Ref. [147] for
more details and a detailed review of these alternative
schemes).
All of the cloaking strategies discussed in this section are

relevant in different practical situations. They all possess
some disadvantages that fundamentally depend on the
underlying physics of the cloaking method, as well as
technical challenges that need to be solved before they can
be used to their full potential. We summarize in Table I the
advantages, disadvantages, and/or technical challenges
associated with the main cloaking methods discussed in
this part.
Looking at Table I, we see that the use of a spherical

transformation is an elegant solution to the cloaking
problem, as it enables ideal all-angle scattering cancellation
regardless of the object and its size. We note, however, that

the bandwidth is fundamentally limited to a single fre-
quency, and that the cloak can only be built approximately
(for instance, due to the microscopic structure of meta-
materials, the phase velocity at the inner boundary will
never be exactly infinite). This is a big challenge, as such a
cloaking method is sensitive to geometry imperfections
[66]. Moreover, the required anisotropy and balanced
electric and magnetic response of the cloak is complex,
and to date nobody has even attempted to construct such a
cloak without simplifying substantially the design, intro-
ducing significant unwanted scattering. At optical frequen-
cies, such a cloak may not even be realistic, as strong
magnetic responses may not be possible. Carpet cloaks and
their variants have the advantage of an all-dielectric design
that offers control over the cloak anisotropy and large
bandwidth. Initial carpet cloak designs are tailored to
minimize anisotropy, and subsequent designs (including
the variant of unidirectional calcite cloaks) are tailored to be
implementable with natural anisotropic materials. The main
drawbacks are the fact that the invisibility is 2D only, and
the object is visible in the third dimension, and these
methods require either the presence of a ground plane, or
work only for specific illumination directions. Finally,
plasmonic cloaking is relevant for objects whose size does
not exceed a few wavelengths, as it offers imperfect but
substantial scattering reduction using simple isotropic and
homogeneous cloaks, with the advantage of simplicity in
the implementation and a larger bandwidth than 3D trans-
formation cloaks. This is relevant in several application
fields. For instance, it has been proposed to cloak sensors
and receiving antennas, which are typically subwavelength
and relatively narrow band, but would benefit from being
furtive and noninvasive. The purpose of cloaking sensors
and antennas is to significantly reduce the scattering cross
section of such absorptive objects and minimize their
perturbation on the probed field [148–163] and their
observability. We would also like to mention that hybrid
methods have been proposed to optimize bandwidth for a
given scattering reduction level, taking advantage of both
transformation optics and of a dominant scattering can-
cellation approach similar to multilayer plasmonic cloaking
[164]. However, it appears that a fundamental trade-off
exists between the bandwidth and the maximal amount of
scattering reduction. In the next section, we analyze the

TABLE I. Summary of the main advantages and disadvantages of each cloaking method.

Method Main advantages Main disadvantages

Spherical transformation cloak Ideal all-angle cloaking Zero bandwidth
High complexity

Carpet cloaks and variants Dielectric-only 2D cloaking only
Largest bandwidth Requires mirror, or not all angle

Plasmonic and mantle cloaks Isotropic homogeneous materials Size limited
Conformal
Reasonable bandwidth
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inherent constraints and limitations that any cloaking
strategy faces, stemming from fundamental constraints as
linearity, time independence, causality, and passivity.

III. FUNDAMENTAL LIMITATIONS

A. Perfect cloaking for passive absorptive
objects is impossible

Except for the case of perfect vacuum, any passive
electromagnetic medium of propagation is bounded to
sustain a finite level of absorption. This fundamental
limitation is actually a consequence of Kramers-Kronig
relations, which hold for any passive causal medium, and
imply that dispersion and absorption losses are intimately
related [96]. As a result, any passive scatterer will have
nonzero material losses, and therefore absorb a nonzero
portion of the incident power. The passive invisibility
cloaks discussed in the previous section obviously cannot
avoid this limitation. Intuitively, it is clear that any
absorption of the incident power will somehow translate
into a shadow at the back of the object (the forward
direction), and therefore complete invisibility is impossible
for passive objects. More formally, this is demonstrated by
considering the optical theorem [97,165], which states that
the total extinction cross section (sum of absorption and
scattering) of any scatterer is proportional to the scattering
amplitude in the forward direction. As soon as an object has
a strictly positive absorption cross section, given the fact
that the scattering cross section can be only positive or null,
the sum of scattering and absorption cross sections can be
only strictly positive. According to the optical theorem, the
forward scattering amplitude must then be nonzero, i.e., the
object must scatter a certain amount of energy and have a
shadow.
This problem is actually related to the problem of seeing

without being seen [160]. Is it possible to be under an
invisibility cloak and still see the outside world? Seeing is
basically a sensing operation, which requires absorbing a
small, albeit finite, amount of power from the external field.
Therefore, if the cloak is passive, it is not possible to be
perfectly invisible and see outside. Some amount of
residual scattering must remain. The question, then, is
how small can this residual scattering be for a given
absorption level? Can this residual scattering be kept
very low?
In a recent work [151], the fundamental limitations on

scattering and absorption from passive absorptive objects
were studied. The main result of this study, shown in
Fig. 15, derives the physically allowed region for passive
scatterers in blue, for each TE or TM spherical harmonic of
order n. The partial absorption cross section is represented
on the horizontal axis, whereas the vertical axis shows the
ratio between absorption and scattering. The plot is made
for spherically symmetric objects for simplicity [m ¼ 1 in
Eq. (3)]. For a given absorption level, the scattering in each

spherical harmonic is bounded between a minimal and
maximal value. When absorption is maximized (rightmost
point in the blue region in the figure), the amount of
scattering and absorption in a given harmonic are neces-
sarily equal. This illustrates the fact that absorption and
scattering are not in general independent of each other. By
lowering the absorption level, it is possible to decrease or
increase the scattering level within the limit. For suffi-
ciently low absorption levels, we see that scattering can be
made extremely low, but can never be identically zero. The
black bound in the figure basically quantifies what is
possible in terms of scattering reduction for absorptive
objects. In summary, consistent with the optical theorem,
only objects with identically zero absorption cross section
can have identically zero scattering. Absorptive objects
have no choice but to scatter within the bound of Fig. 15.

B. Do cloaked objects really scatter less?

Whenever we introduce a cloak—based on
transformation optics, scattering cancellation, or any other
technique—we substitute a region of free space with
polarizable matter, which scatters and absorbs electromag-
netic energy, in a causal way, throughout the electromag-
netic spectrum. It is therefore relevant to ask how the
introduction of a causal invisibility cloak affects the
scattering of an object on a global scale, over broad
bandwidths. In fact, although a cloak can be designed to
suppress the scattering in a narrow-frequency window, as
discussed in the first part of this paper, it is entirely possible
that the scattering actually increases in other regions of the
frequency spectrum, hence making the cloaked object more
visible under broadband illumination, as confirmed by
several experimental and numerical observations in the
literature. To what extent, therefore, can we say that a
cloaked object really scatters less? To address these

FIG. 15. Passive scatterers are bounded to the blue region,
which limits the allowed range for absorption and scattering
for each spherical harmonics. ©2014 APS. Reprinted with
permission, Ref. [151].

REVIEW ARTICLES PHYS. REV. APPLIED 4, 037001 (2015)

037001-9

REVIEW ARTICLE



questions in the most general fashion, in Ref. [166] the
global response of arbitrary invisibility cloaks over the
entire spectrum was studied, deriving fundamental global
bounds on cloaking based on general considerations of
causality, passivity, and linearity. These results are briefly
summarized in this section, and we refer the reader to
Refs. [74,166] for additional details.
Different material objects scatter different amounts of

energy over the electromagnetic spectrum, depending on
their characteristics. Interestingly, however, it was origi-
nally demonstrated by Purcell [167], and later generalized
in Ref. [168], that if an object is linear and passive, its total
scattering cross section Cs integrated over the entire
spectrum only depends on the static polarizabilityZ

∞

0

CsðλÞdλ ¼ π2ðp̂�
e · αe;s · p̂e þ p̂�

m · αm;s · p̂mÞ; ð9Þ

where αe;s and αm;s are the electric and magnetic static
polarizability tensors, respectively, p̂e denotes the polari-
zation and p̂m the cross-polarization unit vector. Besides,
in Eq. (9) and the following discussion, we assume a
“lossless” scenario in the sense defined in Ref. [166],
namely, material losses are concentrated at isolated fre-
quency points along the spectrum, at which the material
parameters diverge (as in the ideal limit of lossless
Lorentzian dispersion).
Sum rule (9) indicates that, while frequency dispersion

“distributes” the scattering in different regions of the
spectrum (for example, an object may scatter more under
red light than blue light), the overall scattered energy from
static to very high frequencies is uniquely determined by
the characteristics of the scatterer at zero frequency. In light
of this result, can we predict in general how the static
polarizability (and thereby the integrated scattering)
changes when a cloak is wrapped around a given object?
To answer this question, we can invoke the variational
principle derived in Refs. [169,170], which demonstrates
the monotonicity of the static electric and magnetic polar-
izabilities with respect to the local permittivity and per-
meability. This theorem implies that, whenever we add
matter around an object, for example, when we introduce a
cloak of generic shape and composition, the static polar-
izabilities of the overall scatterer are bound to increase if
the static permittivity and permeability of the cloak, at all
points, are larger than unity relative to the background.
Moreover, we recognize that causality and passivity
directly imply that the real part of the static relative
permittivity εð0Þ cannot be lower than unity. In fact,
according to Kramers-Kronig relations, the electric sus-
ceptibility at zero frequency becomes [97]

χð0Þ ¼ Re½εð0Þ� − 1 ¼ 2

π

Z
∞

0

Im½εðΩÞ�
Ω

dΩ; ð10Þ

which is nonnegative if Im½ε� ≥ 0 for every frequency,
namely, if the material is passive. Interestingly, similar

considerations do not apply to the static magnetic per-
meability μð0Þ, since the function μðωÞ loses its physical
meaning at moderately high frequencies [171,172], before
converging to unity. As a result, different from εð0Þ, μð0Þ is
allowed to assume values between zero and one [171],
which is confirmed by the existence of several natural
materials exhibiting static diamagnetism.
The sum rule (9) for the integrated scattering, combined

with the monotonicity theorem for the polarizabilities and
the nonnegativity of χð0Þ, demonstrate that any linear,
causal, passive, and nondiamagnetic cloak always increases
the static polarizability, and therefore the integrated scatter-
ing, of the original uncloaked object. This represents a
fundamental global bound on passive cloaking, which
indicates that a cloak with the above characteristics,
wrapped around a given object, always scatters more, over
the entire spectrum, than the original object. In other words,
when we design a cloak to reduce the visibility of a scatterer
in a narrow-frequency window, we always “pay the price”
with increased scattering in other regions of the spectrum.
From this perspective, a passive cloak can be interpreted as
a device that “redistributes” the scattered energy of an
object across the electromagnetic spectrum, such that the
integral in Eq. (9) does not decrease. However, it is
important to stress that the cloaking bandwidth cannot
be widened at will by simply compensating the reduced
visibility of an object with higher out-of-band scattering.
There are, in fact, additional causality and passivity
limitations on the possibility of continuously suppressing
the scattering on a given bandwidth, analogous to so-called
Bode-Fano limits on the reflection coefficient of passive
impedance-matching filters [173,174].
The derived global bound on cloaking confirms and

explains why all existing passive cloaking devices tend to
strongly increase the scattering outside the narrow-
frequency window for which they are designed. In
Fig. 16, we show the scattering cross sections, over a wide
bandwidth, for typical examples of cloaks belonging to the
main categories discussed in this paper, namely, trans-
formation optics, plasmonic, and mantle cloaking. As
expected, while all cloaks successfully reduce the visibility
of a dielectric sphere at the design frequency, they exhibit
much stronger scattering over the rest of the spectrum.
Mantle cloaking appears to be the best solution over a
global scale, since it requires the smallest amount of
additional matter, consistent with the above discussion.
In particular, for the considered example, the mantle cloak
increases the integrated scattering by 1.75 times, whereas
the plasmonic and transformation-optics cloaks increase
the integrated scattering by 3.15 and 17.5 times, respec-
tively, as observed in Ref. [166]. These considerations are
not only relevant from the scientific standpoint, but are also
particularly important to assess the applicability of different
cloaking techniques in practical scenarios. In many real-
world applications, in fact, ranging from warfare to
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electromagnetic compatibility and furtive sensing, the
broadband properties of cloaking devices are of crucial
importance, and therefore a cloak should be designed trying
to avoid excessive out-of-band scattering.
The global bound on cloaking discussed in this section

may be circumvented if we relax the assumptions over
which its derivation is based. First, as mentioned above,
if the cloak is diamagnetic at zero frequency, i.e.,
0 ≤ μð0Þ ≤ 1, the static polarizability of the cloaked object
may decrease, which in turn determines a reduction of the
integrated scattering. In practice, the required level of
diamagnetism to significantly reduce the global scattering
can be achieved by including superconducting elements in
the cloak, as discussed in Ref. [166] and more extensively
in Ref. [74]. Moreover, since magnetization in matter can
be interpreted as a form of spatial dispersion of the electric
permittivity [171,172], it may be interesting to investigate
whether other forms of spatial dispersion may lead to
similar cloaking effects as those of static diamagnetism. In
fact, it was shown in Refs. [175,176] that a spatially
dispersive static permittivity εð0;kÞ can indeed assume
finite negative values for momenta k ≠ 0 (instead, static
permittivity values between zero and one are still strictly
forbidden by causality), hence breaking the assumption of
non-negative electric susceptibility in Eq. (10).

Another fundamental assumption is the one of causality,
which is generally held to be valid in any situation.
However, in the scattering problems considered here,
causality is defined with respect to the background
medium, namely, the response is said to be causal if a
signal takes more time reaching a detector in the presence
of a scatterer along its path compared to the case when it
propagates freely in the background medium. Accordingly,
if the background is not a vacuum, but a high-index lossless
dielectric, forward scattering may become noncausal and
the above global bounds on cloaking do not hold in all
situations [both sum rules (9) and (10) are not valid in a
noncausal setting]. As a result, it is possible to design
broadband cloaks, e.g., a dispersionless air buffer between
a high-index background medium and the scatterer as in
Ref. [120], which may break the sum rule and achieve
much stronger scattering reduction, over wider bandwidths,
compared to their counterparts in free space. Interestingly,
similar considerations apply to acoustic cloaking [177],
which is typically noncausal with respect to the background
medium [178,179], and can escape the sum rule.
These considerations can also be related to the locality of

the electromagnetic response in typical scattering systems,
namely, the fact that the currents induced, at any point, in a
material object by an impinging wave depend on the fields
at the same point. Any local cloaking scheme aimed at
routing a finite signal (i.e., with nonzero bandwidth) around
a region of space will inevitably delay the input signal due
to causality, leading to finite scattering in the forward
direction. In fact, if the response is local, the material at the
far side of the cloak will respond to the input signal only
when the incident wave front actually reaches that point,
i.e., at a time instant that is inevitably delayed compared to
the case of free-space propagation without the scatterer (if
the background medium is a vacuum). Interestingly, it has
been discussed how cloaking for finite signals may be
accomplished with a nonlocal response, which may be
implemented—at least in principle—with an array of active
sources driven by an array of sensors around the scatterer
[180,181]. In such a design, the cloak response would be
strongly nonlocal because the value of every single source
is determined by calculations based on field measurements
at different points all around the object. Since this approach
involves real-time calculations and extra propagation of
information, it may be feasible for slowly propagating
waves, e.g., in acoustic scattering, whereas it is extremely
challenging—if not impossible—for electromagnetic
waves, as causality constraints obviously bound also the
response of nonlocal materials. Nevertheless, these con-
siderations suggest that the introduction of active elements
may open new important directions in the field of cloaking,
as we discuss in the following.
The possibility of relaxing the mentioned cloaking

bounds by using diamagnetic and superconducting materi-
als or a high-index background, as suggested above, is not

FIG. 16. Normalized scattering cross sections, over a broad
range of wavelengths, for the main cloaking devices reviewed in
this paper, designed to achieve invisibility at the wavelength λc.
The normalization factor A is the geometrical cross section of the
uncloaked sphere. These results show that existing passive
cloaking devices increase the global scattering compared to
the uncloaked object. The different cloaks are applied to a
spherical dielectric object with relative permittivity ε ¼ 5, and
diameter d ¼ λc=3. ©2013 APS. Adapted with permission,
Ref. [166].
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available, or not practical, in many situations. A different
way to circumvent the cloaking limitations is to relax other
assumptions made in the above derivation, such as linearity,
time independence, or passivity. In particular, consistent
with our discussion in the previous paragraph, the use of
active cloaking designs holds the promise to outperform
conventional passive cloaking techniques, as we discuss in
the next section.

IV. OUTLOOK: TOWARDS ACTIVE CLOAKS

A. Beyond the limitations of passive systems

The fundamental limitations discussed in the previous
section apply to scatterers (i.e., object and cloak) that are
made of linear, time-invariant, passive, and causal media.
These limitations seem to be rather drastic in terms of
bandwidth, sensitivity to absorption losses, and maximal
scattering reduction. Because of this, we believe that the
future of the science of invisibility and cloaking is to look at
ways to circumvent these fundamental limitations and find
efficient solutions with broader bandwidth and larger scat-
tering reduction that outperform passive techniques. Among
the assumptions of causality, linearity, time invariance, and
passivity, the easiest one to break is arguably passivity.
Causality—in the sense defined in the previous section—is
obviously impossible to break for electromagnetic waves
when the background medium is a vacuum. Nonlinearity or
time dependence are interesting venues, but such properties
typically change the frequency content of the incident signal,
causing additional unwanted scattering. Active systems,
however, represent the ideal candidates to build efficient
broadband invisibility cloaks, as we demonstrate in the rest
of this outlook section. They also provide gain, which can be
used to our advantage to compensate losses andmake perfect
invisibility possible, even for absorptive objects, going
beyond the limits of Fig. 15.

B. Non-Foster mantle cloaking

To better understand how active cloaking schemes can
break the bandwidth limitations of traditional passive
invisibility strategies, we focus on mantle cloaking, and
the simple example of an infinite cylinder of radius a,
relative permittivity ε ¼ 3, and relative permeability μ ¼ 1,
covered by a cylindrical mantle cloak of surface impedance
Zs ¼ jXs and radius ac. In this cylindrical case, it is
possible to show that the transverse magnetic l ¼ 0
harmonic dominates the overall scattering in the long-
wavelength limit [122], and the surface reactance Xs
required to cancel this dominant scattering is found as

Xs ¼
2

ωaγðε − 1Þ ; ð11Þ

where γ ¼ a=ac: For dielectric cylinders ε > 1, this value
must be positive Xs > 0, which can be achieved using an

inductive FSS (such an inductive surface then compensates
for the capacitive nature of the cloaked cylinder). However,
the frequency dependence of an inductive surface, typically
linear with omega, cannot match the dispersion required
by Eq. (11) for broadband cloaking, which is inversely
proportional to ω. In fact, there exists no passive FSS that
can achieve such a negative dispersion, as it would violate
Foster’s reactance theorem, according to which the react-
ance of any passive lumped element must monotonically
increase with frequency in a region of low absorption
∂XsðωÞ=∂ω > 0 [182]. What one needs to design to break
Foster’s theorem is instead an active frequency-selective
surface, consistent with Eq. (11), which actually describes
an active surface with negative capacitance Zs ¼ 1=jCω,
with C ¼ ð1 − εÞγa=2. Such negative non-Foster elements
are in fact possible to implement, and have recently
attracted significant attention for their potential in broad-
band electromagnetic wave manipulation using metamate-
rials at radio frequencies [183].
Designing a metasurface with negative capacitance is

quite challenging, due to stability issues inherent to active
systems. Using a rigorous approach, our group has pro-
posed a design of an ultrathin metasurface formed by
structured metallic patches combined with lumped
negative-impedance converters based on complementary
metal-oxide-semiconductor technology [184]. A schematic
of the design is represented in Fig. 17. Full-wave simu-
lations are performed to predict the scattering from such a
structure, fully modeling the coupled electromagnetic and
electronic problems.
Figure 18(a) shows the dispersion of the required non-

Foster impedance [Eq. (11), red curve] and compares it
with the impedance synthesized in our realistic circuit
based on negative-impedance converters (green curve)
constructed using cross-coupled pairs of bipolar junction
transistors (see Ref. [184] for details). The two curves are
very close, demonstrating the potential of such circuits to
generate the required negative-capacitance dispersion. The
blue curve in the figure represents the dispersion of an
inductive surface tailored to fulfill condition (11) at the
frequency f0 ¼ 0.8 GHz. We see that, due to the opposite
slope, this curve approaches the desired red curve only at its
design frequency, illustrating the incapacity of passive
designs to generate broadband scattering reduction. On
the other hand, the green and red curves are very close to
each other in a wide frequency range, allowing for broader
scattering cancellation. This is indeed confirmed by look-
ing at the corresponding scattering widths shown in
Fig. 18(b), where we also plot the case of the bare cylinder
(dashed gray curve). The passive cloak is efficient only at
reducing the scattering at its design frequency, with a total
reduction of 15 dB at this frequency. At lower frequencies,
however, the passive cloak induces more scattering than the
bare object, consistent with the sum rule (9). Using a
multilayer cloak, we may be able to induce such a
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scattering dip at multiple frequencies, however, Foster’s
theorem would force a scattering peak to appear between
any two dips [185]. Broadband operation is instead
achieved with the active metasurface, which performs
much better than the passive cloak in terms of bandwidth,
effectively canceling the scattering over almost 900 MHz.
The setup is fully stable, as confirmed by time-domain
simulations of cloaking from finite electromagnetic
pulses [184].

C. Parity-time symmetry and invisibility

It has been shown in the previous section that active
cloaks can break the bandwidth limitations of passive
systems. What about the problem of absorption, which
imposes a limitation in the absolute value of the scattering

reduction level, as shown in Fig. 15? In this section, we
explain how active systems, which can provide gain, can
also be used to compensate absorption losses, and therefore
induce zero absorption cross section. According to the
optical theorem, as detailed in Sec. III A, this makes perfect
invisibility possible, even for a hidden observer who wants
to look at the outside world or a sensor which receives
information.
Apossible route to realize invisible active systems that can

beusedas sensors is theuseofparity-time (PT)symmetry.PT
symmetry is a special type of space-time symmetry that
describes the invariance of a system upon the combined
action of the Parity operator P, which takes the inversions
of space, and the time-reversal operator T [42,186–197].
In the one-dimensional case, a PT-symmetric object
is invariant upon flipping the object from right to left and

FIG. 18. (a) Surface reactance of different
mantle cloaks. The red curve represents the
ideal surface reactance for cloaking [see
Eq. (11)], while the green curve shows the
realistic surface impedance Zeq designed us-
ing commercially available CMOS technol-
ogy. The non-Foster surface impedanceZeq is
obtained from a passive patch array inductive
metasurface (MTS) with surface impedance
Zs;MTS, whose gaps are loaded with NIC
circuits of electrical impedance Zs;NIC. For
comparison, the blue curve represents a pas-
sive inductive design. The corresponding
scattering widths are shown in (b). ©2013
APS. Reprinted with permission, Ref. [184].

FIG. 17. (a) A metasurface is made of structured metal combined with negative impedance converters powered by a static voltage
applied between the drain electrode (VDD) and the ground (GND), assembled (b) to provide a negative capacitive surface, which is
ultimately used to implement mantle cloaking (c) over a broad range of frequencies. d ¼ λc=3. ©2013 APS. Reprinted with permission,
Ref. [184].
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changingabsorption (gain)byanequal amountofgain (loss).
For instance, an example of a simple one-dimensional PT-
symmetric system is shown in Fig. 19. Two lumped circuit
elements are separated by a transmission line segment of
characteristic impedance Z0 and propagation constant β0.
Thecircuit elementon the left is lossy: it is a simple resistance
of value R ¼ rZ0, capable of absorbing the power P ¼ RI2,
where I is the current flowing through it. This circuit can
model also simple 1D electromagnetic PT-symmetric geom-
etries. Inorder tofulfillPTsymmetryfor theentiresystem, the
element on the right must be the time-reversed image of the
element on the left. This is indeed the only way that the P
operation,whichswitches leftandright,has thesameeffectas
the T operation, forcing the PT operator to leave the system
invariant.The time-reversed imageof a resistor of valueR is a
negative resistor of value −R, as it may be understood by
applying the time-reversal operation to Ohm’s law U ¼ RI.
Since the voltage U is an even quantity upon time reversal
U→

T
U, it must be the same for the passive resistor and

for its time-reversed image. But since the current I is odd
I→
T − I, it is then necessary thatR→

T − R. In such a negative
resistor, absorption P ¼ −RI2 is negative, confirming that
the time-reversed image of absorption processes are in fact
gain events, sustained by active systems.
This simple example enables us to grasp the relevance

of PT symmetry in invisibility problems involving lossy
structures. Imagine that the object that we want to hide is
the left resistor. Such a resistor can, for instance, model a
sensor, which absorbs part of the incident signal to perform
a sensing operation. However, because the current induced
by the incident signal in the resistor reradiates a scattered
field, such a sensing operation would inherently be intru-
sive and detectable, and this sensor would never be
perfectly invisible. As discussed in Sec. III, even by using
passive cloaking strategies, we cannot make an absorptive
object ideally invisible, and scattering will always occur
if the absorption cross section of the cloaked object is
nonzero. However, the resistor can be completely cloaked
by pairing it with its time-reversed image as in the
PT-symmetric configuration of Fig. 19. Such a configura-
tion enables perfect cloaking for the lossy resistor by
compensating for its losses and bringing the total absorp-
tion cross section to zero. The energy taken out for the

sensing operation at the passive resistor is brought back
into the system by the active resistor. It is possible to show
that such a system can be operated under an invisibility
condition, known as an exceptional point in the theory of
PT-symmetric systems, that enables zero scattering while
maintaining the ability of the passive resistor to absorb
power [195]. Such furtive sensors have been implemented
experimentally for acoustic waves [197] using properly
designed electroacoustic transducers, confirming the theory
established in Ref. [42] and the practical relevance of active
strategies to implement loss compensation in cloaking,
escaping the fundamental limitations of passive systems.
Such strategies that exploit PT symmetry may be imple-
mented in more complex scenarios, including cloaking of
large three-dimensional objects.

D. Outlook

We have shown that active structures provide important
degrees of freedom that enable breaking the fundamental
limitation rules discussed for passive linear systems
in Sec. III, both in terms of bandwidth, scattering reduction
level, and sensitivity to absorption losses. While they relax
many of the limitations of passive systems, active systems
still have to abide by causality, which is reflected in active
systems by constraints on their stability. Broadband
invisibility—either being based on passive or active
schemes—will always be imperfect, and the derivation
of fundamental physical bounds for cloaking systems in
terms of bandwidth and scattering reduction for active
and passive systems is still an open theoretical question.
Nevertheless, the above examples show that active systems
indeed hold the promise of larger cloaking bandwidths
compared to their passive counterparts, and they open the
possibility of loss compensation and ideal furtive sensing,
which constitute promising research directions in the
science of invisibility, bringing us one step closer to the
ultimate stealth device.

V. CONCLUSION

Many scientific efforts have been made during the past
decade to bring the dream of invisibility closer to reality;
however, many challenges still stand and need to be
overcome to improve the performance of these initial
prototypes, particularly in terms of bandwidth and sensi-
tivity to absorption losses. Starting from a concise study of
the literature and the basic science of cloaking, we have
highlighted the different available methods to induce the
invisibility of an arbitrary object, and compared their
performance at different levels. We have explained the
current limitations that cloaking faces by relating them to
basic physical properties of the scattering system, such as
linearity and passivity, and derived fundamental limitations
that apply to any cloaking scheme, as long as it is based on

FIG. 19. Example of a PT-symmetric system, obtained by
pairing a resistor of value R ¼ rZ0 and its time-reversed image,
which is a negative resistor of value −R. The two circuit elements
are connected by a transmission line of impedance Z0, propa-
gation constant β, and length d. ©2014 APS. Adapted with
permission, Ref. [42].
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linear, time-independent, passive materials. Active cloak-
ing strategies, which show great potential to alleviate these
general physical limitations, were shown to be particularly
promising for increasing the cloaking bandwidth and
compensating the unwanted scattering due to absorption
losses. Altogether, our analysis highlights the necessity to
go beyond passive cloaking strategies, which are too
constrained in terms of performance, and demonstrates
the necessity to focus research efforts on solutions that
employ active elements, such as non-Foster metasurfaces or
structures with compensated losses, for instance based on
PT-symmetry concepts. Other solutions, such as the use of
nonlinear or time-dependent materials, may also relax the
limitations of conventional cloaking methods.
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