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Active electromagnetic cloaking uses an array of elementary sources to cancel the scattered fields

created by an object. An active interior cloak does this by placing the sources along the boundary of the

object. This process can be thought of as introducing a discontinuity in the field to cancel out the scattered

field by the object. Here, an experimental version of a thin active cloak at microwave frequencies is

demonstrated for an aluminum cylinder with a radius of 0:56�. The cloak consists of a 12-element

magnetic-dipole array. By controlling the weights of the current on each element of the array, the

scattering off of the cylinder is reduced in the backward and forward directions. The ability to disguise the

aluminum cylinder as another object by varying the weights of the dipole array is also demonstrated.

Finally, potential ways of overcoming the constraint of requiring a priori knowledge of the incident field

leading to camouflaging-type behavior are discussed.
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I. INTRODUCTION

Cloaking an object from an electromagnetic field repre-
sents a major advancement in the ability to control and
manipulate electromagnetic radiation. Since the work re-
ported in Ref. [1], the concept of cloaking an object from
an incident electromagnetic wave has spurred many differ-
ent perspectives on how the scattering off of an object can
be managed.

In Ref. [1], cloaking is accomplished by covering an
object with an anisotropic and inhomogeneous material
shell that bends the incident field around the interior vol-
ume. This bending allows for any object that fits inside that
volume to be hidden, an approach that belongs to the
general field of ‘‘transformation optics.’’ This rerouting
of the incident field comes at the trade-off of requiring
extreme material parameters (the permittivity and perme-
ability approaching either zero or infinity). Such an ap-
proach is the most general form of material-based cloaking
for a monochromatic plane wave, as it can hide any object
from any incident field. However, it is not ideal for pulses
because of the dispersion inherent in the material parame-
ters and the inherent bending of the fields around the object
that is required. As stated in Ref. [2], no material-based
electromagnetic cloaks can causally respond to a pulse.
Such a metamaterial cloak is also the most difficult to
implement and requires approximating the ideal parame-
ters, as well as electrically thick shells that are limited by
losses [3,4].

To get around these limitations, cloaking mechanisms
have been proposed that use specific knowledge about the

object being hidden and the incident field with which it is
illuminated. Making assumptions about these quantities
allows for cloaks to be tailored to a specific situation. For
example, cloaking using transformation optics can be
achieved using simpler material parameters if the object
is backed by a ground plane [5] or if the cloaking effect is
reduced to a known angle of incidence [6,7].
Plasmonic cloaking [8] uses the size of the object and

its material composition to tailor the scattering of the
object. By assuming an electrically small object, the scat-
tering can be described by its lowest-order scattering term
(the monopole or dipole term, depending on the object),
which gives rise to a cloak made up of a homogeneous
plasmonic shell (permittivity< 0) [9,10]. This shell can
also be reduced to a low-profile surface described by an
inductive impedance [11].
Another form of cloaking designed for the microwave-

frequency range is tailored for cylindrical objects of vari-
ous dimensions using parallel metal sheets that guide the
waves around or through the object being hidden [12,13].
The examples given above are all passive ways of cloak-

ing an object using materials or surfaces. Another way of
accomplishing a cloaking effect for waves is to use an
active approach using sources instead of materials.
Active cloaking has previously been proposed for acoustic
waves [2,14]. As discussed in Ref. [2], sources placed
around an object could be used to hide an object from
pulses by using prior knowledge about the field to deter-
mine the weight on each source (predetermined cloaking).
A more sophisticated form of cloaking was also discussed
in Ref. [2] (true cloaking), which could be achieved by
constantly sampling the field to set the weights in real time.
Such a method, however, requires nonlocal knowledge
about the field at each source or sensor. While this is not
possible for electromagnetic cloaks, it is possible for other
waves (such as acoustic waves) that allow for information
to flow faster than the wave itself. Active cloaking with
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sources for electromagnetic waves was briefly described in
Ref. [2], where it was stated that predetermined cloaking is
possible, while true cloaking is not feasible because of
causality constraints.

For active cloaking of electromagnetic fields, the
sources could be antennas with specific radiation patterns.
Typically, arrays of antennas are used in communication
links or radar detection. Here, for active cloaking, the
antennas are used instead to tailor the scattering of the
object being cloaked. This method also brings to mind
techniques such as active radar jamming [15], which uses
noise and signal processing to alter the radar profile of a
target. We note that these approaches do not necessarily
cancel the scattered fields surrounding an object but dis-
guise or mask an object along certain directions of interest.
On the other hand, active cloaking in the context of this
paper seeks to alter the scattered fields (including their
total cancellation) at all directions in space, which is a
more general problem. The basic form of active cloaking
for electromagnetic fields assumes a predetermined field
and falls into two main classes, exterior and interior
methods.

Exterior methods [16–18] require an array of multipole
sources (at least three) that create a region of space where
the field is zero. The weights and order of the multipole
terms of these sources are determined by the properties of
the incident field and the size of the space where we desire
the field to be zero. Through interference, these sources,
along with the incident field, create the zero-field region.
Because the sources are far away from the location of the
object, any object can be placed in this zero-field region
without disturbing the interference of the multipole sources
and the incident field. This process allows for no scattering
off of the object and thus no scattered field. It can be seen
that exterior methods do not require any information about
the scatterer itself, as the goal is to create a zero-field
region only, provided that the sources are far away from
the scatterer.

Interior methods place sources around the object itself to
cancel out the scattered fields of the objects. Because
interior methods place sources very close to the scatterer,
they have to be designed with the properties of the scatterer
in mind. These sources are Huygens sources (orthogonal
electric and magnetic dipoles), and the weights of the
source are then ultimately determined by the incident field
and the scatterer. By superimposing these sources with the
incident field, the object is hidden. As mentioned, Ref. [2]
discusses interior cloaking, while another equivalent way
of formulating the problem, specific to the electromagnetic
case, using the equivalence principle (or discontinuous
fields) was given in Refs. [19,20].

While passive material cloaks have been demonstrated
before, there has been no demonstration of active cloaking
for electromagnetic fields in the literature. In this work,
an initial prototype of an active cloak is demonstrated,

specifically, an active interior cloak for a predetermined
incident field. In the following section, the synthesis of the
active cloak is briefly reviewed. Then, the design and
measurement of the prototype cloak is discussed, followed
by an analysis of the measured results. Finally, ways to
estimate the incident field using the cloak itself are
discussed.

II. CONCEPT

In Ref. [19], the problem of active electromagnetic
cloaking was formulated using the equivalence principle
[21,22], as opposed to the equivalent formulation in
Ref. [2]. Specifically, this was achieved by imposing ap-
propriate orthogonal electric and magnetic currents
(Huygens sources) around a scatterer. In Ref. [20], this
concept was extended for various other cloaking scenarios
(e.g., leaving the interior fields unchanged or for modifying
the scattered fields) and for general wave-front manipula-
tion by a metasurface. To briefly review this cloaking
scheme, the two-dimensional geometry pictured in Fig. 1
is used, where a steady-state point source, with a frequency
! in the microwave spectrum (assuming a ej!t conven-
tion), is incident on a cylindrical scatterer. The cylinder is
of radius r ¼ a and made out of a material with an arbi-
trary dielectric constant ". Note that this two-dimensional
scenario can easily be extended to three dimensions. The
electric field of the incident plane wave is polarized per-
pendicularly to the xy plane, as shown in Fig. 1, and will be
the assumed polarization throughout this work. The total
electric field outside the cylinder,Et, in such a scenario is a
superposition of the incident field and the scattered field,
given by

FIG. 1. The geometry of the scattering problem discussed. A
point source with the illustrated polarization illuminates a cir-
cular PEC scatterer. To cloak the PEC scatterer, it is surrounded
by magnetic dipoles, with a specific weight on each dipole
determined by the scattered field.
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E total ¼ Etotalẑ ¼ ðEinc þ EsÞẑ
¼ Eoe

j�Hð2Þ
o ðkoj�� �0jÞẑ

þ Eoe
j�

Xn¼1

n¼�1
AnH

ð2Þ
n ðko�0ÞHð2Þ

n ðko�Þejnð’�’0Þẑ;

(1)

where �0 and ’0 describe the location of the source, Eoe
j�

is the complex weight of that source, andHð2Þ
n is the Hankel

function of the second kind. Here also, the scattered field is
decomposed into cylindrical wave functions, and An are
the coefficients for each term of the sum of cylindrical
wave functions. These are determined by imposing the
continuity of both the tangential electric and magnetic
fields at the boundary.

To cloak this object, sources can be superimposed on its
boundary, and these sourcesmust radiate a field that cancels
out the scattered field, leaving the incident field only. To
determine the properties of these sources, their function can
be interpreted as imposing a discontinuity in the electro-
magnetic field at the boundary. By this, we mean that since
the tangential incident and scattered electromagnetic fields
outside the cylinder are continuous with the fields inside the
cylinder across the boundary of the object, any other field
existing either inside or outside the cylinder would create a
discontinuity. This discontinuity must be supported by cor-
responding electric and magnetic currents [20,23].

Thus, in the case of a cloak where one would like to
cancel the scattered field outside the cylinder, these electric
and magnetic currents are given by the negative of the
tangential scattered field at the surface of the cylinder,

Ms ¼ n̂� Es; (2)

J s ¼ �n̂�Hs; (3)

where n̂ is the outward normal of the surface. These
continuous electric and magnetic currents can then be
approximated by an array of discrete electric and magnetic
dipoles. The weights of these dipoles are given by

pm ¼ Msad’dz

j!
; (4)

p e ¼ Jsad’dz

j!
; (5)

where ad’ and dz give the discrete physical size of each
dipole. The minimum number of required dipoles is deter-
mined by the Nyquist criterion to effectively capture the
fastest variation in the electric and magnetic currents
around the boundary of the object. For the polarization in
question here, the magnetic dipoles lie in the plane, and the
electric dipoles lie perpendicular to the plane.

Of course, as discussed above, the weights for all of
these dipoles are determined by the scattered field, which

itself is determined by the incident field. Thus, either
a priori knowledge of the incident field is required or, as
will be discussed later, the incident field has to be
estimated.

A. Cloaking a perfect electric conductor cylinder

From the previously discussed theory, the experimental
realization of cloaking in this paper will be demonstrated
for a perfect electric conductor (PEC) cylinder. For this
scenario, the cloak will be designed for the microwave-
frequency range, with a design frequency around
1.5 GHz, and the size of the PEC cylinder is given by a
radius of a ¼ 0:56�. Note that this is an appreciably large
object with respect to the incident wavelength. The PEC
scatterer is illuminated by a monopolar point source 3�
away from the object. Because the object is a perfectly
conducting cylinder, the scattered fields of the cylinder
are described by enforcing the continuity of the electric
fields only (as opposed to a dielectric cylinder, where both
the electric and magnetic fields are continuous across the
boundary). Then, we only need Eq. (2) to describe the
scattered fields, as per the equivalence principle [23], and
thus the desired discontinuity, which is the negative of the
scattered fields. Using Eq. (2), the required magnetic cur-
rents to impose a discontinuity in the field are then given by
the following expressions,

Ms;cloak ¼ Eoe
j�

Xn¼1

n¼�1
AnH

ð2Þ
n ðko�0ÞHð2Þ

n ðkoaÞejnð’�’0Þ’̂;

(6)

where the scattering coefficients are given by An ¼
�JnðkaÞ=Hð2Þ

n ðkaÞ. The magnetic-current distributions
are plotted in Fig. 2. With the magnetic currents on the

FIG. 2. The magnitude and phase of the magnetic currents
required to cloak a PEC cylinder. The magnetic currents are
determined by the scattered field at the boundary of the PEC
cylinder.
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boundary of the PEC scatterer defined, this current distri-
bution can be constructed using a magnetic-dipole array,
which will be discussed in the following section.

III. DESIGN AND MEASUREMENT

To demonstrate this form of active cloaking, the cloak
will be constructed from an array of elementary dipole
antennas, as stated earlier. The measurement setup of the
cloak needs to be considered as well. Similarly to other
experimental demonstrations of cloaking and lensing
[9,24,25], our cloak will be situated in a parallel-plate
waveguide that allows for the emulation of an environment
with an infinite extent along the z axis. To discuss these
details, a brief overview of the measurement setup is given,
followed by some details regarding the design of the cloak.

A. Measurement setup

Our measurement setup is designed for the microwave-
frequency range with an operating frequency around
1.5 GHz and is illustrated in Fig. 3, along with the corre-
sponding coordinate system. The waveguide is fabricated
from two rectangular steel sheets that are held parallel to
each other via plastic spacers around the perimeter of the
waveguide. The sheets are 1626 mm� 1092 mm. The
height of the waveguide is 38 mm, which allows for the
waveguide to support only a TEMmode, as all other modes
are cut off. On the periphery of the waveguide, foam
absorbers (Emerson-Cummings, AN-77) are placed to ter-
minate the guide and reduce reflections from its ends.

As shown in Fig. 3, a small monopole antenna is placed
at one end of the waveguide to excite the waveguide itself.
This is a point-source–like excitation, and it gives rise to
cylindrical wave fronts in the waveguide. The amplitude
and phase of the current on the monopole are controlled
through a voltage-controlled phase shifter (described be-
low in the following section) in series with a voltage-
controlled attenuator (Mini-circuits ZX73-2500-S+). The

purpose of the attenuator and phase shifter is to control the
magnitude and phase of the source, such that the source is
synchronized with the active cloak itself, as the incident
field must be known ahead of time.
The scatterer in the setup is an aluminum cylinder also

placed in the waveguide at 3� away from the monopole
antenna (600 mm, center to center), which approximates a
PEC scatterer. The aluminum cylinder has a height of
38 mm and a radius of 112 mm.
To measure the fields inside the waveguide, the top plate

of the waveguide is perforated with small subwavelength
circular holes with a radius of 5 mm. These holes are
repeated in a square grid with a period of 15 mm.
Because the holes are subwavelength, they have a minimal
perturbation on the fields inside the waveguide, as con-
firmed through full-wave simulation. To probe the fields, a
small semirigid coaxial cable is used, with its center con-
ductor exposed. This cable picks up the electric field in the
waveguide (Ez in the given coordinate system) and is
placed on a translation stage that moves the probe into
and out of each hole at a predetermined height. The range
of motion of the translator allows for an area of 600 mm by
600 mm to be scanned or, in terms of wavelengths,
3�� 3�, as shown in Fig. 3. The measurements are re-
corded using a Vector Network Analyzer (VNA, Agilent
E8364B) with port 1 of the VNA connected to the mono-
pole antenna and port 2 connected to the probe. The
measured S21 (transmission from port 1 to port 2) at each
position yields a relative map of the complex electric field
(Ez) as a function of space. These field plots are rescaled to
fit in a �1 to 1 scale. Note that for the field plots, it is not
the absolute value that is important but the relative values
in space which map out the wave behavior in the
waveguide.
To demonstrate this measurement setup, the field plot of

the monopole source scattering off of the aluminum cylin-
der is shown in Fig. 4(a), with the real part of the field
plotted. Here, the distinctive shadow region created by the
object is seen in the field plot (as well as the scattering in
the other directions). This case has good agreement with
the ideal PEC case shown in Fig. 4(b) (found using
COMSOL multiphysics).

B. Designing the cloak

The continuous magnetic currents required to form the
active cloak can be approximated by a discrete array of
sources, as stated earlier. As shown in Fig. 2, the magnetic
currents required for the various cloaking schemes, in
general, vary in both amplitude and phase. Thus, to effec-
tively implement the cloak, a discrete source, and a way of
controlling the weight of that source, is required for both its
magnitude and phase. The simplest discrete source to
model a magnetic current is a magnetic dipole, which
from antenna theory, takes on the form of an electrically
small loop antenna (a loop with radius r < �=10) [23]. The

FIG. 3. A schematic of the measurement setup used to measure
scattering and cloaking off of an aluminum cylinder. Note that
the waveguide plates sit flush against the aluminum cylinder.
Also note that absorbers are used to close off the waveguide (not
shown).

MICHAEL SELVANAYAGAM AND GEORGE V. ELEFTHERIADES PHYS. REV. X 3, 041011 (2013)

041011-4



relationship between the current on the loop to the effective
magnetic-dipole moment is proportional and given by I ¼
jpmj=ð�SÞ, where S is the area of the loop, with the dipole
moment perpendicular to the face of the loop [23]. To
construct these antennas, printed loops are fabricated on
FR-4 circuit boards with a radius of 5 mm. These antennas
are designed for a frequency around 1.5 GHz and are
pictured in Fig. 5(a). Also seen in Fig. 5(a) is the feed for
the antenna itself. To confirm the dipolelike properties of
the antenna, the measured radiation pattern is shown in
Fig. 5(b), where the two-lobe dipolar pattern is clearly
visible.

To determine the number of antennas that are needed,
the magnetic-current distribution in Fig. 2 is used. To
effectively represent this distribution with an array of dis-
crete dipoles, we need to apply sampling theory to deter-
mine the number of dipoles. Taking the Fourier transform
numerically (FFT) of Fig. 2, we find that a minimum of 12
dipoles is required to effectively sample the current shown
in Fig. 2.

With the number of dipoles given, the magnitude and
phase for the current on each element of the 12-dipole
array need to be set. To do this, custom-designed phase
shifters modeled after Ref. [26] are used to control the
phase on the antenna and off-the-shelf SMA attenuators are

used to alter the magnitude. The phase shifters are printed
on a Rogers 3003 circuit board using varactor diodes
(Aeroflex-MGV125-26-E28X), with each phase shifter
controlled by a single (external) voltage source. By varying
the voltage between 0 and 10 V the phase shifter can cover
over a 360� phase range, thus allowing for the proper
phasing of the current on each loop. For the cloak, because
the amplitude of the magnetic current varies very approxi-
mately by �1 dB across the cylindrical boundary, as
shown in Fig. 2, the magnetic current can be approximated
with a constant amplitude, without the need for attenuators.
This is essentially a far-field approximation, where the
driving point source is assumed to radiate a plane wave
at the boundary of the cylinder, as a plane wavewould have
a uniform amplitude over the cylinder. However, we dem-
onstrate in the following sections that amplitude control is
useful for other magnetic-current distributions. In those
scenarios, attenuators are used that have a fixed attenuation
in the �1 dB to�20 dB range (Crystek Corporation). For
the required magnitude, the appropriate attenuator is used.
The complete setup is pictured in Fig. 6, with the loop

antennas placed next to the cylindrical scatterer in foam

FIG. 5. (a) The fabricated loop antenna. (b) The measured
radiation pattern of the loop antenna. Two cuts of the 3D pattern
are shown, indicating the dipolar nature of the antenna.

FIG. 4. (a) The real part of the total measured electric field for a point source scattering off of an aluminum cylinder. The inner circle
shows the boundary of the aluminum cylinder. (b) The real part of the total electric field for a point source scattering off of a PEC
cylinder, as found using COMSOL multiphysics.

FIG. 6. (a) The exterior of the waveguide setup. Pictured are
the phase shifter, translator, and coaxial probe. The VNA is just
outside of the picture and to the left. (b) The interior of the
waveguide setup. The loop antennas conformally surround the
scatterer.
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stands. The phase shifters and attenuators are placed
outside of the waveguide, as shown in Fig. 6(a), because
of the discrete nature of the setup. It is important
to emphasize that a more compact design could be envi-
sioned in the microwave regime using an integrated circuit
approach [27].

To feed the dipole array, port 1 of the VNA is split
through a two-way power splitter (Mini-Circuits ZAPD-
2-21-3W-S+), with the first feed going to the monopole
antenna and the second feed to the dipole array. This
second feed is then passed through another 16-way power
splitter (Mini-Circuits ZC16PD-24+) to feed each of the 12
phase-shifters–attenuators–loop antenna blocks (with the
remaining ports terminated).

To demonstrate the cloaking effect, the voltages on each
phase shifter are set to generate the desired phase. For the
monopole antenna, the phase shifter and attenuator are
tuned to ensure that the monopole antenna and loop an-
tenna arrays are synchronized.

IV. MEASURED RESULTS

With the complete description of the experimental setup,
the performance of this cloak can now be examined. Before
looking at the full cloaking effect, the capabilities of the

magnetic-dipole array in the presence of the aluminum
cylinder are discussed.
If the magnetic-dipole array is properly phased in the

presence of the aluminum cylinder, a field distribution that
resembles the scattered field of the cylinder illuminated by
a point source is expected. In Fig. 7(a), the real part of the
measured field generated by the magnetic-dipole array is
shown. Also shown are the scattered fields for the ideal
PEC cylinder found from full-wave simulation and the
scattered field found from the measured total field of the
aluminum cylinder by itself. The latter is determined by
subtracting the measured total field from the measured
incident field (the field in the empty waveguide). As shown
in Fig. 7, good agreement is observed in all three scenarios.
There are some discrepancies and variations in the ampli-
tude of the measured fields. These differences are due to
inherent limitations in the cloak itself caused by amplitude
and phase variations in the loop antennas and phase
shifters. These limitations arise from the fabrication toler-
ances and variations in these devices and in the measure-
ment setup itself. Overall, one can see that if the monopole
and magnetic-dipole arrays are properly phased, the scat-
tered field could be reduced.
With this confirmation of the capability of the magnetic-

dipole array, one can now align the phase and amplitude of

FIG. 7. (a) The measured real part of the electric field created by the magnetic-dipole array alone in the presence of the aluminum
cylinder. The larger circle is the circle on which the near-field data are used to calculate the far-field patterns. (b) The measured
scattered field of the aluminum cylinder found by subtracting the total field shown in Fig. 4(a) from the measured incident field (not
shown). The larger circle is the circle on which the near-field data are used to calculate the far-field patterns. (c) The simulated real part
of the scattered electric field of the cloak computed using COMSOL.
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the monopole source with those of the magnetic-dipole
array to demonstrate the behavior of the cloak. The mea-
sured field in this scenario is plotted in Fig. 8(a), where in
comparison to Fig. 4(a), the wave fronts surrounding the
aluminum cylinder are restored to the state without the
scatterer present, which in this case corresponds to
cylindrical-like wave fronts. This case can be especially
observed when comparing the shadow region for the scat-
tering off of the PEC cylinder, which is plotted again in
Fig. 8(b), to the lack of a shadow in Fig. 8(a). For com-
parison, the simulated behavior of the cloak using COMSOL

multiphysics is also shown in Fig. 8(c), with a good agree-
ment between the two as well. Here, the discrepancies
between the simulated and measured results are caused
by the amplitude and phase variations in the loop antennas
and phase shifters mentioned above, which make up each
array. This situation can be observed in the approximate
1=

ffiffiffiffi
�

p
decay seen in the simulated results, which is not

present in the measured results.

A. Far-field plots

To further characterize the cloak, one can take the
measured fields and find the bistatic cross section (BCS)
of the bare aluminum cylinder compared to the cloak itself.
For a two-dimensional configuration, which is what the
parallel-plate waveguide environment emulates, the BCS is

defined as �ð�Þ ¼ lim�!12��
Es

Ei
[28]. However, this defi-

nition assumes knowledge of the far field, whereas for this
measurement setup, the near field of the scatterer is being
measured. Instead, given that near-field measurements are
available, the scattered field determined from the measured
data is projected onto cylindrical harmonics, thus enabling
the computation of the far field [29].
This process is carried out by finding the measured

scattered field on a circle concentric with the scatterer
itself, with radius � ¼ b, as shown in Fig. 7(b). Again,
the scattered field is determined by subtracting the mea-
sured incident field in the empty waveguide from the
measured field in the presence of the scatterer. Following
Ref. [29], this scattered field is expanded in terms of
cylindrical harmonics, assuming a point-source illumina-
tion, which gives

Esz ¼
Xn¼1

n¼�1
anH

ð2Þ
n ðko�oÞHð2Þ

n ðkobÞejnð’��Þ; (7)

with an the coefficients for the expansion and �o the
distance between the scatterer and the source. The scatter-
ing coefficients are found by treating the above as a Fourier
series, which gives

an¼ 1

2�Hð2Þ
n ðkobÞHð2Þ

n ðko�oÞ
Z 2�

o
Esexpð�jn’Þd’: (8)

FIG. 8. (a) The measured real part of the total electric field created by the magnetic-dipole array and the incident field from the
monopole antenna in the presence of the aluminum cylinder. Note the shadow region has disappeared, and cylindrical wave fronts have
been restored. (b) The measured total electric field for the scattering off of the bare aluminum cylinder, replotted again from (a). Note
the shadow region. (c) The simulated cloak using ideal magnetic dipoles, found using COMSOL.
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Finally, the BCS in the far field is given by

�ð’Þ ¼
��������

Xn¼1

n¼�1
expðjn’Þan

��������: (9)

Before presenting the measured results, a couple of
limitations with this calculation using the measured data
are noted. Given the measurement setup, there are limita-
tions due to the quality of the absorbers (approximately
�20 dB of attenuation), the sensitivity of the probe [29],
and finally, the directivity of the scattered field itself,
which, for the given scatterer, is not a very directive
pattern. With these limitations, there are constraints on
the accuracy at which one can extract the BCS data.
Thus, for the cloak, the BCS data are used to simply
examine the relative change between the uncloaked cylin-
der and the cloaked cylinder in order to get an estimate of
how well the cloak performs.

With this in mind, the BCS patterns for the bare alumi-
num cylinder and the cloak are presented in Fig. 9. For
comparison, the BCS of the magnetic-dipole array only, in
the presence of the cylinder, is also plotted, along with the
theoretical calculation for a point source scattering off of a
bare PEC cylinder. Note that the measured field data used
to calculate the BCS values were first normalized with
respect to the incident field measured in the waveguide.
Comparing, at first, the measured BCS for the bare alumi-
num cylinder to the theoretical value, we find that the
general shape is tracked by the measured data, with an
increase in the scattering in the forward direction due to the
shadow created by the scatterer. However, there are varia-
tions in the measured data along the backscattering direc-
tions. There is also an overall agreement between these two
plots with the BCS of the magnetic-dipole array only.

Nonetheless, as stated earlier, these data are used to
compare to the cloaked BCS, which is also shown in
Fig. 9, and a dramatic drop in the BCS is seen.
Relatively speaking, in both the forward and backward
directions, drops of �11 dB and �8 dB are observed,
respectively. Overall, the cloak suppresses the scattering
of the object across most angles, though it is noticed that at
�55� the scattering increases slightly. This result can be
seen in the field plot, as well where an increased intensity
in the field is present. As stated above, such an effect is due
to the overall variation in the fabricated antennas and phase
shifters. Using the BCS data, we can find the scattering
width by summing up the scattering coefficients an. Again,
we use this metric to simply evaluate the reduction in
scattering given by the cloak. Between the two cases of
the bare cylinder and the cloaked cylinder, the total scat-
tering width drops from 0.403 m for the bare cylinder to
0.133 m for the cloaked cylinder. Overall, this situation
indicates that the active cloak is effective at reducing the
scattering of an object for a known incident wave.

V. DISGUISING A CYLINDER

Because the weights of the magnetic-dipole array
needed to cancel the scattered field are purposefully set,
other configurations of magnetic currents are conceivable,
which can create interesting field distributions. Here, the
weights of these dipoles will be configured to impose a
discontinuity in the field, which causes the cylinder to
appear as another object [20]. We note that similar dem-
onstrations can be done for active exterior cloaks as well
[17,18]. To accomplish this, the fields scattered by the
object must continue to be canceled, but on top of this
cancellation, the field required to cause the scatterer to look
like a different object must be superimposed. From this, the
equivalent magnetic currents are given by

Ms ¼ n̂� ðEs �EdÞ; (10)

where Ed are the fields that cause the cylinder to look like
another object. Here, two ‘‘disguises’’ are demonstrated.
The first disguise makes a PEC cylinder look like a smaller
PEC cylinder with radius ad ¼ 0:2�. The second disguise
makes a PEC cylinder look like a dielectric cylinder with
"r ¼ 10 and radius ad ¼ 0:4�.
To disguise a PEC cylinder as a different cylinder, the

discontinuity in the field is given by superimposing the
negative part of the scattered field with the desired dis-
guise. This process gives a magnetic-current distribution of

Ms;d¼Eoe
j�

� Xn¼1

n¼�1
AnH

ð2Þ
n ðko�0ÞHð2Þ

n ðkoaÞejnð’�’0Þ

� Xn¼1

n¼�1
BnH

ð2Þ
n ðko�0ÞHð2Þ

n ðkoadÞejnð’�’0Þ
�
’̂; (11)

where Bn are the coefficients for the scattered field for the
desired disguise. To make a PEC cylinder look like a
smaller PEC cylinder, the coefficients Bn are given by

FIG. 9. The calculated BCS patterns for various scenarios. The
upper plot shows the measured BCS for the bare aluminum
cylinder, the magnetic-dipole array, and the theoretical BCS
for a PEC cylinder. The lower plot shows the measured BCS
for the bare aluminum cylinder and the active cloak.
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Bn ¼ �JnðkoadÞ
Hð2Þ

n ðkoadÞ
: (12)

Similarly, to make a PEC cylinder look like a dielectric
cylinder, the coefficients for the scattered field of a dielec-
tric cylinder are given by

Bn¼� k1"rk
2
oJ

0
nðk1adÞJnðkoadÞþk21koJnðk1adÞJ0nðkoadÞ

k2ok1"rH
ð2Þ
n ðkoadÞJ0nðk1adÞ�k21koJnðk1adÞH0ð2Þ

n ðkoadÞ
;

(13)

where k1 is the wave number in the dielectric cylinder, and
the primes indicate a derivative with respect to the argu-
ment [23]. The magnetic currents for both of these scenar-
ios are plotted in Fig. 10, where it is seen that both the
amplitude and the phase of the magnetic currents vary
across the boundary of the PEC scatterer.

A. Measured results

Using the same setup described previously, the complex
weights of the 12 magnetic-dipole antennas are set using
both the voltage-controlled phase shifters and the fixed
attenuators. These results will now be included in series
with the phase shifters, with the appropriate attenuation
given by Fig. 10.
Measuring the fields inside the waveguide, the

changes in the scattering around the aluminum cylinder
can be monitored when the magnetic currents given in
Fig. 10 are imposed on the boundary. Examining first
the weights that make the cylinder appear to be a smaller
cylinder with a radius of ad ¼ 0:2�, the measured
fields are plotted in Fig. 11(a). Also plotted are the

FIG. 10. The magnitude and phase of the magnetic currents
required to disguise a PEC cylinder. The blue curves show the
required magnetic currents for disguising the PEC cylinder as a
smaller PEC cylinder. The red curves show the required magnetic
currents fordisguisingaPECcylinder as a smallerdielectric cylinder.

FIG. 11. (a) The measured real part of the total electric field, with the weights of the magnetic-dipole array set up to disguise the
cylinder as a smaller metallic cylinder. Note how the shadow region narrows. (b) The measured real part of the total electric field of the
bare aluminum cylinder [repeated from Fig. 4(a) for ease of comparison]. (c) The simulated electric field found using COMSOL for
disguising a PEC cylinder as a smaller PEC cylinder.
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full-wave simulation for the same setup, and for conve-
nience, the measured fields of the bare PEC cylinder are
shown again. Here, it can be noted that both the measured
and simulated results show good agreement. Examining
the measured results between the disguised cylinder
and the bare cylinder, we see that the main difference
between the two is the narrowing of the shadow region
around the cylinder. This narrowing is indicative of the
smaller appearance of the 0:56� cylinder through the
active modification of the scattered field created by
the magnetic-dipole array.

For the second example, the measured fields are
plotted in Fig. 12, along with the full-wave simulated
results of the same setup, as well as a full-wave simula-
tion of the scattering off of a dielectric cylinder with
radius ad ¼ 0:4� and " ¼ 10. Here, again, a good agree-
ment between all three plots is seen. By inspecting the
shadow region of the cylinder, there is a clear modifica-
tion of the fields in this region, with the fields now
resembling those of the dielectric cylinder shown in
Fig. 12.

From these two examples, we show that by having
control of the amplitude and phase of the magnetic dipoles
that form the cloak, the scattering of the aluminum cylinder
can be tailored in a number of ways to disguise an object
instead of simply cloaking it.

VI. ESTIMATING THE INCIDENT FIELD

There are many practical scenarios where the incident
field is known a priori, such as when an object is blocking
the line of sight of an antenna array [30]. However, in many
situations, it is desirable to do cloaking without a priori
knowledge of the incident field to determine the weights of
the magnetic-dipole array. We may then ask if it is possible
to estimate the incident field with as little prior knowledge
as possible about the incident field itself. Here, a possible
way to accomplish this for a cylindrical PEC object is
described. We also note that in Ref. [2], a prescription is
given for sensing the field in real time to set the weights for
an active cloak. Here, however, a scenario for a steady-
state (or frequency-domain) incident field is considered in
the presence of a scatterer.
Considering, again, the cloak described above, one can

observe that the magnetic-dipole array operates in a trans-
mitting mode of operation to cloak the PEC cylinder from a
prescribed incident field. However, the same array, which
surrounds the object, can potentially be used as a receiver
to detect the incident field scattering off of the PEC object.
To examine this detection in more detail, the unknowns
surrounding the incident field are first detailed.
We first assume that the cylinder lies in the far field for

any source and that the incident field is a plane-wave–like

FIG. 12. (a) The measured real part of the total electric field, with the weights of the magnetic-dipole array set up to disguise the
cylinder as a smaller dielectric cylinder. Note how the shadow region has changed. (b) The simulated total electric field found using
COMSOL for disguising a PEC cylinder as a smaller dielectric cylinder. Note the good agreement with Fig. 12(a). (c) The simulated total

electric field for a dielectric cylinder of radius r ¼ 0:4� and dielectric constant " ¼ 10 found using COMSOL.
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excitation. This is a fair assumption, as for any reasonable
scenario, an unknown source would have a plane-wave–
like appearance within the vicinity of the object. Because
of the narrow-band nature of our setup, we also assume that
the frequency is known, though more advanced signal
processing techniques may not require this assumption.
With this in mind, one can observe that the plane wave,
described by Eo expfjð!t� k � rþ �Þg, has three un-
knowns: the amplitude Eo, the phase �, and the direction
k � r. Thus, the signal received by the magnetic-dipole
array must allow for these three qualities to be determined.

To accomplish this, knowledge about the object that is
being cloaked can also be used advantageously. Here, in
this example, the specific characteristics for scattering off
of a PEC cylinder can be used. Note, again, that the
receiver is a magnetic-dipole array around the boundary
of this cylinder. The orientation of this array, as seen in
Fig. 3, is such that each loop antenna is excited primarily
by the H’-field component. (Note that while the boundary

condition of the PEC cylinder requires the Ez component to
be zero, the magnetic field is nonzero at the boundary.)
Thus, one can at least predict the general structure of the
total H’ field (incident plus scattered) that would be re-

ceived by the antenna at the boundary of the cylinder from
general knowledge of how a plane wave scatters off of a
PEC cylinder. This structure is given for an arbitrary
incident plane wave as

H’¼�kocos’

j!�
Eoe

j�ejð!t�k�rÞ

þEoe
j� ko
j!�

X1
n¼�1

j�nAnH
0ð2Þ
n ðkoaÞeðjn’Þ; (14)

where the primes indicate derivatives with respect to the
argument. As we will show, one does not need to measure
other field components, as information about the incident
plane wave is contained in the H’ field.

To see how this can be done, the field given in Eq. (14) is
first plotted for arbitrary incident field parameters (magni-
tude, phase, and direction) near the boundary of the PEC
cylinder (specifically, �=15 away from the boundary,
which is the location of the loop antennas). The direction
of the plane wave is examined first. For a simple and
symmetric object like a PEC cylinder, the magnitude of
theH’ field tells us the direction of the incident plane wave

due to the strong shadow region created by the object.
Thus, at the point which the minimum in the magnitude
of the H’ field occurs, the corresponding outward surface

normal tells us the direction of the incident plane wave. In
the plot shown in Fig. 13, since the minimum occurs at 0�,
and the outward surface normal points in the x̂ direction, it
can be deduced that the incident plane wave travels in that
direction. Obviously, for a more complicated object, more
complicated signal processing would be needed to deduce

the direction of arrival [31], but it can be seen that, at least
for a symmetrical object, simple assumptions can be made.
To calculate the phase of the incident field, one can

simply fit a constant phase offset (with respect to a 0�
reference at the center of the object). This offset is seen in
Eq. (14), where the phase of the incident field, �, is
common to all terms. This phase offset then determines
the overall phase of the incident field and the correspond-
ing phase of the required magnetic-dipole array. To see
how the phase changes with a phase offset, the phase is
plotted in Fig. 13 with a phase offset of � ¼ 200�.
Finally, the magnitude of the incident plane wave can be

compared to the magnitude of the total field, as shown in
Fig. 13. Here, we show that given an incident plane wave,
the offset between the measured total field and amplitude
of the plane wave at broadside is approximately �5 dB.
Thus, by measuring the magnitude of the total H’ field at

the boundary, information about the magnitude of the
incident field can be determined by assuming a plane-
wave incidence. From these simple observations, the key
properties of the incident plane wave have been deduced.
The theoretical observed field given by Eq. (14) can be

compared with the measured field using the waveguide
setup of the previous sections. Here, the (normalized)
transmission (S21) from the monopole antenna to each
loop antenna is measured and also plotted in Fig. 14.
Note that the general trend in both the magnitude and
phase of the received signal at each element of the
magnetic-dipole array corresponds well to the predicted
theoretical result. Note also that in the measured scenario,
there is a point source, not a plane wave because of

FIG. 13. The tangential magnetic field H’ (magnitude and
phase) at the boundary of a PEC cylinder when illuminated
with a plane wave (blue line). The black line in the upper plot
is the magnitude of the magnetic field of the incident plane wave
when compared to the magnitude of the total magnetic field at
the boundary. The red dashed line in the lower plot is the change
in phase for a constant 200� phase offset.

EXPERIMENTAL DEMONSTRATION OF ACTIVE . . . PHYS. REV. X 3, 041011 (2013)

041011-11



limitations with the measurement setup. Thus, from these
measured received signals, the properties of the incident
field are calculable. A realistic real-time setup of this
scenario would use the received signals found using a
standard receiver circuitry to calculate the incident field
and dynamically set the weights to setup the cloaking
effect.

In this example, the specific knowledge about the size,
shape, and material composition of the scatterer has been
used to predict the incident field and thus the required
parameters for the cloak. As discussed in the
Introduction, other cloaking schemes have attempted
more feasible cloaking mechanisms by making assump-
tions about the object being cloaked and/or the incident
field itself [6–8], and we have shown here how these
assumptions can also be useful in the active regime.

As discussed in Ref. [2], causal electromagnetic cloak-
ing is not possible. Thus, determining the parameters of the
incident field cannot be accomplished by the magnetic-
dipole array without letting any of the incident field scatter
off of the object. However, once the properties of the
incident field are found, the appropriate weights on the
magnetic-dipole array can be set, and the magnetic-dipole
array can conceal the object from the incident field (assum-
ing a steady state). Here, also note that the receive and
transmit functions are assumed to be operating at separate
times, where the receiver senses the environment and the
transmitter responds to it. Hence, this behavior is perhaps
better termed as camouflaging instead of cloaking. A si-
multaneous receiver and transmitter would also have to
take into account noise and stability concerns.

What has been shown here is a simple example of how
the incident field could be determined by an antenna array
that can then be used to hide the object itself. For more

arbitrary geometries, more thorough knowledge of how the
object scatters the electromagnetic field would be required,
perhaps through numerical analysis, and more advanced
signal processing of the received signal would be required
to determine the magnitude, phase, and direction of the
incident field. Another implicit assumption is the narrow-
band steady-state properties of the incident (and scattered)
field. Here again, more advanced signal processing would
be required to handle transient, pulsed, or wideband
signals.

VII. CONCLUSION

In this paper, an experimental demonstration of the
concept of active interior cloaking for a predetermined
electromagnetic field has been presented. Using a formula
based on the equivalence principle [19], a cloak for an
aluminum cylinder made from a magnetic-dipole array has
been constructed. Measuring the cloak in a parallel-plate
waveguide demonstrated the cloaking effect, as well as
other possible configurations that allow the cylinder to be
disguised as another object. Finally, using the magnetic-
dipole array as a receiver, we showed how the incident field
could be determined, which could lead to a camouflaging-
type behavior.
By using these active sources, the appeal of this ap-

proach is that it requires only a thin conformal layer to
construct the cloak, using well-known technology from
phased-array theory. No artificial materials or surfaces
with extreme parameters are required.
Further work on this approach to the problem of cloak-

ing could involve a complete 3D array of electric and
magnetic dipoles to cloak dielectric objects, and more
sophisticated circuitry to improve the performance of the
array. Finally, combining the receive and transmit capabil-
ities of the dipole array to dynamically camouflage an
object would be of further interest.
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