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Abstract

A significant excitation of toroidal moments in cylindrically arranged dogbone metallic inclu-
sions is validated and presented in this paper. The antiparallel poloidal currents excited on the
front and back faces of the proposed cylindrical dogbone inclusions create strong magnetic
field confinement at the center generating intense toroidal moments on the structure. The sig-
nificant excitation of toroidal dipole moment causes an improvement in the scattering cross-
section from the resonant system. The resonant mechanism is analyzed using the multipole
scattering theory, and we used the scattering measurement techniques to characterize the
structure experimentally in the microwave regime.

Introduction

Plane-wave scattering from metamaterials exhibiting toroidal dipole moments is a rapidly
growing research area. Toroidal multipole moment is the higher-order multipole in the multi-
pole scattering expansion. When the object size approaches the order of incident wavelength,
then multipole theory shows the presence of toroidal moments. For sub-wavelength particles,
only the first-order electric and magnetic dipole moments will be excited. Kerker and cowor-
kers pointed out that when the electric and magnetic moments on these sub-wavelength inclu-
sions are equal in magnitude and oscillating in phase, then forward scattering is observed
[1, 2]. An out-of-phase oscillation reduces the scattering cross-section of the object [3]. The
lack of natural magnetic materials remained a bottleneck until Pendry et al. demonstrated the
first practical realization of artificial magnetism using the so-called split-ring resonator array [4].
The practical applications of such metamaterials are listed in various review reports [5].

Recently, toroidal dipole excitation in metamaterials has gained considerable interest due to
their promising electromagnetic behaviors such as high near-field energy localization, high
Q-factor, etc. Toroidal moments are created by the poloidal or the axial current distributions
excited on the composite [6]. Classical electromagnetic theory neglects the excitation of this
higher-order moment [7], and Zel'dovich first reported their excitation in nuclear systems
[8]. Specially designed asymmetric configurations of split-ring resonators and stacked struc-
tures show toroidal moments [9-12]. Dielectric resonator-based techniques are also employed
to overcome losses due to conduction currents [13]. Toroidal moments are created in the vis-
ible and ultraviolet range, using silicon-based dielectric materials [14, 15]. Recently, scattering
from composite metamaterial structures is manipulated using toroidal dipole moments.
Toroidal dipole excitation also ensures coherent forward scattering [16, 17]. The parallel exci-
tation of overlapped toroidal and electric dipole moments is an anapole, and the resulting
structure is invisible to a radar located at the far-field [18, 19]. Recently, toroidal metamaterial
with tunable resonant behavior is observed in the THz range [20].

The specialty of dogbone metamaterials is that its dimensions are the order of the operation
wavelength at resonance. Hence, toroidal dipole moments could be excited in specialized cylin-
drical configurations of dogbone structures. One such design is the cylindrically arranged dog-
bone elements around a metallic target [16] and is a modification of the authors’ cylindrical
cloaking structure [21]. The authors also detected a Fano-like resonance profile by exciting
strong magnetic resonance to create an electromagnetic invisibility cloaking scheme in a sep-
arate spectral window devoid of toroidal excitation [22]. This paper proposes a modified
dogbone-based cylindrical structure that shows a significant improvement in toroidal excita-
tion. The authors have used full-wave electromagnetic simulations for optimization, and back-
scattering from the design is measured using PNA E8362B network analyzer.

The geometry of the structure

The unit-cell structure is a modification of our previous work [16], and the main difference
is that it is devoid of the enclosed metallic cylindrical target, as shown in Fig. 1. All the
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Fig. 1. Description of the structure under study. (a) Formation of the unit cell, (b) top view, (c) geometrical specifications (L; =18 mm, L, =12 mm, W; =4 mm, W, =2 mm,

d=145mm), and (d) photograph of the fabricated structure.
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Fig. 2. Reflection coefficient of the proposed structure.

other parameters remain the same. Eight dogbone metallic ele-
ments, printed on a substrate of dielectric constant 4.4 and
height 1.6 mm, are arranged in a coaxial fashion, as depicted
in Fig. 1(a). Figure 1(b) shows the top view of the structure.
The inner diameter d is selected to be 14.5 mm. Figure 1(c)
illustrates the unit-cell dimensions. We have used photolitho-
graphic etching techniques for fabrication, and the engraved
copper thickness is 35 um. The final full design used for meas-
urement utilizes five such unit cells arranged vertically, as
shown in Fig. 1(d).

Simulation and measurement studies

We have used CST Microwave Studio for full-wave simulation
studies of the structure. For that, a plane wave with polarization
along y-axis is incident on the full structure shown in Fig. 1(d).
Reflectance from the design is measured using a monostatic scat-
tering measurement setup for normal incidence. For that, two
ultra wideband antennas, with an azimuth offset of 5°, are
mounted on a turntable assembly. We placed a metallic cylinder
at the turntable assembly center for performing a THRU calibra-
tion. To avoid possible multipath clutters, proper time gating is

applied to receive reflections only from the target. Replacing the
reference target with the studied structure gives the design’s
reflectance, as depicted in Fig. 2, and is well matched. The
observed resonance is around 2 GHz, and it indicates strong back-
scattering suppression at resonance.

The far-field scattering characteristics are studied using
full-wave simulations and shown in Fig. 3. The scattering
cross-section thus obtained for the structure compared with
a metallic plane target is shown in Fig. 3(a). Around reson-
ance, the design shows tremendous enhancement in scattered
power as that of the bare metallic cylinder. Figures 3(b) and 3(c)
compare the 3D scattering characteristics of both these structures.
The cylindrical reference target shows omni-directional
scattering, whereas the proposed structure scatters more power
along the forward direction. Figures 3(d) and 3(e) represent the
scattering patterns along the azimuth and elevation planes. It
shows coherent forward scattering in both these planes. The 3 dB
beamwidth is 57.6° and 111°, respectively, in these planes.

Multipole scattering theory helps to study the scattering con-
tribution from different multipoles [9]. The power scattered
from different multipoles is found by extracting the surface cur-
rent distributions from the structure and then performing spatial
integration as

P .ijfd%, )
1w
1 3
M = fj(fX])d r, 2)
2c
T=r j (7)) — 277)d°r. 3)

The results of these computations give scattered power from
different multipoles. In the above equations, P and M represent
the lower order electric, magnetic dipole moments, T represents
the higher-order Toroidal dipole moment, ¢ is the velocity of
light in vacuum, 7 is the displacement vector from the origin,
is the angular frequency, and J is the surface current density.
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Fig. 3. Results of scattering studies performed. (a) Scattering cross-sections, (b) 3D scattering pattern of a bare metallic cylinder, (c) 3D scattering pattern of the

proposed dogbone array, (d) azimuth plane RCS patterns, and (e) elevation plane RCS patterns.
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Fig. 5. Resonant field distributions on the structure. (a) Computed current distribution, (b) cross-sectional view of the magnetic field, and (c) electric field

distributions.
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Fig. 6. Effect of inner diameter on reflection coefficient for normal incidence.

Figure 4 illustrates the radiated power contribution from the P,
(electric), M, (magnetic), and T, (toroidal) moments. One could
see here that power released from the magnetic dipole moment
(black line) exceeds that from electric dipole moment P, (redline)
throughout the entire bandwidth under consideration. The power
radiated from the magnetic moment M, is 7000 times higher than
that from the electric moment P, at resonance. The radiated
power contribution from the toroidal moment T, is also indicated
in the figure using a solid blueline. We could observe that power
radiated from the toroidal moment is significantly high from this
structure compared to our previous design [16]. The excitation of
toroidal mode is responsible for coherent forward scattering from
it at normal incidence.

The cross-sectional magnetic field distributions are useful in
studying the excitation of toroidal moments on the structure.
Figure 5 shows the resonant surface current and the cross-
sectional magnetic fields excited on the cell. Figure 5(a) confirms
that the surface currents excited on the structure’s input
entrance and output faces are out of phase. These antiparallel

current distributions create out-of-phase magnetic moments,
creating strong in-phase magnetic field distribution at the center
of the structure, causing toroidal moments T,, as depicted in
Fig. 5(b). The out-of-phase circulation of surface currents on
the structure’s input and output faces cancels the contribution
of electric dipole moment P, on far-field radiation. The unit-cell
system will act as an efficient dielectric sensor because the
enhanced magnetic energy density at the center of the structure
enhances the sensor’s sensitivity due to toroidal excitation.
Figure 5(c) illustrates the computed cross-sectional electric
field distribution at resonance. The electric field is concentrated
on the top and bottom boundaries of the dogbone particle and is
found minimum at the center where the magnetic field is
maximum.

To study the effect of the inner diameter on reflection coef-
ficient, we performed a detailed parametric analysis because
this inner diameter significantly affects the coupling between
dogbone metal strips. Figure 6 illustrates the effect of variation
on reflection coefficient for normal incidence. An increase in
the diameter of the cell redshifts the resonant frequency. The
inner diameter increases the magnetic resonant patch length
due to the significant increase in displacement current channel.
Moreover, this change causes an increase in reflection from the
structure, and the system becomes more inductive due to the
enhancement in the mutual inductance between consecutive
dogbone elements.

We performed the scattering measurements inside an
anechoic chamber, and Fig. 7 illustrates these results. For
that, the same methodology adopted for cloaking measure-
ments is used [21]. Figure 7(a) shows the monostatic backscat-
tered power from the structure for normal incidence. In this
measurement, we rotated the design in the azimuth plane and
recorded the received power. Measurements show that more
than —20 dB reduction in backscattered power is observed for
all the azimuth angles at resonance. The polar plot of mono-
static backscattered power at resonance shown in Fig. 7(b) veri-
fies this observation. Figure 7(c) illustrates the measured
bistatic radar cross section (RCS). A significant reduction in
backscattered power better than —7.1 dB is observed in com-
parison with the reference cylinder.
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Fig. 7. Results of RCS measurements. (a) Monostatic measurements, (b) polar plot of monostatic backscattered power, and (c) bistatic measurements.

Conclusions

This paper showed the physical excitation of toroidal moments
on cylindrically arranged metallic dogbone inclusions in the
microwave regime. The anti-phase magnetic moments excited
on the structure’s input and output faces create strongly
enhanced magnetic field confinement at the center, yielding
strongly enhanced toroidal moment. Multipole scattering reveals
that significant excitation of magnetic and toroidal dipoles
enhances forward scattering from the structure at resonance.
The results are verified using full-wave electromagnetic simula-
tions and are physically validated in experiments using radar
cross-section measurements.
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Abstract

An experimental realization of a magnetic Fano-like resonance-based cylindrical cloaking scheme in the microwave fre-
quency regime is presented in this paper. Fano-like resonance is excited by the coupling between the background electric
dipole mode and the dark magnetic resonant mode in the composite. The excitation of Fano interference patterns significantly
reduces scattering from the composite at resonance in the microwave regime and hence the target becomes undetectable from
backscattering measurements. Multipolar scattering theory has been used to clarify the excitation of this Fano resonance
and the designed cloak is characterized using monostatic and bistatic scattering measurements inside an anechoic chamber.

Keywords Electromagnetic cloaking - Fano resonance - Dogbone metamaterials - Toroidal dipoles

1 Introduction

Electromagnetic scattering reduction from subwavelength
structured metallic and dielectric targets is a challeng-
ing research topic over the decade. Scattering studies
of magneto dielectrics have attracted a wide interest in
plasmonics. M. Kerker pointed out some unusual scatter-
ing characteristics from magneto dielectrics with specific
electromagnetic parameters of spheres and this conclu-
sion is popularly known as Kerker’s paradox [1]. When
an electromagnetic wave impinges on arrays of sub-
wavelength inclusions, electric and magnetic dipoles will
be created on these composites. An equal magnitude in-
phase excitation of electric and magnetic moments on the
composite exhibits coherent forward scattering and acts
like a Huygens’s source [2]. An out of phase oscillation
between them results in destructive interference resulting
in scattering suppression which finds application in elec-
tromagnetic cloaking [3]. The invention of metamaterials
boosted the research on electromagnetic cloaking due to
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Palakkad, Kerala 678104, India

Centre for Research in Electromagnetics and Antennas,
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their unusual material parameters under plane wave exci-
tation. J.B Pendry practically proposed the first cloaking
structure using a cylindrical array of specially designed
split ring resonator array [4]. An alternate technique is
to use a plasmonic cover over the dielectric target to be
cloaked [5, 6]. The negative permittivity offered by the
outer layer effectively suppresses scattering from the die-
lectric target. Plasmonic cloaking could be effectively used
to cloak a dipole antenna from its surroundings without
deteriorating its reception characteristics [7]. But when
the size of the target increases, there would be acute scat-
tering from higher-order multipoles in a plasmonic cloak
and to overcome this disadvantage mantle cloaking has
been proposed [8—11]. In mantle cloaking, a frequency
selective surface with suitable surface reactance is selected
to reduce scattering from the target. The disadvantage of
the above-listed cloaking techniques is that the bandwidth
is restricted. Due to practical difficulties associated with
the fabrication of metamaterials with extreme parameters,
the practical demonstration of a perfect three-dimensional
electromagnetic cloaking scheme is still a challeng-
ing task. This difficulty is somehow alleviated in Fano
interference-based scattering reduction techniques. Fano
resonances were initially observed in atomic systems and
quantum mechanical systems and shows asymmetric line
spectrum [12, 13]. Fano-like resonance, observed in asym-
metric configurations, is arising due to the co-existence of
a superradiant bright mode and a sub-radiant dark mode

@ Springer
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[14]. The bright mode usually constitutes an electric
dipole resonance and it represents the background mode
of the continuum. The weakly radiating dark mode is the
anti-parallel currents representing the magnetic resonant
modes of the composite. Destructive interference between
these modes modifies the scattering contribution from the
composite and hence shows a dip in the extinction cross-
section [15—17]. Due to suppression of scattering from the
electric dipole resonance, Fano resonance-based systems
are successfully implemented for the creation of plasmonic
magnetic metamaterials [18-20].

In [21], the authors proposed a cylindrical cloaking enclo-
sure for scattering reduction from a metallic cylinder using
dogbone inclusions. Dogbone metamaterial exhibits both
electric and magnetic resonances and if these resonances
occupy the same spectral regime, then the negative refractive
index is achieved [22]. The induced electric and magnetic
polarizability could be controlled by varying the structural
parameters of the dogbone unit cell. They could also be used
for reactive to propagation conversion resulting in enhanced
radiation performance of a dipole antenna [23]. We have
recently observed toroidal dipole mode in a miniaturized
version of the dogbone based cloaking structure [24]. The
excitation of toroidal moments significantly enhances for-
ward scattering from this structure. In this paper, we are
revisiting the same miniaturized structure, in which the
destructed toroidal dipole mode in a different spectral win-
dow enables a significant reduction of Scattering Cross Sec-
tion of the structure for normal incidence. The excitation
of magnetic Fano-like resonance in the composite creates
strong in-phase magnetic dipole moments in the structure
thereby destructing toroidal dipole excitation. The results
are verified using full-wave electromagnetic simulation and

are subsequently validated in experiments with Monostatic
and bistatic scattering measurements using PNA E8362B
network analyzer.

2 The geometry of the structure

The unit cell of the proposed Fano-like resonance-based
miniaturized cloaking structure is shown in Fig. 1. The struc-
ture remains the same as that of our previous work [24]. The
radius of the hollow metallic cylinder is #=5 mm. It serves
as the target under consideration and its length is selected
to be 160 mm. A total of eight dogbone metallic elements
are arranged around the cylinder as shown in Fig. 1a. The
dimensions of the dogbone elements are indicated in Fig. 1b.
Standard FR-4 epoxy substrate with relative permittivity 4.4
and thickness 1.6 mm is used for the fabrication of these
elements. The engraved metallic thickness is 35 um. The
final structure constitutes five such vertically arranged cells
along Z-direction and its photograph is shown in Fig. 1c.
The geometric parameters of the dogbone metallization are
L;=18 mm, L,=12 mm, W;,=4 mm and W,=2 mm. The
separation between the target and the dogbone element is
made uniform and is given by §=2.5 mm.

2.1 Results and discussions

Simulation studies have been performed on the cloaking
structure using Full-Wave Electromagnetic simulations
with CST Microwave Studio. The full structure is illumi-
nated with a plane wave with the electric field polarized
along the cylinder axis. Scattering properties of the cloaked
and uncloaked targets are illustrated in Fig. 2. Figure 2a

(b)

Fig.1 Geometry of the cloaking scheme a construction of the unit cell and b geometrical specifications of dogbone metallization and ¢ photo-

graph of the fabricated cloak
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Fig.2 Scattering characterization of the cloaked and uncloaked targets a scattering cross section, b RCS of the uncloaked target, ¢ RCS of the
cloaked target, d polar plot of scattered power along the azimuth plane and e effect of incident angle on RCS

describes the scattering cross section of the cloaked (red)
and uncloaked targets (black) under plane wave illumination.
It is interesting to note that the SCS of the cloaked target
shows a significant dip at 1.63 GHz in comparison with the
bare metallic cylinder. To study the scattering properties
of the two structures, three-dimensional scattered power of
the cloaked and uncloaked schemes at 1.63 GHz are studied
and the corresponding RCS plots are illustrated in Fig. 2b,
¢, respectively. The acute scattering from the cylinder target
is due to the presence of the non-resonant electric dipole
moments and it scatters electromagnetic power equally in
the azimuth plane. The maximum RCS of the cloaked tar-
get is found to be significantly low in comparison with that
of the cylinder. The polar RCS pattern along the azimuth
plane illustrated in Fig. 2d also confirms scattering reduc-
tion behavior of the structure for normal incidence. Simula-
tion studies have also been performed to find the effect of
angle of incidence on RCS of the cloaked cylinder and the
results are illustrated in Fig. 2e. It could be seen that RCS
is almost independent on the angle of incidence and hence
the object is invisible to an observer viewing from various
azimuth angles. We have also performed simulation studies
by exciting TM polarization in which the electric field is
oriented perpendicular to the axis of the cylinder. We have
observed that TM polarization could not excite resonance in

the proposed structure and hence such studies are omitted
here for brevity.

To validate the scattering characteristics of the developed
cloak, simulated field distributions in the computational
domain are studied at 1.63 GHz in CST Microwave Studio
and these results are illustrated in Fig. 3. Figure 3a, b show
the top view of the computed magnetic field and Poynting
vector distributions across the computational domain. The
wave is propagating from the left side of the computational
domain to the right side. The uncloaked target perturbs the
flow of electromagnetic waves and a shadow is observed
behind the target. This means that the bare cylinder scatters
incident power and hence one could easily detect its pres-
ence from far-field scattering measurements. Figure 3c, d
depict the corresponding field distributions for the cloaked
target. The inclusion of dogbone metallization around the
target smoothly transfers electromagnetic power around the
target and a smooth flow of electromagnetic waves around
the target is observed. The shadow produced previously is
absent in the cloaked target.

To study the reason behind this scattering suppression,
multipole scattering theory has been utilized to retrieve the
resonant mechanism of the miniaturized structure [25]. Scat-
tered power form the induced multipoles could be calculated
by integrating the spatially distributed current distribution
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Fig. 3 Results of numerical simulation for the cloaked and uncloaked
target at 1.6 GHz a magnetic field distribution from the YZ plane of
the uncloaked target, b pointing vector distribution for the uncloaked

over the unit cell. The multi-pole amplitudes can be calcu-
lated as

_1 3
P= — J&r, €]
M= ic / xXndr, 2)

1 —
T=1s / [(r.d) = 2r201d%r, 3)

where P, M, and T are the electric, magnetic and toroidal
dipole moments, c is the velocity of light in vacuum, —,
is the displacement vector from the origin, w is the angu-
lar frequency, and J is the surface current density retrieved
from simulations. The total power radiated from different
multipole moments can be formulated as
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Corresponding radiated powers from the electric (P,),
Magnetic (M,), and Toroidal (7}) dipole moments are illus-
trated in Fig. 4. It is observed that the electric dipole moment
is strongly suppressed throughout the entire frequency band.
In addition, the magnitude of power scattered by the mag-
netic dipole moment is of the order greater than 1000 times
as compared to that from the electric dipole moment. This
peculiar scattering behavior is observed in asymmetric
Fano resonance-based scattering cancellation schemes. In
an asymmetric Fano interference scheme, the electric and
magnetic modes interfere destructively giving rise to a net
reduction in scattering cross section. We have also computed
the scattering contribution from Toroidal moment 7, and
is indicated using blue lines in the graph. In our previous
design [24], the presence of toroidal moments at resonance
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Fig.4 Radiated power from different multipoles

strongly enhances forward scattering from the composite.
But in the present scenario, the toroidal moment shows a sig-
nificant dip at resonance. This means that excitation of the
toroidal moment is significantly weak in comparison with
the electric and magnetic dipole moments. This could be
said as the destructed toroidal moment and this destructed
response suppresses scattering from the structure.

The excitation of Fano-like resonance in the structure is
also verified by looking into the surface current and mag-
netic field distributions excited on the structure for normal
incidence as depicted in Fig. 5. The surface currents excited
on the target and the vertical dogbone arm are out of phase
resulting in a circulating current loop giving rise to the
magnetic moment M,,. One could observe that the surface
currents excited on the dogbone elements are in phase and
hence the magnetic moments created on them will be in
phase as shown in Fig. 5a. As a result, the resultant magnetic

()
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0.00359
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0.000436
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0.000134
6.56e-05
2.46e-05
1.44e-11

field will form confined closed loops in between the metallic
target and the dogbone metallization as depicted in Fig. 5b
thus creating strong magnetic dipole moments in the com-
posite. Surface currents flowing along the curved C-shaped
path and the non-resonant currents on the target constitute
the bright radiant electric dipole background mode of the
continuum. These anti-symmetric vertical current distribu-
tions on the dogbone arm and the target represents the mag-
netic dipole mode and is called as the dark resonant mode.
Hence the resonance dip could be named as the magnetic
Fano resonance of the composite. The excitation of mag-
netic Fano resonance thus modifies the magnetic field dis-
tributions in the present frequency band of interest and the
excitation of this magnetic resonance destroys the toroidal
moment on the structure at the scattering dip.

The advantage of the proposed cloaking technique is the
ease of design of the proposed cloaking structure. The
design can be easily accomplished by setting the magnetic
resonant frequency of the composite. The anti-parallel cur-
rents flowing on the dogbone arm and the metallic target can
be modeled as a parallel resonant structure and its resonant
frequency can be formulated as F,, = ﬁ, where L is the

effective inductance offered by the closed path and C is the
capacitance of the gaps in between the dogbone arm and the
target. So any change in the magnetic resonant frequency
will shift the scattering dip accordingly. Two parametric
variations have been performed on the structure, one by
varying the length L, of the dogbone metallization and the
second by changing the radial gap S between the dogbone
tip and the target and these results are illustrated in Fig. 6.
From Fig. 6a, one could observe that the scattering dip is
redshifted with an increase in L,. This is because an increase
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Fig.5 Computed field distributions on the structure at resonance a surface current distribution and b top view of magnetic field distribution
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Fig.6 Results of parametric analysis a effect of dogbone length L1 and b effect of radial distance S on scattering characteristics

in the length of the dogbone metallization increases the
effective length of the circular loop resulting in a reduction
of the magnetic resonant frequency. The variation in the
magnitude of RCS at the resonant dips is found to be negli-
gible in this case. The radial displacement of the dogbone
elements also causes a red shift in scattering dip. Here also
the effective resonant path is increased because the path
length offered by the displacement currents flowing in
between the edge of the dogbone element and the target is
elongated. But this redshift is accompanied by a reduction
in RCS of the structure and this can be accounted by the
reduction in magnetic dipole moment in the composite. So
for achieving a maximum reduction in scattering power, a
strong excitation of magnetic dipole moments on the struc-
ture is required.

Monostatic and bistatic scattering measurements are per-
formed on the cloaked target and the results are illustrated in
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Fig. 7. For measurements, two UWB antennas were utilized,
one configured in transmission and the other in reception
mode. The antennas were positioned on a rotatable arm turn-
table assembly with the target at the center. The frequency
gated by time (FGT) calibration is performed to select reflec-
tion from the metallic target and the corresponding received
power is taken as the reference. The target is then replaced
by the cloaking structure and is rotated in the azimuth plane
using a computer-controlled turntable assembly and the
corresponding received power is recorded. Corresponding
Monostatic backscattered power is shown in Fig. 7a. It is
seen that the backscattered power is significantly reduced
as compared to that of the bare metallic target. Bistatic
measurements have been performed by rotating the receiv-
ing horn antenna around the target with the transmitting
antenna held fixed. Corresponding backscattered power is
depicted in Fig. 7b. It is seen that a significant reduction in

0 20 40 60 80 100 120 140 160 180
Azimuth Angle (deg)

Fig. 7 Backscattering measurements on the fabricated cloak at resonance a monostatic backscattered power from the cloaked (red) and
uncloaked (black) targets, and b bistatic backscattered power from the cloaked target
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backscattered is observed within the measurement range.
Scattering reduction better than — 7.9 dB is observed within
the entire measurement range. This implies that the target
becomes invisible from backscattering measurements.

3 Conclusions

A Fano-like resonance-based miniaturized cylindrical elec-
tromagnetic cloaking scheme is experimentally demon-
strated in this paper. Fano-like resonance is created by the
coexistence of an electric dipole and magnetic dipole reso-
nance in the composite. Multipolar scattering theory reveals
that scattering from the toroidal dipole moment is showing a
strong dip at resonance favoring scattering reduction. Full-
wave electromagnetic simulations have been performed to
verify the operation of the designed cloak in the microwave
frequency regime. The simulation results are also validated
inside an anechoic chamber using Monostatic and bistatic
scattering measurements.
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