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Electromagnetic (EM) cloaks have promising potentials in many real-world applications such as nonin-
vasive detection, EM invisibility, etc. Available methods for concealing large (wavelength scale) objects
have still been rarely demonstrated by experiments, especially with sufficient bandwidth and ultrathin
cloak thickness. Here, we report a composite strategy for realizing backward-scattering reduction of a
wavelength-scale cylindrical target by an ultrathin metasurface. This composite strategy integrates the
theories of Mie scattering and microwave network to achieve improved operating bandwidth. As a proof
of concept, we experimentally present an ultrathin (0.0156λ, with λ as the working wavelength) confor-
mal metasurface to reduce the backward scattering of a metallic cylindrical object (diameter of 1.217λ)
within a frequency band of 7.67%. Further bandwidth improvement is also realized by using two kinds
of meta-atoms, working respectively in two neighboring frequency bands and placed in an interleaved
form to cover over the cylindrical object. Both simulated and measured results show that more than
10-dB backward-scattering reduction can be obtained within an improved bandwidth of approximately
11.10%. The proposed metasurface encompasses advantages of ultrathin thickness and good performances
in backward-scattering reduction, which may open promising perspectives for practical applications such
as stealth technique, camouflaging, etc.
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I. INTRODUCTION

Over the last decade, electromagnetic (EM) cloaks have
attracted long-held attention due to their significance and
promising potentials in many practical applications such
as low observability, sensing, noninvasive detection, etc
[1–5]. By emulating arbitrary EM properties in a desired
way, metamaterials and metasurfaces show powerful abil-
ities to manipulate the absorption, scattering, and propa-
gation of EM wave [6–12]. In particular, various metama-
terial and metasurface techniques have been explored to
achieve EM cloaks by either reducing or diverting the scat-
tering of objects [13–22] spanning from radio-frequency to
optical regimes. Among them, cloaks based on transforma-
tion optics (TO) [23–26] are a typical category, and consid-
erable research efforts have been devoted to exploring var-
ious cloaks [27–32], such as the one-way invisible cloak
[29], the first broadband isolated polygonal invisibility
cloak for visible light [30], the visible cloaking devices for
large-scale objects by using commonly available materials
[31], the carpet cloak based on quasiconformal mapping
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[32], etc. Such cloaks feature excellent cloaking perfor-
mances, which usually require specific spatial distributions
of rigorous EM parameters that should be realized by bulky
metamaterials. As alternative approaches, transmission-
line cloaking [33,34] and plasmonic cloaking [35,36] have
also spurred many interests due to their well-performed
characteristics. Despite the great advances achieved by the
above methods, compact, thin thickness and easily imple-
mented EM cloaks are still highly desired especially for
advanced and integrated systems.

To this goal, a variety of theoretical approaches have
been proposed to reduce the scattering of cloaked objects
using various shapes within subwavelength thickness.
Mantle cloaks utilizing the concept of scattering cance-
lation feature extremely thin thickness [37–39], and even
possess the capability of concealing a wavelength-scale
metallic object by a single-layered metascreen with ultra-
thin thickness. Such kinds of designs are aimed at reducing
the total scattering from the object, which is often accom-
panied with narrow operating bandwidth and poor per-
formances (the bandwidth of 3-dB scattering reduction is
typically less than 6.5%) [40,41].

The pioneering researches mentioned above are focused
on actualizing cloaks in an original sense, the core of
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whose invisible recipe is to minimize the total scatter-
ing from the object and render objects invisible irrespec-
tive of the direction of observation, the polarization of
incoming wave [24,42]. Nevertheless, there are many dif-
ficulties to realize a perfect cloak, and in many practical
applications, only backward-scattering reduction is needed
to achieve monostatic invisibility, making it possible to
relieve some of the critical restrictions. Hence, “cloak”
used in a stretched sense characterized by its fascinating
capability of reducing backward scattering also triggers
many interests especially in the microwave regime [43,44].
Recently, another type of ultrathin-cloaking strategy is pro-
posed based on microwave-network theory [2,5,14]. The
key step is to construct proper elements that are capa-
ble of receiving incoming waves and coupling them into
neighboring elements to enable the incident power to flow
around the hidden objects, thus efficiently reducing the
backward scattering. In order to achieve a thin thickness,
the dielectrics filled between the metallic cylinder and the
cloak are typically with high permittivity, which brings
challenges in fabrication of flexible cloaks for arbitrary
metallic objects. Therefore, only numerical simulations
are presented for this type of cloak while the experi-
mental demonstration remains a pressing task. Besides,
bandwidth-limitation theory has revealed the intrinsic con-
tradiction between operation bandwidth and target size,
indicating that an increased dimensionality of the hid-
den target will bring much greater challenges to cloak
design [45,46]. However, in most practical applications,
the size of cloaked targets is typically comparable to or
even much larger than the wavelength. Hence, it is still
highly desirable to experimentally implement an ultrathin
EM cloak that can efficiently reduce the backward scat-
tering of objects larger than a wavelength with improved
bandwidth.

In this Paper, we propose a composite strategy to actu-
alize an ultrathin microwave conformal metasurface to
reduce backward scattering of wavelength-scale metallic
cylinders. By judiciously combining the mechanism of
mantle cloaking and the concept of microwave network,
the proposed composite cloak is conducive to achieving
broader operating band on the premise of keeping ultrathin
thickness. As an example, we numerically and experi-
mentally demonstrate a conformal metasurface operating

around 2.2 GHz, with an ultrathin thickness of 0.0156
wavelength, for reducing the backward scattering of a
cylindrical object with diameter of 1.217 wavelength.
Moreover, two kinds of meta-atoms with different geo-
metrics independently optimized in neighboring bands are
combined to successfully extend the relative bandwidth
(defined by 10-dB reduction) to about 11.10%. The effi-
ciency of backward-scattering reduction can be well pre-
served as the cylinder object rotated to different in-plane
orientations. The proposed methodology may provide a
practical alternative to realize ultrathin cloak operating
at low microwave frequencies with improved bandwidth
and may exhibit meaningful potentials by the experiments
demonstrated in realistic configurations.

II. THEORITICAL ANALYSIS

A. Design of mantle cloak

Considering a simple case that a metallic cylinder object
with wavelength-scale radius a is covered by an ultrathin
metasurface to form a cloaked cylinder with radius ac,
as illustrated in Fig. 1. Since the constituent meta-atom
of the patterned metasurface has subwavelength-scaled
dimensionalities, the metasurface can be characterized as
a homogeneous surface with averaged surface impedance
of Zs = Rs + jXs. This surface impedance can relate the
induced averaged electric current density Js to the tangen-
tial electric field on the surface (averaged over the surface
of meta-atom) as Et = ZsJs, in which Js = n̂ × (Hout

t −
Hin

t ), and Hout
t and Hin

t are the tangential magnetic field
in the outer and inner sides of the patterned metasurface,
respectively. For simplicity, we assume that the metasur-
face is lossless, in which the equivalent surface impedance
Zs is purely imaginary.

When the object is illuminated by a monochromatic
transverse-magnetic (TM) plane wave, the solution of Mie-
scattering coefficients cTM

n from the cloaked object can be
obtained as [37–40]

cTM
n = − PTM

n

PTM
n − jQTM

n
, (1)
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FIG. 1. Schematic of the metallic cylinder covered by a meta-
surface cloak composed of patch-shaped meta-atoms.

Here, Jn(x) and Yn(x) are the nth Bessel and Neumann
function, respectively. The parameters kc and ηc repre-
sent the wave number and wave impedance in the region
between the metallic cylinder and the patterned surface,
while k0 and η0 are the ones outside the cloak.

For wavelength-scale cylinders, high-order scattering
coefficients will increase. Therefore, we should mini-
mize the total scattering coefficients of |cTM

0 |2 + |cTM
1 |2 +

|cTM
2 |2 + · · · rather than forcing only |cTM

0 |2 = 0 as con-
ventionally do for electrically small object [20]. As an
example, we consider a metallic cylinder with diameter
2a = 166 mm (1.245 wavelength at 2.25 GHz) and a height
of H = 324 mm. This metallic cylinder is covered by a
homogeneous, dispersionless, and lossless dielectric layer
with thickness of t = ac - a = 2.33 mm (0.017 wavelength
at 2.25 GHz) and permittivity of εr = 3.0. The calculated
square of the normalized amplitudes of Mie-scattering
coefficients |cTM

n |2at several discrete frequencies within the
band of interest is depicted in Fig. 2(a). Although |cTM

0 |2
contributes a lot to the total scattering, it is no longer
the only dominating term for the case of metallic cylin-
der larger than a wavelength (2a ≥ λ), and instead, the

first, third, fourth, and fifth multipoles collectively make
significant contributions to the total scattering at these
frequencies. It should be noted that all the terms are nor-
malized to |cTM

0 |. We do not consider n larger than 12,
because the magnitude vanishes for n > 12 as the figure
indicates, thus the reasonable large range of n will not
affect the accuracy of the analytical results.

The ideal cloaking effect requires that all the scattering
from the object should be well suppressed to result in a
zero scattering, making the object perfectly invisible. To
this end, Eq. (2) should be zero to ensure a zero total scat-
tering [or Eq. (1) approaches zero]. As indicated in Eq.
(1), for a given cylinder and working wavelength, the sur-
face impedance Zs will be the only degree of freedom for
controlling the scattering. By setting PTM

n = 0 in Eq. (2),
we can derive the explicit form of the required surface
impedance (Zsn) for nullifying each order of the scatter-
ing terms, and thus minimizing the total scattering. The
required surface impedance is written as [40]

Zsn = − j
1
ηc

Jn(kca)Y′n(kcac)−J ′n(kcac)Yn(kca)

Jn(kca)Yn(kcac)−Jn(kcac)Yn(kca)
− 1

η0

J ′n(k0ac)
Jn(k0ac)

. (4)

Therefore, by solving Eq. (4), we can calculate the
required surface reactance to suppress dominant Mie-
scattering coefficients, as shown in Fig. 2(b). Interestingly,
the required surface reactances (Xs0, Xs2, Xs3, and Xs4) are
close to each other, offering us an opportunity to simul-
taneously suppress all the dominant scattering multipoles
(|cTM

0 |2, |cTM
2 |2, |cTM

3 |2, and |cTM
4 |2) with a single layer of

metasurface. To this goal, the metasurface should have a
surface reactance around −40 � at 2.25 GHz, as observed
from Fig. 2(b). Then, we substitute several surface reac-
tances around −40 � into Eq. (1) to find the optimal result.
It concludes that the metasurface should have a surface
reactance of Xs = −42.5 � for the sake of minimizing
Nmax∑

n=0
|cTM

n |2at 2.25 GHz, and details can be found in the

Supplemental Material [47].
Previous metasurface techniques have suggested vari-

ous geometries for realizing desired surface reactance [48].

(a) (b) FIG. 2. (a) |cTM
n |2 for different scat-

tering orders when the cylinder is illu-
minated by TM-polarized plane wave
at normal incidence at several frequen-
cies. (b) The extracted surface reac-
tance of the patch-shaped meta-atom and
the analytically calculated ones (ideal
ones) required to minimize the domi-
nant scattering terms for the metallic
cylinder shown in Fig. 1 (2a = 166 mm,
2ac = 170.66 mm). Inset shows the
schematic of the planar meta-atom.
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(a) (b) FIG. 3. Simulated (a) total RCS and (b)
that cut in x-o-y plane at 2.25 GHz of
the metallic cylinder with and without the
cloak designed by Mie theory (MT for
short).

Here, we choose the patch array as an example to form
the metasurface, due to its simplicity in structure config-
uration, flexibility of design, and potential in broadband
performance. The planar form of constituent meta-atom is
shown in the inset of Fig. 2(b). By solving the transmission
line model (detailed in the Supplemental Material [47]) of
the meta-atom, the surface impedance of the single-layered
patch can be calculated by [3,10,49,50]

Zs= j Z0

tan[φr(f )/2] − √
εr cot

(
2π
λr

t
) , (5)

where Z0 is the wave impedance in free space, λr is the
wavelength in the dielectric spacer, and φr(f ) is the phase
of the reflection coefficient computed by full-wave simula-
tion software (the CST MICROWAVE STUDIO) at the surface
of the meta-atom. By adjusting the geometries of patch
pattern, the reflection phase can be controlled as well,
offering flexible tuning of the surface impedance. Then,
by periodically extending the patches in the metasurface
to wrap the cylinder, such conformal metasurface can be
approximately viewed as a homogenous impedance sheet
acting as the required cloak. The optimal physical param-
eters to achieve a surface reactance of Xs = −42.25 � are
l = 53.4 mm, w = 36 mm, l1 = 48 mm, and w1 = 33.4 mm.
The surface reactance of the metasurface as a function of
frequency is shown in Fig. 2(b), where the designed sur-
face reactance intersects with the ideal surface reactance
required to minimize each dominant scattering term around
the designed frequency of 2.25 GHz.

To evaluate the cloaking performances, we extend the
patch-shaped meta-atoms to cover the metallic cylinder,
as shown in Fig. 1. Then, we calculate the far-field scat-
tering pattern of the metallic cylinder covered with and
without conformal metasurface in CST Microwave Studio
using a time-domain solver. The cylinder object is illumi-
nated by a TM-polarized plane wave at normal incidence,
with open boundary conditions applied to three orthog-
onal directions to mimic the free-space environment. In
Fig. 3(a), we plot the simulated total radar cross section
(RCS) of the metallic cylinder with and without cloak. A

suppression of total scattering is observed for the cloaked
cylinder around the design frequency of 2.25 GHz but
with a limited bandwidth and efficiency. The difficulty of
simultaneously nullifying all dominant scattering terms for
such a wavelength-scale cylinder at a certain frequency by
single-layered metasurface results in the nonideal scatter-
ing reduction of the designed cloak, which is inevitable
due to the limited degrees of freedom. Although our ana-
lytical model have not considered the curvature effects in
the realistic model, the reasonably subwavelength-scaled
dimensions of the meta-atom can ensure a negligible shift
of the working band between meta-atom design and the
whole cloak [48].

To give further insights into the scattering performance
of the cloak, Fig. 3(b) illustrates the simulated scattering
pattern (x-o-y plane) of the metallic cylinder with and with-
out cloak at the frequency of 2.25 GHz. Compared with
the bare cylinder, good suppression effect of scattering is
observed for the cloaked cylinder nearly in all azimuthal
directions. Nevertheless, the reducing effect of backward
scattering (ϕ = 180°) is quite limited, leading to a poor
monostatic RCS performance.

Actually, tremendous practical applications require low
backward scatterings, e.g., stealth technique to escape
from detection. Considering this, we focus on the perfor-
mance of monostatic (backward) RCS reduction in what
follows, and propose a composite strategy to extend the
operating bandwidth. We attempt to introduce the con-
cept of microwave network and investigate the possibility
of backward-scattering reduction by guiding incident EM
wave to flow around the object’s surface at a neighboring
frequency, in addition to the existing performance of the
mantle cloak around 2.25 GHz.

B. Composite strategy for expanding bandwidth

The key point of the composite strategy is to guide the
incident wave to flow around the cylindrical object without
affecting the characteristics of the abovementioned mantle
cloak. With this in mind, the meta-atoms should be capable
of efficiently transferring incident wave to the neighboring
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elements, finally forming a microwave network to reduce
the backward scattering [2]. Besides, the meta-atoms, as
the building blocks to construct the microwave transmis-
sion network, are expected to resonant in the neighboring
frequency band with respect to the predesigned mantle
cloak to form continuously expanded bandwidth.

As a practical structure, microstrip lines are frequently
used to confine the wave within the structure and efficiently
guide the wave along a well-defined route between two
connecting devices. Based on this consideration, we con-
nect the patch structures shown in Fig. 2(b) with microstrip
lines to guide the incident wave flowing from one meta-
atom to the neighboring one. In this way, a new meta-atom
is formed and can be treated as the building block to
form the equivalent microwave transmission network, as
depicted in the inset of Fig. 4(a). The physical parameters
of the microstrip line are d1 = 18 mm and w2 = 0.8 mm.
To evaluate the wave energy coupled from one element
to its adjacent counterpart, we implement a simulation of
the element with open (add space) boundary condition in
all directions. Exciting the meta-atom with port 1 and 2,
depicted in the inset of Fig. 4(a), a transmission window
is observed around 2.15 GHz from Fig. 4(a), in which the
transmission reaches its peak while the reflection drops to
a dip, showing the possibility of coupling wave energy
between neighboring meta-atoms around 2.15 GHz.

The meta-atom in the inset of Fig. 4(a) is capable of
coupling the incident wave and transferring it to the neigh-
boring meta-atom at 2.15 GHz. Ideally, this EM behavior
should not influence the working state of the mantle cloak
designed around 2.25 GHz. Hence, we turn to verify
whether its surface reactance can still achieve a minimized

scattering coefficient of
Nmax∑

n=0
|cTM

n |2at 2.25 GHz. We extract

the effective surface reactance of the meta-atom for normal
incidence by Eq. (5), and Fig. 4(b) shows the surface reac-
tance in the frequency band of interest. It is demonstrated
that a surface reactance of Xs =−42.25 � can still be
obtained around 2.25 GHz, indicating that the newly added
microstrip lines have little effect on the predesigned man-
tle cloak. Therefore, this meta-atom can operate as either
a mantle cloak at 2.25 GHz or a microwave transmission

network at 2.15 GHz, both of which can be employed to
reduce backward scattering of a cylindrical object. This
observation motivates us to use the composite strategy that
combines both mechanisms of Mie-scattering theory and
microwave transmission network for the sake of expanding
the bandwidth of monostatic RCS suppression.

III. METASURFACE CLOAK BASED ON THE
COMPOSITE STRATEGY

To validate the proposed composite strategy, a confor-
mal metasurface is formed. Considering the influence of
the curvature effect of the cylinder, we conduct a care-
ful optimization of the conformal metasurface with slight
change of the structure configuration. Herein, optimiza-
tions are implemented in CST Microwave Studio and the
goal is set as efficient backward-scattering suppression of
metallic cylinder with a bandwidth as wide as possible.
The optimized meta-atom is shown in the inset of Fig. 5(a),
and more details can be found in Supplemental Material
[47].

Simulated with open (add space) boundary condi-
tions in all directions, the metallic cylinder (diame-
ter of 166 mm or 1.217 wavelength) covered by the
designed metasurface exhibits strong suppression of back-
ward scattering, especially at frequencies of 2.15 GHz
(reduced by −15.57 dBsm) and 2.25 GHz (reduced by
−19.34 dBsm), as demonstrated in Fig. 5(a). Within the
band of 2.15–2.25 GHz, backward scattering can be well
suppressed at least by 10 dB. Furthermore, total RCS
performances of the bare and covered cylinders are also
shown in Fig. 5(b). Compared with the counterpart in Fig.
3(a), the results shown in Fig. 5(b) can achieve a broader
bandwidth of the total RCS suppression. This is due to
the fact that the mechanisms of both the mantle cloak
and microwave transmission network do contribute to total
RCS reduction [2,20,37]. We also provide the electric field
and power flow distributions for different scenarios in the
Supplemental Material [47] to give a more intuitive view-
ing of the proposed composite strategy, and we find that
the microwave transmission network contributes more to
the reduction of backward scattering.

(a) (b) FIG. 4. (a) S11 and S21 of the pla-
nar meta-atom (shown in the inset) for
the equivalent microwave transmission
network. (b) The extracted surface reac-
tance and the required ones (ideal ones)
calculated by Mie-scattering theory.
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(a) (b)

(c) (d)

FIG. 5. Simulated (a) backward and
(b) total RCS comparisons for different
scenarios, and the corresponding simu-
lated RCS in x-o-y plane at (c) 2.15 GHz
and (d) 2.22 GHz. (CS or MT repre-
sents composite strategy or Mie theory,
respectively.) Enlarged view shows the
constituent meta-atoms of the metasur-
face cloak designed by the proposed
composite strategy.

In the above, we discuss the composite strategy for
designing conformal cloak with lossless materials. How-
ever, normal materials including dielectric and metal
intrinsically have loss that cannot be neglected during
the design process. Actually, the lossy components may
also bring useful absorptions, which is conducive to the
backward-scattering reduction, providing possibilities to
further extend the operation bandwidth [44,51]. Consider-
ing these, we divide the ultrathin dielectric layer into two
layers, as depicted in Fig. S2(b) of the Supplemental Mate-
rial [47]. Taconic TSM-DS3 is chosen as the outer dielec-
tric layer [brown layer shown in Fig. S2(b)], which has
permittivity εr1 = 3.0 with loss tangent tan(δ1) = 0.0011
and thickness of 0.13 mm. FR4 dielectric with permittiv-
ity εr2 = 3.0, tan(δ2) = 0.041 and thickness of 2.2 mm is
chosen as the inner dielectric layer [white layer shown in
Fig. S2(b)]. Consequently, the results for the backward-
scattering reduction of such a realistic scenario indeed
enhances the bandwidth compared with the lossless ones,
as verified in Fig. 5(a). It can be seen that the back-
ward scattering is further suppressed, especially at 2.15
and 2.22 GHz (−52.56 dBsm and −26.05 dBsm, respec-
tively), despite a little deviation of the working frequency
of the mantle cloak. This deviation may be induced by
the lossy substrates that introduce the real part to the
surface impedance, which perturbs the predesigned sur-
face impedance of the mantle cloak. Accordingly, the total
RCS of the realistic scenario can be further suppressed,
as presented in Fig. 5(b). The detailed influences of the
dielectric loss and the real part of surface impedance on the

backward-scattering reduction can be found in the Supple-
mental Material [47], and we find that the introduction of
the lossy component is beneficial for the improvement of
backward-scattering reduction.

To give a physical insight into the working mecha-
nism of composite strategy, the simulated far-field RCS
patterns on the cut of x-o-y plane (as shown in Fig. 1)
at 2.15 and 2.22 GHz are investigated in Figs. 5(c) and
5(d). Compared with the lossless cloak purely designed by
Mie-scattering theory, the optimized one using composite
strategy is found to achieve remarkable reduction of back-
ward scattering at both frequencies. For the lossy case, the
monostatic RCS (ϕ = 180°) of the cloaked object can be
further decreased due to the existence of EM absorption.

To further validate the composite strategy for backward-
scattering reduction, the metasurface fabricated by the
standard printed-circuit-board (PCB) technique is wrapped
onto an aluminum cylinder, as depicted in Fig. 6(a). We
experimentally measure it in a microwave anechoic cham-
ber to avoid unwanted interferences from surroundings. A
pair of horn antennas is laid symmetrically about x-o-z
plane to measure the backward RCS (see Supplemental
Material [47]). We compare the absolute backward RCS
of the metallic cylinder with and without conformal meta-
surface in Fig. 6(b). The measured bandwidth defined by
10 dB (or 10-dB backward RCS reduction bandwidth)
can range from 2.119 to 2.288 GHz, around 7.67% frac-
tional bandwidth with respect to the center frequency of
2.20 GHz. Clearly, good coincidence can be observed
between the measurement and simulation results in spite
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(a) (b)

FIG. 6. (a) Photograph of the fabricated prototype. (b) Sim-
ulated and measured backward RCS results of the cylindrical
object with and without metasurface cloak.

of a little frequency shift that may be caused by fabrication
errors of the sample’s thickness.

IV. BANDWIDTH ENHANCEMENT FOR RCS
REDUCTION

In the above sections, we actualize bandwidth-enhanced
backward-scattering reduction by employing the proposed
composite strategy. However, it is still challenging and
desirable if the bandwidth can be further expanded so
that it may be more favorable in real-world applications.
Here, we attempt to introduce a well-performed method
to improve the bandwidth of the proposed cloak. The key
steps of the designing method include first, optimizing
two meta-atoms operating in two neighboring frequency

bands according to the composite strategy; then, alter-
nately arranging them one by one to form the whole
cloak, as schematically shown in Fig. S8 of the Supple-
mental Material [47]. Here, Taconic TSM-DS3 with a
thickness of 0.13 mm is used as the outer dielectric layer
and the polyvinyl chloride (PVC) with relative permittiv-
ity εr1 = 2.6−0.015j and thickness of 2.0 mm is used as
the inner dielectric layer. Through careful optimization,
two meta-atoms, denoted by unit A and unit B as shown
in the inset of Fig. 7(a), are designed to work in two
neighboring bands according to the proposed composite
strategy (details of the two meta-atoms can be found in
Supplemental Material [47]).

The schematic of conformal metasurface composed of
a 10 × 10 array of pure unit As is plotted in Fig. S8(a) of
the Supplemental Material [47], and its result of backward-
scattering reduction is depicted by the blue line in Fig.
7(a), which has moderate bandwidth with two reduction
dips at 2.23 and 2.42 GHz. It can be seen that the two
bands are separated by a scattering peak (pole), and both
of the two working bandwidths are below 5%. Similarly,
the metasurface cloak implemented by bare unit Bs is illus-
trated in Fig. S8(b) of the Supplemental Material [47]. The
green line in Fig. 7(a) presents its capability of suppressing
the backward scattering, showing two backward-scattering
dips at 2.26 and 2.36 GHz as well as a total bandwidth of
7.84%. The two parallel slots etched from the top metal-
lic pattern of meta-atoms are employed to further improve
the impedance matching of the patch in the operating fre-
quency bands. Then, by arranging unit As and unit Bs into
an interleaved form to wrap onto the metallic cylinder as

(a) (b)

(c) (d)

FIG. 7. (a) Backward RCS for the
metallic cylinder covered with cloak
composed of unit As, unit Bs, or both
of them. Inset shows the enlarged view
of unit As and unit Bs. (b) Simulated
and measured backward RCS results of
the cylindrical object with and without
the cloak composed of unit As and unit
Bs, and the measured results for differ-
ent self-rotational angles (c) from −18°
to 0°, and (d) from 0° to 18°.
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depicted in S8(c) of the Supplemental Material [47], we
finally configure a conformal cloak with its performance of
backward scattering plotted with the red line in Fig. 7(a).
It is clear that the operating band for backward-scattering
suppression can be improved to a continuous band from 2.0
to 2.5 GHz by combining the two types of meta-atoms. The
fractional bandwidth with respect to the center frequency
of 2.32 GHz exceeds 11.64%, which is competitive com-
pared to other passive single-layered cloaking strategies
with ultrathin profile [2,5,40,41].

The prototype of the cloak combining two kinds of
elements is shown in Fig. S10 of Supplemental Material
[47]. The measured and simulated results of monostatic
RCS of the metallic cylinder with and without conformal
metasurface are shown in Fig. 7(b). It can be seen that
the cloak can efficiently suppress the backward scatter-
ing of the metallic cylinder across the band from 2.0 to
2.57 GHz, and the measured 10 dB bandwidth can reach
2.234–2.496 GHz, approximately 11.10% fractional band-
width with respect to the center frequency of 2.36 GHz.
The minor discrepancies between the simulated and mea-
sured results are attributed to imperfect fabrication, assem-
bly and experimental measurements, for example, the little
distort flatness of the conformal cloak when it is wrapped
onto the cylinder. Compared with the metasurface consist-
ing of a single kind of meta-atom [Fig. 6(a)], this scheme
can efficiently increase the bandwidth of 10-dB reduction
of monostatic RCS by about 44.72%.

We finally test the rotational stability of the proposed
cloak. The size of meta-atoms leads to a periodicity in term
of azimuth angle of 36° when the cloak is wrapped onto
the metallic cylinder, so the backward-scattering results
are illustrated within the rotational angle of ±18°. The
results are shown in Figs. 7(c) and 7(d), where the band-
width gradually decreases as the increase of self-rotational
angle (ϕ), but the fractional bandwidth over 8.4% can be
obtained, regardless of the change of ϕ. The above results
confirm that the proposed cloak has good robustness to the
self-rotational angel.

V. CONCLUSIONS

In summary, we propose a composite strategy by
combining the mechanisms of Mie-scattering theory and
microwave network to design the metasurface cloak for
backward-scattering reduction. As an example, we exper-
imentally show that a conformal metasurface with ultra-
thin profile (0.0156 wavelength) can provide a fractional
bandwidth of around 7.67% of efficient monostatic RCS
suppression for cylinder target with wavelength-scale size.
Moreover, by combining meta-atoms with different geo-
metrical dimensions, we extend the working bandwidth
of the metasurface cloak for monostatic RCS reduction.
Experimental measurements show that an improved band-
width of 11.10% can be achieved. It should be noted that

the proposed composite strategy is not limited to broaden
the operating bandwidth herein, other functionalities, e.g.,
dual-band cloaks, can also be realized thanks to the inde-
pendent design of Mie-scattering theory and microwave
transmission network. In addition, the design methodol-
ogy can be readily scaled to other frequency bands such as,
millimeter-wave, and terahertz band, etc. We also envision
a tunability of the cloak by incorporating active compo-
nents, e.g., graphene or diodes. With the advantages of
simple design and improved bandwidth, the proposal may
find potential uses in many engineering applications such
as antenna isolation, camouflaging, etc.
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