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Since the introduction of transformation optics and experimental demonstration using microwave metama-
terials in 2006, a variety of electromagnetic invisibility cloaking techniques and physical realizations based on
coordinate transformations, scattering cancellation, and control of reflected and transmitted waves have been
reported from microwaves to visible. However, existing cloaking methodologies face challenges in reducing
cloak thicknesses, concealing large volumes, and cloaking free-standing objects. Here, we design, fabricate,
and experimentally validate a unidirectional, single-layer printed metasurface cloak for free-standing cylindri-
cal objects in the microwave regime. Based on a spatially modulated reactance surface, the printed metasurface
converts an incident plane wave on the lit side into a surface wave, which carries power to the shadow side be-
fore reconstructing the incident wave behind the object. Using a subwavelength-thin printed circuit prototype,
the cloaking function is experimentally confirmed, demonstrating a thin, passive cloak that conceals a large,

free-standing object.

I. INTRODUCTION

Achieving perfect electromagnetic cloaking for large ob-
jects is an important goal of invisibility toward practical ap-
plications. To date, a few technical approaches have been
proposed and experimentally validated for electromagnetic
and optical invisibility cloaking. Derived from coordinate
mapping [[1], transformation optics-based cloaks are volumet-
ric, characterized by inhomogeneous and anisotropic medium
parameters—the permittivity e and the permeability p. Re-
alized using metamaterials [2], a variety of transformation
optics cloaks have been proposed and demonstrated for free-
standing scatterers [3l 4] and for objects placed on a ground
plane [5H10]. Metamaterial realizations not only require de-
sign and arrangement of complex resonant inclusions, but
medium parameter values over a wide range tend to make
experimental cloak dimensions as large as or larger than the
cloaked region. Such structural complexity and large cloak
dimensions limit their practical utility.

Derived from a scattering cancellation approach, plasmonic
or mantle cloaking has been proposed and demonstrated [11-
14]], where the dominant scattering contribution is minimized
using a scatterer-dependent thin enclosing shell. While there
have been attempts to extend the applicable scatterer di-
mension [[13]], the scattering cancellation approach has been
proven to be effective in the quasistatic regime. Using multi-
layered reactance surfaces can extend the dimension of a scat-
terer beyond the quasistatic limit for effective cloaking [16].
As a thin surface or film variant of volumetric metamateri-
als, electromagnetic metasurfaces can control wave radiation,
propagation, and scattering behaviors using a thin engineered
surface [[17]. Metasurface cloaks based on the generalized
Snell’s laws [[18]] have been demonstrated for hiding objects
on areflecting plane [[19,20]. They can hide large objects, and
reflective metasurfaces can be realized as a simple structure,
typically comprising one layer of resonators over a ground

* dhkwon @umass.edu

plane. However, they fail for objects that cast a shadow, most
notably all free-standing bodies. While applicable to free-
standing scatterers, a hybrid cloak utilizing a refracting meta-
surface still requires a volumetric zero-index material [21]]. If
wave penetration into the cloaked region is allowed, a waveg-
uide structure can be devised for the incident wave to pass
through the region and emerge on the other side for cloaking,
as was demonstrated to conceal an array of metallic cylinders
inside a waveguide [22]]. Active electromagnetic cloaks ab-
sorb the illuminating energy on the lit side and emit propa-
gating waves on the shadow side to minimize scattering in all
directions [23], 24]. Careful coordination of absorption and
radiation by active and lossy elements has its own challenges
in incident wave sensing and mutual coupling, in addition to
potential instabilities associated with amplifiers.

Going beyond tailoring propagating wavefronts, metasur-
faces of subwavelength spatial resolutions are capable of con-
trolling evanescent or surface wave (SW) behaviors. For over-
all power-preserved wave transformation functions, a 100%
power-efficient conversion typically results in surfaces having
alternatingly active and lossy specifications. Originally pro-
posed to achieve perfect transmissive wave transformations
using planar passive metasurfaces [25| [26], the evanescent
wave control capability can be exploited by purposefully in-
troducing auxiliary SWs to synthesize all-passive surfaces for
perfect wave control. For a subwavelength conducting cylin-
der, a conformal sinusoidally modulated microstrip metasur-
face alleviated scattering by introducing an SW [27]. Charac-
terized by one or more layers of position-dependent reactive
sheet impedances, metasurface designs incorporating auxil-
iary SW control promise novel functionalities [28} 29]] as well
as enhanced performance for existing applications. [30-33]].
While the optimization is simple, employing orthogonally-
polarized SWs results in inhomogeneous and anisotropic sur-
face parameters [28l[29], posing a significant realization chal-
lenge especially at subwavelength spatial resolutions.

In this paper, a thin microwave metasurface cloak for large,
free-standing objects is demonstrated in two dimensions. In
the form of a conformal printed conductor strip array on a
grounded dielectric substrate, the printed metasurface cloak
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Penetrable metasurface

FIG. 1. Configuration of a cylindrical metasurface cloak in 2-D TE
polarization. The metasurface is given by a penetrable impedance
sheet on a grounded dielectric substrate mounted on a cylinder. Sub-
ject to a plane-wave illumination, the metasurface induces SWs for
eliminating reflections and restoring the incident wave behind the
cylinder.

conceals a circular cylindrical region by reconstructing the
incident wave in the shadow region assisted by co-polarized
SWs. The length-modulated strips represent a penetrable
modulated reactance surface. The modulation profile is de-
termined from synthesis of the complete—propagating and
evanescent—field on the top surface of the dielectric sub-
strate associated with the cloaking functionality. Specifi-
cally, we design and realize a cylindrical printed metasurface
cloak of a four-wavelength diameter in the microwave regime.
The cloaking function is experimentally verified by a field-
mapping measurement and scattering cross section compari-
son for a conductor cylinder with and without the cloak.

II. FIELD SYNTHESIS

Mlustrated in Fig. [T} we aim to achieve metasurface cloak-
ing using a set of auxiliary SWs to hide a 2-D cylindrical
object of radius b. Using an e/“! time convention, a +z-
propagating plane wave illuminates the cylinder with the in-
cident E-field given by E! = 2E! = 2Eie=** V/m (k =
free-space wavenumber) with an amplitude E} in TE polar-
ization. The metasurface converts the incident wave into SWs
and guide them on the lit side along the curved boundary. On
the shadow side, propagating waves are continuously leaked
in the forward direction. Working in the cylindrical (p, ¢, 2)
coordinates, the complete fields in p > a are uniquely deter-
mined in terms of the tangential F, field at p = a = b+ ¢,
where ¢ is the thickness of the dielectric substrate. We in-
troduce and synthesize TE-polarized SWs on the surface at
p=a, E5Y(¢) = E(p = a, ¢), in the form
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This follows a similar functional form as the tangential field
synthesis in planar leaky-wave antennas in [30]. Apart from
the curved interface, the main distinction is that (II[) represents
a tangential E-field on a penetrable interface rather than an
impenetrable boundary [30]. In (I), k. is the carrier prop-
agation constant chosen in the invisible region (k. > k),
n(9) = n2P(9) + to(9), and A() = keald] — Yo(9)
with ¢o(¢) = LEL(p = a,¢). The functions E;(¢) and
E,.(¢) (n = 2,...,N) are real- and complex-valued en-
velopes for the dominant SW and the higher-order SW terms,
respectively. The ¢-dependent phases of the higher-order SW
terms are designed to facilitate destructive interference in the
power density for the total fields. Outside (air) and inside
(dielectric) the reactance surface at p = a, the SW E-field,
E$V(p, @), are separately given by cylindrical harmonic ex-
pansions in terms of E}Y (¢) as
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respectively, where k; = k,/€, is the wavenumber in the di-
electric and
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In , H,gl)(~) and H,(LQ)(-) are the Hankel functions of or-
der n of the first and the second kind, respectively. The ¢-

(

component of the H-field outside and inside the reactance sur-
face associated with (2)—(3) are found from Maxwell’s equa-
tions, expressed as
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respectively, and a prime indicates differentiation with respect
to the whole argument. The intrinsic impedances of free space
and the dielectric material are denoted by n ~ 377 {2 and
na = 1/+/€r, respectively. Across the penetrable metasur-
face at p = a on a grounded dielectric substrate, the elec-
tric field is continuous, but the tangential magnetic field has
a discontinuity between H;3*(¢) = H}"(p = a,¢) and
Hyg(0) = Hy(p = a,0).

In order to obtain a passive and lossless metasurface spec-
ification, we optimize the SW E-field in (I) and enforce
the local lossless and gainless condition all along the meta-
surface circumference. Specifically, the envelopes F, ()
(n = 2,..., N) are numerically optimized such that there is
no net power generation nor absorption at every ¢ at p = a.
Let us denote the total tangential E-field and the H-field
discontinuity as E%(¢) = Ei (¢) + E{¥(¢) and AH;y =
Hiy(¢) + Hyy'(¢) — Hfgd(gb), respectively. We require
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While enforcement of (7)) at all p = a interface points is im-
possible, an approximate satisfaction can be obtained by min-
imizing an error metric, ey, defined as
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where So(¢) = —Re{E.H}'}/2. The E-field envelopes,

E, (¢), are defined in terms of their sampled values at pre-
set angular locations. In this work, the fiminsearch function
in MATLAB is used to minimize ey with respect to the field
envelopes.

Once the optimization achieves a low threshold value for
esq> We find the total tangential fields associated with an all-
reactive surface specification for metasurface cloaking. The
scalar surface impedance Z(¢) is retrieved from the penetra-
ble impedance transition condition as
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The optimization process achieves Rq(¢) = 0, so that the
impedance surface is characterized by a position-dependent
surface reactance X(¢) only.

In this work, the target dimension of our cloak de-
sign is selected to be a = 61.85 mm ~ 2\ (A =
free-space wavelength = 30 mm) at 10 GHz. A circular cylin-
der of radius b = 60.33 mm is covered by a printed meta-
surface on a Rogers RO3003 substrate with a relative permit-
tivity €, = 3.0 and a thickness ¢ = 1.524 mm. A pene-
trable reactance sheet is placed on the cylindrical surface at
a = b+ 1 = 61.85 mm. Internal to the cloak is placed an alu-
minum cylinder, modeled as a perfect electric conductor. In

Z ((b) = Rs(¢)+sz<¢)

an
HV (kga) H? (kab) — HEY (k) HP (kqa)

eIn?, b<p<a 6)

(

the field synthesis for the target cylinder, we choose k. = 2k
in the invisible region and employ SWs up to the 7th-order
term (i.e., N = 7), which leads to the optimization reaching
esq = b x 107%. The synthesized Z,(¢) is shown in Fig.c).

III. PRINTED METASURFACE DESIGN

In order to physically realize the synthesized surface reac-
tance distribution, we employ an array of z-directed conduc-
tor strips on a grounded dielectric substrate, wrapped around
into a cylindrical shell. Each strip is designed assuming a
planar doubly-periodic array environment, which is capable
of supporting TE SWs exploited in the cloak design. Fig-
ure a) illustrates the unit cell of dimensions d, X d, in the
xz-plane having a thin copper strip of length / and width w on
a grounded dielectric substrate of thickness ¢. Using the trans-
verse resonance condition for the equivalent transmission-line
circuit [34], the surface impedance can be retrieved as
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In (L1)—(12), k(1) is the propagation constant along the -
axis of the eigensolution to the periodic unit cell under the
phase-shift boundary conditions. The eigenfrequency solu-
tions in this study are obtained using COMSOL MULTI-
PHYSICS.

The transverse resonance condition reveals that a TE-
polarized SW is supported with a capacitive reactance in
Xs/n > —0.3427. For the printed conductor strip array un-
der consideration, this reactance range corresponds to [ >
6.4 mm. In case of a short [ < 6.4 mm, bound SW eigen-
modes do not exist, so we retrieve the surface impedance via
plane-wave reflection phase simulations. The simulation finds
a reflection coefficient I'(l) when an x-polarized plane wave
illuminates the unit cell at normal incidence. Then, the surface
impedance is evaluated as

1. /w1 -t
Zs(l) =7 | —tan ——= — — cot(kqt . 13
()=17 ; ) " (kat) (13)

Since only lossless materials are assumed in the simulation,
the surface impedance is purely imaginary, as can be seen in

(T0) and (T3).
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FIG. 2. Unit cell configuration and analysis for physical printed metasurface design. (a) The unit cell comprising a printed copper strip on a
grounded dielectric substrate. (b) The design curve for the surface reactance with respect to the strip length [ at 10 GHz. (c) The metasurface
specification as a surface reactance distribution together with the associated copper strip lengths.

For the geometrical parameters in this work given by d, =
0.71, w = d,/2 = 0.35, d, = 0.45\ = 13.5, ¢t = 1.524
(all in millimeters), and the relative permittivity ¢, = 3.0 of
the Rogers RO3003 laminates, the design curve is completed
by combining the results from the two methods, as shown in
Fig. 2[b). Applying the design curve to the synthesized sur-
face reactance distribution X(¢) of the cloak, the lengths of
all 574 copper strips are determined, as shown in Fig. {c).

IV. SIMULATION RESULTS

To predict the cloaking performance of the fabricated meta-
surface, scattering characteristics are simulated using COM-
SOL MULTIPHYSICS incorporating all structural and material
details. A snapshot of the simulated total E-field distribution
is plotted in Fig.[3[a) when the cloak is subject to a unit plane-
wave illumination with E!' = 2e=7%* V/m. The E-field dis-
tributions clearly show that the incident wave is reconstructed
in the shadow region and a small amount of backward scat-
tering is observed. We can see that the intended SWs tightly
bound to the metasurface are induced for carrying power from
the lit side to the shadow side. Magnified views in Figs. [B(b)
and [3|c) show fields near the strip array surface, in both inter-
nal and external regions. This validates the surface reactance
synthesis approach using a penetrable impedance sheet that
correctly incorporates the grounded dielectric configuration.

V. MEASUREMENT SETUP

The parallel-plate waveguide simulator used in this
work for automated E-field mapping measurement is pictured
in Fig. f(a) with the upper plate lifted open. The field mapper
is similar in design and operating principles to the measure-
ment apparatus reported in [36]. The electromagnetic fields
are confined between two parallel aluminum plates with a
plate separation of d, = 13.5 mm < A/2 = 15 mm, so that
only the fundamental transverse electromagnetic (TEM) mode
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FIG. 3. Full-wave simulation results for the printed metasurface de-
sign at 10 GHz. (a) A snapshot of the total E-field distribution in
V/m for the cylindrical cloak. (b)—(c) Magnified views near the top-
most and rightmost parts of the cloak.

can propagate without attenuation. As the TEM mode has z-
invariant fields, we measure F, (x, y) using a cut-coax E-field
sensor embedded at the center of the 1.2 m x 1.2 m upper
plate. The scatterer is placed at the center of the 0.9 m x 0.9 m
lower aluminum plate attached to computer-controlled XY-
translation stages (OptoSigma SGSP46-400). Along one edge
of the lower plate, a 32-element linear monopole array is



FIG. 4. Photographs of the 2-D field mapper and measurement setup. (a) The overall configuration with the upper plate of the parallel-plate
waveguide open. (b) The scattering object, absorber, and monopole array placed on the lower plate. (c) The closed waveguide simulator and
the electric field probe mounted at the center of the upper plate. (d) A magnified view of the monopole array elements.

mounted to generate the incident plane wave in the measure-
ment area, as shown in Fig. Hb).

For feeding the array antenna, a 1-to-32 unequal power
splitter is designed in three cascaded stages [Fig.[]a)] to min-
imize ripples in the incident wave in the quiet zone. De-
sign and simulation of the power splitter have been per-
formed using CST STUDIO SUITE by Dassault Systémes.
Detailed in Fig. @{d), the linear array has a uniform spac-
ing of 22.5 mm and it is backed by a vertical conductor wall
7.5 mm behind the array. Lined along the other three edges,
sawtooth-profile foam absorber reduces reflections back into
the scanning area. To scan the field automatically, an in-house
LABVIEW program handles the motion of the stages with
a resolution of 2 mm. The overall scanning area measures
276 mm x 276 mm. With the upper plate closed [Fig. @{c)],
the complex S»; parameter is measured by a vector network
analyzer (Model E8363B by Agilent Technologies) between
the monopole array port and the FE-field sensor port, and
recorded on the computer. At each probe position, frequency
is swept from 9.5 GHz to 10.5 GHz at an interval of 5 MHz.

FIG. 5. Printed metasurface cloak as a length-modulated copper strip
array on a band of grounded dielectric substrate. (a) Photograph of
the fabricated cloak enclosing a cylindrical object in the parallel-
plate waveguide field mapper with the top plate open. Steel wool
is used to prevent a wave from propagating between the upper plate
and the cloak. (b) A detailed view of individual cells. All fixed di-
mensions are in millimeters.

VI. MEASUREMENT RESULTS

A metasurface prototype is fabricated using standard
printed-circuit technologies at an external fabrication house.
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FIG. 6. Instantaneous snapshots of the measured electric field distribution normalized by the rms average magnitude of the measured incident
electric field at 10.0 GHz. (a) The incident wave. (b) For a bare aluminum cylinder. (c) For the aluminum cylinder covered by the metasurface
cloak. Thin black circles indicate the boundaries of the conductor cylinder and the cloak. The three plots share the color scale shown at the far

right in arbitrary unit.

Figure [5{a) shows a photo of the fabricated cloak mounted
on an aluminum disc of radius b with a detailed view of the
length-modulated copper strips. As shown in Fig. b), each
cell contains one copper strip of length /. Fixed dimensions
of the unit cell and the conductor strip are also shown. The
cell height is equal to d, in the z-direction and the cell width
w &~ A/42.3 so that 574 cells comprise the metasurface. A
thin layer of steel wool is placed on top of the aluminum disc
to electrically seal the unavoidable narrow gap between the
top waveguide plate and the aluminum disc in the parallel-
plate waveguide measurement setup.

The cloaking performance is evaluated by measuring the
electric field distribution in the zy-plane near the cloak. Three
cases are measured for E-field distributions: an empty 2-D
space (free space) for the incident wave, with a bare aluminum
cylinder with radius b = 60.33 mm as a reference scatterer,
and with the thin metasurface cloak applied onto the cylin-
der surface as a cylindrical sleeve. The measured field snap-
shots at 10.0 GHz are shown in Fig.[6] The measured incident
field in Fig.[6a) shows linear wavefronts associated with +z-
axis propagation with minor magnitude variations. When the
bare aluminum cylinder is placed, strong interference patterns
(standing waves) appear on the left side of the scatter and a
deep shadow is cast on the right side, as expected. Once the
thin metamaterial cloak is applied to the aluminum cylinder
surface, strong SWs are detected on and near the cloak sur-
face, as was designed and confirmed by simulation. Remark-
ably, the incident wave is restored in the shadow region, and
the intensity of the reflected wave in the backward direction is
significantly reduced.

Minor imperfections are observed in the measured fields in
Fig.[6] Backward reflection is still present. The phase of the
reconstructed wave behind the cylinder exhibits a small de-
viation from that of the incident wave. Fabrication error and
measurement imperfections cause degradation of the cloak-
ing performance. The permittivity of the dielectric substrate
may be slightly different from the nominal value. The result-
ing modification of the SW phase velocity leads to a phase
error for the reconstructed wave behind the cylinder. While
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FIG. 7. Measured 2-D scattering widths for bare and cloaked discs.
(a) The 2-D bistatic RCS polar patterns at 10.0 GHz and (b) The RCS
in the forward direction (¢ = 0) with respect to frequency.

low-loss constituents have been used, dielectric and conduc-
tor losses inevitably weaken the reconstructed wave strength.
The cloak is designed for plane-wave illumination, but the
array-generated incident wave deviates from a plane wave.
Despite these minor imperfections, the printed metasurface
clearly demonstrates cloaking for the cylinder of a 4\ diame-
ter.

To assess the quantitative performance of the cloak with re-
spect to frequency, we evaluate the 2-D bistatic radar cross



section (RCS) or scattering width opp(¢) [37]. Since mea-
surement data only for the E-field in the near-field region are
available, the bistatic RCS is retrieved using the surface equiv-
alence theorem [38]]. The detailed process is as follows: 1)
The measured total £, is sampled along an imaginary circle
surrounding the aluminum disc and the cloak. 2) The incident
E-field, E', is sampled along the same circle from a separate
measurement without any scatterer. 3) The scattered E-field
(B¢ = E, — E!) is computed as the difference between the
measured electric fields with and without the scatterer. 4) An
impressed magnetic surface current M(¢') = ¢'ES(¢') is
placed along the imaginary circle with its entire internal re-
gion filled with a perfect electric conductor. 5) The bistatic
2-D scattering width is obtained from the far-zone radiated E-
field pattern generated by M ;. COMSOL MULTIPHYSICS is
used to perform this near field-far field transformation. The
scattering results for the bare aluminum disc serve as a refer-
ence for quantifying the cloaking effectiveness.

At 10.0 GHz, Fig.[7[a) compares the 2-D bistatic RCS pat-
terns of the bare and cloaked cylinders. It can be seen that the
bistatic RCS is significantly reduced in almost all directions
by the metasurface cloak. The RCS is reduced by 7.95 dB
in the forward direction (¢ = 0), which is the direction
of strongest scattering. In other directions, the metasurface
weakens scattering to low levels, including a backscattering
RCS of less than 5 dBA. Bistatic 2-D scattering widths nor-
malized by A at 10.0 GHz in the forward direction are com-
pared in Fig. [7(b) with respect to frequency. The bare alu-
minum disc scatters strongly for canceling the incident wave
and creating a shadow, resulting in a consistently high scatter-
ing width value over frequency. In contrast, the metasurface
cloak significantly reduces forward scattering by reconstruct-
ing the incident wave near 10 GHz. The minimum value is
12.09 dBA at 10.01 GHz, reduced by 8.22 dB from the bare
cylinder case.

To evaluate the overall cloaking performance, we compute
an angle-integrated scattering metric for the uncloaked and
cloaked objects. The 2-D total scattering cross section, otz%,
is defined as the 2-D counterpart of the total scattering cross
section [39,140] as

o3 = % ~_o(9)dd. (14)

tot

Figure [8[a) plots o5} of the cylinder with respect to fre-
quency with and without the metasurface cloak. For the bare
conducting cylinder, the total scattering width stays consis-
tently around 12 dBA. On the other hand, the cloaked cylin-
der exhibits significantly reduced scattering around 10 GHz,

as expected. The scattering gain is defined as o5},

tot

cloaked B
o in dB scale and plotted in Fig. |8(b). The min-
uncloaked

imum scattering gain (i.e., maximum scattering reduction)
is —10.27 dB at 10.0 GHz. The 3-dB scattering reduction
bandwidth is approximately 1.0%, corresponding to 9.95-
10.05 GHz. As the frequency deviates from the design fre-
quency, the phase error between the continuously leaked wave
and incident wave increases along the metasurface, resulting
in an inherently narrow cloaking bandwidth.
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FIG. 8. Measured total scattering cross sections. (a) Measured 2-D
total scattering cross section with and without the cloak. (b) The 2-D
total scattering cross section gain.
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FIG. 9. Simulated and measured 2-D scattering width and total scat-
tering section with respect to the dielectric loss tangent of the sub-
strate. Conductor loss of copper is treated using a surface impedance.

Loss effects of the dielectric substrate and copper cladding
are numerically evaluated and plotted in Fig. 0] The con-
ductor loss was modeled using an impedance surface with
a surface impedance Z;, = +/wuo/20. = 0.0261 Q/O
(o = free-space permeability) at 10 GHz with the copper
conductivity o, = 5.8 x 107 S/m. We find that conductor
loss is negligible. As the dielectric loss tangent increases, the
SWs will attenuate at a higher spatial rate along the metasur-
face. As a result, stronger forward scattering occurs, resulting
in weaker reconstructed field in the shadow region. At the
nominal dielectric loss of the substrate (tan d = 0.001), mea-



sured scattering characteristics show a good agreement with
numerical predictions.

VII. CONCLUSION

In the microwave regime, a subwavelength-thin printed
metasurface cloak that can conceal a large free-standing object
has been demonstrated. This capability is enabled by the syn-
thesis of the total tangential field in the entire design domain,
assisted by carefully designed auxiliary surface waves. Mod-
eling the reactance surface as a penetrable impedance sheet

on a grounded dielectric substrate allows the resulting surface
reactance distribution to be accurately realized as an array of
length-modulated printed conductor strips. The field synthe-
sis technique for functional reactance surfaces will enable a
variety of passive devices for perfect wave transformation in
leaky-wave antennas, lenses, and holograms of curved as well
as planar profiles.
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