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unchanged and altering the impedance. A remarkable example 
of this method is a nonmagnetic approximation, where only the 
relative permittivity is changed while the relative permeability 
remains at unity. Thus, an optical omnidirectional cloak can be 
achieved by embedding metal nanowires in a dielectric mate-
rial. [ 20 ]  Recently, a signifi cant step toward a cloak with both pre-
served amplitude and phase has been made; [ 12 ]  specifi cally, a 
metamaterial was designed to fully control both the refraction 
index and impedance, leading to the realization of a microwave 
unidirectional cloak based on transformation optics without 
any approximation for a special polarization. 

 The great challenge of practical cloak design is that an 
invisibility cloak with perfect performance (i.e., with both the 
phase and amplitude preserved) is diffi cult to achieve for full 
polarization, because from a transformation optics perspective, 
manipulating the phase and amplitude of light for full polari-
zation requires the simultaneous control of six constitutive 
parameters, i.e., εx, εy, εz, μx, μy, μz, in a Cartesian coordi-
nate system, which is extremely complex to design and imple-
ment. The majority of experimental investigations of invis-
ibility cloaks are restricted to special polarization, [ 2–5,8–13,21,22 ]  
i.e., transverse electric (TE) polarization or transverse magnetic 
(TM) polarization. To reduce the complexity, two remarkable 
efforts have been made to implement full-polarization 3D 
cloaks based on isotropic materials with the constitutive param-
eters designed based on quasiconformal mapping methods; [ 6,7 ]  
however, the phase of the refl ected wave is not preserved well, 
rendering it detectable. [ 14 ]  Metasurfaces provide new ways for 
scientists to control the polarization, amplitude, and phase of 
light. [ 15 ]  Studies of metasurfaces highlight a promising way to 
design macroscopic carpet cloaks: adjusting the local refl ection 
phase of a ground using a metasurface and thus restoring the 
phase of refl ected beams as if the light had impinged onto a fl at 
mirror. [ 21–25 ]  Thus, metasurface-based carpet cloaks are inher-
ently phase-preserved, and recent studies further reveal that 
they are perfectly amplitude-preserved if the operational inci-
dent angle is near 0°. [ 21 ]  Metasurface cloaks inherit the quali-
ties of metasurfaces and offer multiple advantages compared 
with traditional quasiconformal mapping-based bulky cloaks, 
including ultrathin thickness, light weight, the convenience of 
fabrication, ease of scaling up to macroscopic, applicability at 
any shape and size, and no lateral shift of refl ected beams. [ 21 ]  
However, a full-polarization 3D amplitude-and-phase-preserved 
cloak still remains elusive. 

 In this study, we designed and realized for the fi rst time a 
novel 3D cloak with arbitrary shape and size based on a meta-
surface, which are able to completely restore the polarization, 
amplitude, and phase of refl ected light. As metasurfaces show 
strong abilities to control the polarization of light based on the 

  Polarization, amplitude, and phase are three fundamental prop-
erties of light. When light is incident onto an object, the object 
will block the transmitted wave and cause scattering, rendering 
the object observed. An invisibility cloak can suppress the scat-
tering fi elds and reconstruct the polarization, amplitude, and 
phase of the transmitted light as if the object did not exist. Such 
an invisibility cloak was nearly inconceivable until the macro-
scopic cloaking method of transformation optics was proposed 
by Pendry et al. [ 1 ]  Since then, several invisibility cloak methods 
were experimentally demonstrated, [ 2–13,21,22 ]  however, it faces 
a grand challenge on special polarization [ 2–5,8–13,21,22 ]  or ampli-
tude/phase distortions. [ 3–10,13,14 ]  In this work, we overcame 
the limitations and successfully realized a full-polarization 3D 
carpet cloak with preserved amplitude and phase by utilizing 
metasurfaces, [ 15 ]  which are able to control the polarization, [ 16 ]  
amplitude, [ 17 ]  and phase of light. [ 18 ]  The work made a milestone 
on the invisibility cloak and will have a broad range of potential 
applications, particularly in macroscopic object cloaking and 
illusions. 

 Practical invisibility cloaks, in people’s minds, should guide 
light around hidden objects with preserved polarization, ampli-
tude, and phase as if the object did not exist. Invisibility cloaks 
remained in the realm of science fantasy until the advent of 
transformation optics and metamaterials, making the realiza-
tion of invisibility cloaks a scientifi c possibility. Tremendous 
progress has been made toward the realization of amplitude- or 
phase-preserved invisibility cloaks. Amplitude-preserved carpet 
cloaks can be achieved by utilizing a quasiconformal map-
ping technique and embedding the entire cloak into a dielec-
tric background. [ 3–5,19 ]  Phase-preserved cloaks can be obtained 
by eikonal approximation, i.e., keeping the refraction index 
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strong surface-confi ned interaction between light and subwave-
length scatters and have a 2D nature, the challenge of polariza-
tion in traditional bulky invisibility cloaks can be successfully 
solved by designing a full-polarization metasurface cloak. 

 As shown in  Figure    1  a, when light impinges onto a per-
fect electric conductor (PEC) bump on a PEC ground with an 

incidence angle of α , the bump will introduce an unneces-
sary phase to the light, and the wavefront and polarization of 
the formal beams will be distorted. To compensate for these 
unwanted phase shifts, an ultrathin-skin metasurface consisting 
of many phase-shifting resonant elements will be wrapped over 
the bump to alter the local refl ection phase at each metasurface, 
thus reconstructing the polarization and phase of the refl ected 
light as if the light were incident on a fl at mirror. The refl ection 
phase induced by the metasurface cloak is denoted by 

 k h180 2 cos( )0δ α= ° −     ( 1)  

 where h  is the height of the center point of the unit cell from 
the ground and 0k  is the wave vector in free space.  

 To ensure that our metasurface cloak works for any polariza-
tion, e.g., linear, circular or elliptical polarization, we apply a 
close ring resonator (CRR) with  C  4  symmetry as a unit cell of 
the metasurface cloak, [ 23 ]  as shown in Figure  1 b. The CRR is 
on a substrate with a thickness of 2 mm, and a relative permit-
tivity of 3.5 + 0.00245i. The thickness of our metasurface cloak 
is only one-nineteenth of the operational wavelength in the free 
space. The period of the unit cell,  p , is 6 mm. When altering 
the size of the CRR,  a,  the refl ection phase at 7.5 GHz will be 
changed, which can nearly cover the range from −180° to 180°, 
while the amplitude remains near unity. Because the metasur-
face unit cells have  C  4  symmetry and are considerably smaller 
than the operational wavelength in the free space, when the 
incident angle is smaller than 45°, refl ection phases for both 
TE (transverse electric) and TM (transverse magnetic) polari-
zations are very close, thus, a cloak based on this metasurface 
will be full-polarization. Besides, the metasurface cloak can still 
work well when the incident angle slightly deviates from the 
targeted one. As shown in Figure  1 c, when light is incident on 
the bump with a height of ( )f x  covered by a metasurface cloak 
which is formerly designed for 1α  incidence angle, at the inci-
dence angle of 2α , the equivalent bump will be (see the Sup-
porting Information) 

 g x f x( ) ( ) (cos( ) cos( ))/cos( )2 1 2α α α= × −     ( 2)    

 Considering 1α  = 0°, and 2α  = 15°, ( ) 0.035 ( )= −g x f x , 
where the negative value indicates that the equivalent bump 
is a depression. Because the height of the bump is reduced by 
96.5%, the scattering of the bump will dramatically decrease, 
and the metasurface cloak still works very well at an oblique 
incidence angle within 15°. 

 As a demonstration, full-wave simulations of a triangle 
metasurface cloak (see the Supporting Information for the 
geometry parameters of each unit cell) with a tilt angle of 
24.6° and a size of 176 mm × 42 mm were performed in CST 
Microwave Studio, as shown in  Figure    2   .  Without the meta-
surface cloak, strong scattering and a distorted wavefront will 
occur under a TE (Figure  2 b) or TM (Figure  2 e) plane wave at 
a vertical incidence. After wrapping over an ultrathin gradient 
metasurface cloak, the scattering fi elds are reconstructed with 
the same phase and amplitude as if the light were incident on a 
fl at refl ective ground for both the TE (Figure  2 a) and TM wave 
(Figure  2 d). In addition, from Figure  2 c,f, one can see that the 
metasurface cloak can work well at an oblique incidence angle 
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 Figure 1.    Scheme of a 3D metasurface cloak and unit cell design. a) Sche-
matic view of a 3D full-polarization metasurface carpet cloak. When light 
with arbitrary polarization impinges onto the PEC bump, the polarization, 
amplitude, and phase of the refl ected light will be distorted. After covering 
it with a gradient ultrathin metasurface, which can provide an additional 
phase shift to control the local refl ection phase, the previously distorted 
refl ected light will be recovered with the same polarization, amplitude, 
and phase as if the light impinged onto a fl at mirror. b) Refl ection ampli-
tude (dotted lines) and phase (dashed lines for TM polarization and 
solid lines for TE polarization) of different sizes of a CRR at 7.5 GHz 
at an oblique incident angle of 0°, 15°, 30°, and 45°, respectively. The 
inset is the unit cell, where  p  = 6 mm,  w  = 0.5 mm, and  t  = 2 mm. The 
brown region is a substrate with a relative permittivity of 3.5 + 0.00245i. 
c) Equivalent bump ( ( )g x ) when light is incident at an angle of α2  onto 
a bump ( ( )f x ) covered by a metasurface cloak (yellow region) which is 
formerly designed for an incident angle of α1. Suppose that α1  = 0°, and 
α2 = 15°, h0 will be 0.035h1.
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of at least 15°. This demonstrated that the 
cloak is free from detection by phase-sen-
sitive instruments, as predicted in previous 
theoretical model. Note that an ideal meta-
surface cloak requires that the refl ection 
phases change along the slope of the triangle 
continuously. However, in practice, because 
we used the metasurface unit cells, whose 
size is about 1/7 operational wavelength, 
the refl ection phases of the practical struc-
tures do not change homo genously. This 
will cause some small wavefront distortions 
of the scattering fi eld. This inhomogeneous 
imperfections can be reduced if the sizes of 
designed unit cells are much smaller than 
the operation wavelength.  

 An arbitrary-shape 3D metasurface cloak 
in microwave frequency has been experi-
mentally realized, as shown in  Figure    3  c. 
The shape of our cloak is a pyramid without 
a top, the tilt angle is still 24.6°, and its 
size is 176 mm × 176 mm × 34 mm. In the 
implementation, we printed the CRR struc-
ture on a substrate, namely, a 2 mm Tefl on 
woven glass fabric copper-clad laminate 
with a permittivity of 3.5 and 0.0007gδ <t  at 
7.5 GHz.  

 In the experimental setup, a PEC bump 
covered with the metasurface cloak sample 
is put on a fl at PEC ground plane. A lin-
early polarized Gaussian wave from the 
high-directivity lens antenna is incident 
with an azimuthal angle (θ , φ ) onto the 
sample, where 180θ α= ° − , as shown in 
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 Figure 2.    a–f) Full-wave simulations of a full-polarization metasurface cloak. Refl ected transverse electric fi eld distributions at 7.5 GHz when a TE 
plane wave is incident to a bump covered by a polarization-insensitive metasurface cloak at normal incidence a), a bare bump at normal incidence b), 
and a cloaked bump at an incidence angle of 15° c). Refl ected transverse magnetic fi eld distributions at 7.5 GHz when a TM plane wave is incident 
to a bump covered by a full-polarization metasurface cloak at normal incidence d), a bare bump at normal incidence e), and a cloaked bump at an 
oblique incidence angle of 15° f).

 Figure 3.    a) Fabricated metasurface carpet cloak. b) Measurement scheme. A linearly polarized 
Gaussian wave from the high-directivity lens antenna is incident with an azimuthal angle (θ , ϕ ) 
onto the sample, where 180θ α= ° − . c) Measured Hx fi eld distributions of a metal aircraft 
model in z = 114 mm plane. A TE polarized wave with electric fi eld along y direction is incident 
onto the aircraft model vertically.
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Figure  3 b. Both TE (electric fi eld is in the XY plane) and TM 
(magnetic fi eld is in the XY plane) wave incidences are con-
sidered. The experimental measurements were carried out in 
an anechoic chamber. We measured the magnetic fi eld distri-
butions over the samples in three different orthogonal planes 
(see details in the Supporting Information). As an example, 
an aircraft model is used for measurement under TE wave 
at vertical incidence. The fi eld patterns measured in the  z  = 
114 mm plane are shown in Figure  3 c, from which we can 
see that the aircraft model causes lots of scatterings and the 
measured scattering pattern well refl ects the contour of the 
aircraft itself. 

 In the fi rst case (Case I), we measured the fi eld distributions 
when the wave with  E  x  polarization is normally incident onto 
the sample from the top ( 0α = °). The measured magnetic fi eld 
distributions in three planes,  x  = 0 mm plane,  y  = 0 mm plane, 
and  z  = 114 mm plane, are shown in  Figures    4  a–c, d–f, and 
g–i, respectively. The cloaking frequency has shifted slightly 
from 7.5 GHz to 8 GHz in the implementation. Figure  4 a,d,g 
is the measured magnetic fi elds in the  x  = 0 mm,  y  = 0 mm, 
and  z  = 114 mm planes for the bare bump, respectively. The 
fi gures show that when the EM wave impinges on the bump, 
the refl ected beams are distorted and scattered into dif-
ferent directions. From the scattering fi eld pattern shown in 
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 Figure 4.    Case I ( 0α = °, the electric fi eld of incident wave is along  y  direction, and the magnetic fi eld along  x  direction is measured): a–c) Measured 
fi eld distributions in the  x  = 0 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. d–f) Measured fi eld distributions in the  y  = 0 mm 
plane for a bare bump, cloaked bump, and fl at mirror, respectively. g–i) Measured fi eld distributions in the  z  = 114 mm plane for a bare bump, cloaked 
bump, and fl at mirror, respectively. Case II ( 0α = °, the electric fi eld of incident wave is along  x  = − y  direction, and the magnetic fi eld along  x  =  y  direc-
tion is measured): j–l) Measured fi eld distributions in the  x  = − y  plane for a bare bump, cloaked bump, and fl at mirror, respectively. m–o) Measured 
fi eld distributions in the  x  =  y  plane for a bare bump, cloaked bump, and fl at mirror, respectively. p–r) Measured fi eld distributions in the  z  = 114 mm 
plane for a bare bump, cloaked bump, and fl at mirror, respectively. The black arrows represent the incidence direction of EM wave.

 Figure 5.    Case III ( 10α = °, 0φ = °, the electric fi eld of incident wave is along  y  direction (TE polarization, electric fi eld in XY plane), and the mag-
netic fi eld along  x  direction is measured): a–c) Measured results in the  x  = 0 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. 
d–f) Measured results in the  y  = 0 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. g–i) Measured results in the  z  = 114 mm 
plane for a bare bump, cloaked bump, and fl at mirror, respectively. Case IV ( 10α = °, 45φ = °, the electric fi eld of incident wave is along  x  = − y  direction 
(TE polarization, electric fi eld in XY plane), and the magnetic fi eld along  x  =  y  direction is measured): j–l) Measured fi eld in the  x  = − y  plane for a bare 
bump, cloaked bump, and fl at mirror, respectively. m–o) Measured fi eld in the  x  =  y  plane for a bare bump, cloaked bump, and fl at mirror, respectively. 
p–r) Measured fi eld in the  z  = 114 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. The black arrows represent the incidence 
direction of EM wave.
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Figure  4 g, one can see the contour of the geometry of the bare 
PEC bump. While after covering it with a metasurface cloak 
(with the measured fi elds shown in Figure  4 b,e,h), the distor-
tion of the refl ected phase and polarization are reconstructed, 
and the split beams rejoin again. One can see the measured 
results are very similar to those measured for the ground plane 
(Figure  4 c,f,i).  

 In the second case (Case II), we keep all the setup the same 
with Case I, but the polarization of the electric fi eld is along 
the  x  = − y  direction ( 0α = °, 45φ = °). From the measured 
results for the bare bump (Figure  4 j,m,p) metasurface cloak 

(Figure  4 k,n,q), and fl at ground plane (Figure  4 l,o,r), one can 
see that the metasurface cloak can well cancel the scattering 
fi elds caused by the bare PEC bump. 

 In the next step, we measured the case when the wave is 
incident with an azimuthal angle of 10α = °, 0φ = °. In order 
to see that the cloak works for full-polarization waves, both 
TE (Case III) and TM (Case V) waves are measured. The 
results are shown in  Figure    5  a–i (TE wave with electric fi eld 
along y direction) and  Figure    6  a–i (TM wave with the mag-
netic fi eld along y direction), respectively. Good cloaking per-
formance has been demonstrated from the measured mag-

netic fi eld distribution in all planes, which 
further confi rms the effectiveness of our 
cloak.   

 Finally, we measured the cases when the 
wave is incident with an azimuthal angle of 

10α = °, 45φ = °. Similarly, both TE (Case IV) 
and TM (Case VI) waves are measured, the 
results are shown in Figure  5 j–r (TE wave 
with electric fi eld along  x  = − y  direction) and 
Figure  6 j–r (TM wave with magnetic fi eld 
along  x  = − y  direction), respectively. Because 
in a 3D space, arbitrary polarization can be 
created by combing TE and TM polariza-
tions, all of the measured results prove that 
our metasurface cloak can completely restore 
the amplitude and phase for full-polarization 
waves. 

 To quantitatively measure the total scat-
tering reduction achieved by our metasur-
face cloak, in the experiment, we evaluated 
the reduced total radar cross section (RCS) 
of the metasurface cloak in two typical inci-
dent planes for vertical ( 0α = ° ) and oblique 
incidence ( 10α = °, 0φ = °). The reduced total 
RCS is defi ned as 

 Figure 6.    Case V ( 10α = °, 0φ = °, the magnetic fi eld of incident wave is along  y  direction (TM polarization, magnetic fi eld in XY plane), and the magnetic 
fi eld along  y  direction is measured): a–c) Results in the  x  = 0 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. d–f) Results in 
the  y  = 0 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. g–i) Results in the  z  = 114 mm plane for a bare bump, cloaked bump, 
and fl at mirror, respectively. Case VI ( 10α = ° , 45φ = °, the magnetic fi eld of incident wave is along  x  = − y  direction (TM polarization, magnetic fi eld in 
XY plane), and the magnetic fi eld along  x  = − y  direction is measured): j–l) Field distributions in the  x  =  −y  plane for a bare bump, cloaked bump, and 
fl at mirror, respectively. m–o) Field distributions in the  x  =  y  plane for a bare bump, cloaked bump, and fl at mirror, respectively. p–r) Field distributions 
in the  z  = 114 mm plane for a bare bump, cloaked bump, and fl at mirror, respectively. The black arrows represent the incidence direction of EM wave.

 Figure 7.    a,b) Measured reduced total scattering RCS, and normalized differential RCS in the 
 x  = 0 mm plane at 8 GHz for Case I, respectively. c,d) Measured reduced total scattering RCS, 
and normalized differential RCS in the  y  = 0 mm plane at 8 GHz for Case V, respectively.
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 where cloaked,scat cloaked,tot ground,tot= −H H H , uncloaked,scat uncloaked,tot ground,tot= −H H H

cloaked,totH , uncloaked,totH , and ground,totH  are the total magnetic fi elds 
(all the incident waves are the same) for metasurface cloak, 
bare PEC bump, and fl at ground, respectively. The integral 
spans all visible angles. The calculated reduced total RCS as a 
function of frequency are shown in  Figure    7  , from which, one 
can see that with the metasurface cloak, the total scattering dra-
matically decreases around 8 GHz in the experiment. The 3 dB 
bandwidth of the metasurface cloak is about 18.2% (7.5 GHz to 
9 GHz) in the experiment. In Figure  7 b,d, we show the meas-
ured differential RCS ( H2 | |diff scatter

2σ πρ= , where ρ  = 250 mm, 
and all the incident waves are the same) at 8 GHz for vertical 
incidence and oblique incidence, respectively. Note that in the 
fi gures, we normalized both curves with the maximum value of 
the differential RCS of the bared PEC bump. One can see that 
the metasurface cloak can strongly suppress the scatterings for 
almost all of measured view angles.  

 In this paper, at the fi rst time, we experimentally demon-
strated a full-polarization arbitrary-shaped 3D metasurface 
cloak with preserved amplitude and phase in microwave fre-
quencies. By taking the unique feature of metasurfaces, we suc-
cessfully developed the novel cloak which lifts the limitations 
of special polarization, impedance mismatching, and lateral 
shift of the refl ected beams in existing invisibility cloaks. Both 
the simulated and experimental results prove that our postu-
lated cloak can completely restore the polarization, amplitude 
and phase of light for full polarization as if light was incident 
on a fl at mirror. Though the bandwidth and operational view 
angle of our metasurface cloak are limited, we have pushed 
the implementation of a practical invisibility cloaks forward. 
The convenient fabrication of our cloak paves a feasible way 
to pursue an industrial large-scale full-polarization 3D cloak in 
both microwave and terahertz frequencies and may fi nd poten-
tial applications in vehicle cloaking and illusions.  
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