
Frontiers of Physics
https://doi.org/10.1007/s11467-021-1148-8

Front. Phys.
17(5), 53502 (2022)

Research article

Broadband cross-circular polarization carpet cloaking based on
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In view of the fact that most invisibility devices focus on linear polarization cloaking and that the
characteristics of mid-infrared cloaking are rarely studied, we propose a cross-circularly polarized
invisibility carpet cloaking device in the mid-infrared band. Based on the Pancharatnam–Berry phase
principle, the unit cells with the cross-circular polarization gradient phase were carefully designed and
constructed into a metasurface. In order to achieve tunable cross-circular polarization carpet cloaks,
a phase change material is introduced into the design of the unit structure. When the phase change
material is in amorphous and crystalline states, the proposed metasurface unit cells can achieve high-
efficiency cross-polarization conversion, and reflection intensity can be tuned. According to the phase
compensation principle of carpet cloaking, we construct a metasurface cloaking device with a phase
gradient using the designed unit structure. From the near- and far-field distributions, the cross-circular
polarization cloaking property is confirmed in the broadband wavelength range of 9.3–11.4 µm. The
proposed cloaking device can effectively resist detection of cross-circular polarization.
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1 Introduction

Cloaking has always been a dream of humans, and the
emergence of metamaterials has ushered in a new era of
stealth technology [1–4]. Because metamaterials have a
unique ability to control electromagnetic waves [5–20], sci-
entists have strong interest in them [21–39] and adopt
various principles and methods to design stealth devices.
In 2006, Pendry’s team and Leonhardt independently de-
veloped the concept and theory of transformation optics,
making stealth devices a real possibility [40, 41]. The
theory of transformation optics proves that metamateri-
als with gradient parameters can control electromagnetic
waves around obstacles, thus forming a cloaking space.
However, it is difficult to design and fabricate a transfor-
mation optical stealth device because it requires a strict
distribution of equivalent dielectric parameters. Also, a
kind of scattering cancellation invisibility cloak was pro-
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posed [42, 43], which is robust to manufacturing toler-
ances. However, these cloaks are typically limited to
sub wavelength objects. In addition, there are diverse
invisibility cloaks, such as scattering reconstruction in-
visibility [44, 45], near-zero refractive [46], reconfigurable
acoustic [47], topology optimized [48], and intelligent self-
adaptive invisibility [49]. Recently, researchers have pro-
posed metasurface cloaks, which represent a major ad-
vance due to their ultrathin structure and ability to ma-
nipulate electromagnetic waves [50]. However, most of
the aforementioned cloaking techniques focus on linearly
polarized light and targeted visible, terahertz, and mi-
crowave wavelengths.

Circularly polarized antennae can receive arbitrarily po-
larized electromagnetic waves, and emitted electromag-
netic waves can also be received by arbitrarily polarized
antennae. Circularly polarized antennae are widely used
in radar detection systems. In order to deal with circularly
polarized antenna detection, a circularly polarized cloak-
ing device is proposed in our work. Polarization informa-
tion is an important information target [51–53] and is of
great significance for the analysis of polarization charac-
teristics of a stealth target. A cross-polarized strong scat-

© Higher Education Press 2022

mailto:lichenxia@cjlu.edu.cn
mailto:jingxufeng@cjlu.edu.cn
http://journal.hep.com.cn/fop/EN/10.1007/s11467-021-1148-8
http://journal.hep.com.cn/fop/EN/10.1007/s11467-021-1148-8
http://journal.hep.com.cn/fop/EN/10.1007/s11467-021-1148-8


Research article

terer system can expand the polarization characteristics of
electromagnetic waves to improve the signal-to-noise ra-
tio and accurately detect and identify targets. In order to
address cross-polarization detection in a monitoring sys-
tem, a cross-polarization cloaking device is proposed that
uses Pancharatnam–Berry (PB) phase metasurfaces in the
mid-infrared region.

Generally, once traditional metasurface cloaking devices
are fabricated, the structure is unchangeable; its opti-
cal characteristics will not change, and the correspond-
ing phase modulation function is also fixed. In order
to flexibly control metasurfaces, researchers have intro-
duced phase change materials in the design and fabrica-
tion of metasurfaces. Typical phase change materials in-
clude GeSbTe (GST) alloys [54], VO2 [55], graphene [56],
and so on. The addition of phase change materials makes
the optical properties of metasurface devices tunable. In
order to achieve a compatible cross circular polarization
stealth device, we introduce a GST phase change ma-
terial into the metasurface cloaking design. The GST
phase change material has significantly different optical
properties between its crystalline and amorphous states.
In this work, the classic metal–insulator–metal configura-
tion with a GST layer is used to construct metasurfaces.
Based on the principle of the PB phase [57], a switchable
metasurface carpet cloak with amplitude regulation that
can realize object-shielding functionality in the broadband
wavelength range of 9.3–11.4 µm is proposed.

In order to realize the geometric phase characteristics of
the cell structure, we need to design an anisotropic struc-
ture and apply it to the stealth device we constructed. To
simplify our design, we propose a metal strip anisotropic
structure to realize the geometric phase element. It should
be noted that Li et al. proposed a multiple function of the
meta-microstructure by combining a programmable meta-
surface with a radiation array, which can manipulate the
scattering properties, digitally and in real-time, and ex-
hibit different radiation modes simultaneously [58]. Also,
they proposed a thin self-feeding Janus metasurface for
manipulating incident waves and emitting radiation waves
simultaneously [59]. By comparing the structure proposed
by Li et al. and the structure designed by us, the struc-
ture designed by us has greater simplification and fewer
structural parameters, which is conducive to the simpli-
fication of the design. It should be noted that the com-
posite structure proposed by Li et al. is tunable and has
many geometric parameters that can be used to achieve
multifunctional characteristics.

2 Cloaking principle of a metasurface

The generalized Snell’s law is the basic principle to realize
the cloaking effect in a metasurface [60–64]. The gener-
alized Snell’s law is different from Snell’s law, in which
the results of refraction and reflection depend not only on

different refractive indices in two media and the incident
angle of incident wave, but also on the phase gradient
function of a reflection surface. If a reflector with a spe-
cific phase gradient is designed, the phase and propagation
direction of the reflected wave can be modulated. For ex-
ample, the phase of the reflected wave of a convex object
can be modulated to the phase of a reflected wave simi-
lar to that of the plane reflection in order to achieve the
cloaking effect of the object underneath.

The generalized Snell’s law for reflection can be ex-
pressed as [7]

sin θr − sin θi =
λ0

2πni

dϕ
dx , (1)

where λ0 is the wavelength of incident light in the vacuum,
θi is the incident angle, θr is the reflective angle, ni is the
refractive index of the medium in incident space, and dϕ

dx is
the phase gradient of the interface. Anomalous reflection
occurs when a beam of light is incident on a sloping slope
covered with a carefully designed phase gradient metasur-
face, as shown in Fig. 1. A schematic diagram of light
propagation when incident light hits the left surface of a
carpet surface cloaking device as shown in Fig. 1. When
the light emitted from point A is incident on point C on
the inclined slope, the reflected light should be symmet-
ric on the normal slope and exit from CB. However, due
to the presence of the metasurface, the reflected light is
modulated in the CB’ direction, i.e., it is symmetrical to
the horizontal normal. When ni = 1.0, Eq. (1) can be
deduced as

sin θr − sin θi =
1

k0

dϕ
dx . (2)

Based on the geometric relations in Fig. 1,{
θr = α+ θ,

θi = α− θ,
(3)

where α is the angle formed by the incident ray and the
vertical direction, and θ is the inclination angle of the
inclined slope. We can further obtain

dϕ = 2k0 cosα sin θdx. (4)

Fig. 1 Schematic diagram of light propagation when inci-
dent light hits the left side of a carpet surface cloaking device.
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Fig. 2 Schematic diagram of light propagation when inci-
dent light hits the right side of a carpet surface cloaking device.

With the geometric relationship dx sin θ = dh, Eq. (4) can
be further deduced with the integral operation as

ϕ = 2k0h cosα. (5)

Half-wave loss will occur when light is reflected from an
optically thin to an optically dense medium. In order
to achieve the cloaking effect, the phase distribution to
modulate on the metasurface slope needs to be achieved
as
δ = π− 2k0h cosα. (6)

When a ray is incident on the right side of the phase
gradient metasurface of the carpet cloaking device, the
reflected ray will exhibit the abnormal reflection phe-
nomenon shown in Fig. 2. Similarly, the phase distribu-
tion to modulate on the metasurface slope can be achieved
using Eq. (5). If a phase gradient metasurface that can
provide specific phase compensation can be obtained, the
reflected wave generated by incident light on the inclined
slope can be modulated into a state similar to planar re-
flection so that a detector cannot detect its information,
achieving the cloaking effect of hiding the object below
the inclined plane.

3 Unit cell of a metasurface with phase change

material

The key to designing a metasurface carpet stealth device
that can realize dynamic control lies in the design of the
unit structure. In order to dynamically control the stealth
performance, a phase change material is introduced into
the design of the unit cell. After obtaining the unit cells,
we can arrange the units periodically to achieve a metasur-
face carpet cloak. A schematic of the metasurface carpet
cloak is shown in Fig. 3. The bottom inclination angle
of the triangular carpet cloak is θ = 19◦, and circularly
polarized light is perpendicularly incident on the carpet
cloak. When the electromagnetic wave is incident on the
metasurface carpet cloak, the appropriate phase shift is in-
troduced by the metasurface unit cells, which change the
phase of the local reflection, and the reflected wave front

Fig. 3 Schematic diagram of the metasurface carpet cloak.

can be reconstructed as if the incident wave is incident
on the interface of a plate. According to the principle of
carpet cloaking, the local phase compensation introduced
by the metasurface satisfies Eq. (6).

The metasurface unit cell that constitutes our carpet
cloak consists of four layers of structure, and a schematic
diagram of the unit cell is shown in Fig. 4(a). The thick-
ness of the bottom metal is d1, and the middle two layers
are the GST and MgF2 thin film layers. As the phase
change material layer, the GST layer is a key part to re-
alize dynamic control of the stealth performance of the
cloaking device. The MgF2 layer serves as a refractive
index matching layer between the high refractive index
GST and the low refractive index air. This layer can im-
prove the polarization conversion efficiency and prevent
the GST film from oxidizing in the air. The thicknesses
of the GST and MgF2 layers are d2 and d3, respectively.
The top layer is a metal patch layer with a thickness of
d4, and the length and width of the metal patch are l

Fig. 4 (a) Schematic diagram of the metasurface unit cell.
(b) Amplitude and phase of the reflected wave under the in-
cident condition of x- and y-polarized waves. Co-polarization
and cross-polarization reflectivity under (c) LCP and (d) RCP
incidence.
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and w, respectively. We analyze the controllable charac-
teristics of the unit cell based on the GST phase change
material and the period of the designed unit cell, which
is p = 4.2 µm. Our tunable cloak is designed and opti-
mized in the mid-infrared band. The dielectric constants
of GST in amorphous and crystalline states are equal to
12 and 25, respectively, and the dielectric constant of
MgF2 is equal to 1.2 [63]. The detailed parameters of
the optimized cell size are: d1 = 0.2 µm, d2 = 0.6 µm,
d3 = 0.15 µm, d4 = 0.1 µm, l = 2.6 µm, and w = 1.2 µm.
In the numerical simulation, the finite integral method of
the commercial software CST microwave studio was ap-
plied to calculate optical characteristics of unit cells with
co-polarized and cross-polarized reflectance. The unit cell
boundary was used in the x and y directions. The open
boundary was applied in the z direction. The near- and
far-field distributions of the designed cloaking device were
numerically simulated using CST microwave studio. An
open boundary was applied in the x, y, and z directions.
All the models described in our work were meshed using
triangular elements with a maximum size of one-twentieth
the wavelength.

Light is incident on the unit cell obliquely at an in-
cident angle of ρ = 19◦ (equal to the tilt angle of the
bump). Figure 4(b) shows the amplitude and phase of
the reflected wave under the incidence conditions of x-
and y-polarized waves. Here the GST material is in the
amorphous state. The phase difference between two inci-
dent polarizations can be obtained as |Φx − Φy| ≈ 180◦

at a wavelength region of 9.3–11.4 µm. The reflection am-
plitudes of the unit cell under x- and y-polarized incident
waves are both above 0.8. Figures 4(c) and (d) show the
reflectivity of co-polarization and cross-polarization under
the incidence of left-handed circularly polarized (LCP)
and right-handed circularly polarized (RCP) waves, re-
spectively. In Figs. 4(c) and (d), rRL(rLL) and rLR(rRR)

represent the cross-polarization (co-polarization) reflectiv-
ity when LCP and RCP waves are incident, respectively.
It can be clearly seen from Figs. 4(c) and (d) that the pro-
posed unit cell achieves high-efficiency cross-polarization
conversion in the wavelength range of 9.3–11.4 µm. The
cross-polarization reflectivity is above 0.8, and the co-
polarization reflectivity is less than 0.1.

In order to achieve the stealth function of cross circular
polarization, we need to obtain the cross-circular polariza-
tion reflection phase of the unit structure. According to
the PB phase principle, different reflection phases with
cross-polarization can be obtained by rotating a metal
patch on the top layer of the unit. Taking six units as a
cycle, the phase of the unit cell covers a range of 2π, and
the phase gradient of the unit cell is π/3. In view of the
slight influence of the inclination angle of the stealth de-
vice (θ = 19◦), the required phase is obtained by scanning
the rotation angle of the top metal patch. The parame-
ters of the rotation angle, β, of the six units are shown in
Table 1.

Table 1 Rotation angles and phase responses of the unit
cells.

Unit cell 1 2 3 4 5 6

Rotation angle 0◦ 31◦ 62◦ 90◦ 120◦ 150◦

Phase 0◦ −60◦ −120◦ −180◦ −240◦ −300◦

Figures 5 (a) and (c) respectively show the reflection
amplitude and phase of cross-polarization with the amor-
phous state of GST when the incident wave is LCP. Differ-
ent rotation angles correspond to similar reflection ampli-
tudes and different phase changes. Obviously, by control-
ling the local orientation of metallic elements between zero
and π, phase variation covering the full 2π range can be re-
alized while maintaining equal reflection amplitude. This
characteristic of phase variation may also be called the
geometric phase. The metasurface can be divided into ge-
ometric and resonant phase metasurfaces according to the
phase mutation mechanism. In the early stage, we mainly
studied the resonant phase metasurface, which moved the
resonant frequency through the change of the structure,
and then changed the phase of a certain frequency point,
resulting in phase mutation. However, the resonant phase
metasurface indicated some problems and defects since the
phase mutation originates from the structural resonance,
which leads to a limited working bandwidth of the res-
onant phase metasurface. A geometrical phase electro-
magnetic metasurface is a type of metasurface composed
of the same artificial microstructure with different rota-
tion angles. By simply changing the rotation angle of the
microstructure, the phase mutation of reflected (transmit-
ted) waves can be realized such that artificial control of

Fig. 5 Amplitude and phase of the six units for cross-
polarized reflection in the amorphous state and the crystalline
state when the incident wave is LCP. The reflection amplitude
for (a) amorphous and (b) crystalline states with different ro-
tation angles. The reflection phase for (c) amorphous and (d)
crystalline states.
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Fig. 6 Amplitude and phase of the six units for co-polarized
reflection in the amorphous and crystalline states, respectively,
when the incident wave is LCP. (a) and (c) are for the amor-
phous state, and (b) and (d) are for the crystalline state.

the phase gradient or distribution is obtained. The geo-
metrical phase is obtained from the rotational properties
of the structure and is independent of wavelength [7, 8].
Therefore, a geometric phase metasurface has broadband
characteristics.

When the GST is in the amorphous state, the cross-
polarized reflection amplitudes of the six units in the
wavelength range of 9.3–11.4 µm are all above 0.8, and
the phase gradient between two adjacent unit cells is π/3,
which meets the design requirement of the carpet cloak.
Figures 5(b) and (d) are the reflection amplitude and
phase of the cross-polarization of the six units when the
GST is crystalline. The reflection amplitude of the unit
structure is low, and the reflection phase is also variable
with the rotation angle. We hope that by changing the
state of the GST, the reflection intensity of the stealth de-
vice can be changed. Figures 6 (a) and (c) are respectively
the reflection amplitude and phase of the co-polarization
of the six units when the GST is in the amorphous state.
Figures 6(b) and (d) are respectively the reflection am-
plitude and phase of the six units with different rotation
angles when the GST is in the crystalline state. No mat-
ter if the GST material is in the amorphous or crystalline
state, the amplitude and phase of the same polarization
reflection does not change greatly with the change of ro-
tation angle of the unit structure.

4 Cross circular polarization carpet cloaking

Next, we use the designed unit structure to construct a
carpet cloaking device, as shown in Fig. 3. We designed a
stealth device with cross-circularly polarized stealth prop-
erties, and based on the amorphous and crystalline tran-

Fig. 7 Near-field distribution of a (a–c) flat plate; (d–f),
bare bump, (g–i) amorphous state cloak; (j–l) crystalline state
cloak when λ = 9.3, 10.3, and 11.4 µm, respectively.

sition of the GST material, the designed stealth device
has tunable reflection intensity. We can cover the meta-
surface unit cell on a triangular bump with an inclina-
tion angle of θ = 19◦ at the bottom. The height of the
carpet cloak is 16.4 µm, and the length of both sides is
50.4 µm. The LCP is vertically incident on the designed
stealth device. Figure 7 illustrates the near-field distri-
bution for a flat plate, triangular bulge, and metasur-
face carpet cloaks. Figures. 7(g)–(i) show the near-field
distributions when the GST is in the amorphous state,
and Figs. 7(j)–(l) show the near-field distributions when
the GST is in the crystalline state. The near-field distri-
butions of cross-polarized reflections at different incident
wavelengths are also shown. For comparison, the near-
field distribution of the flat plate is shown in Figs. 7(a)–
(c), and the distribution of the exposed bumps, without
covering the cloak, is shown in Figs. 7(d)–(f). When the
incident wave hits the flat plate, the wave front of the
reflected wave is completely a plane wave. When the in-
cident wave hits the exposed bump that does not cover
the carpet cloak, the wave front of the reflected wave is
distorted. After the carpet cloak is covered on the bump,
the wave front of the reflected wave returns to a plane
wave when the GST is in the amorphous state. The near-
field distribution is similar to that of an incident wave
irradiated on the flat plate, which can successfully hide
obstacles. When the GST is switched to the crystalline
state, the reflected wave front also exhibits a plane wave
characteristic. According to Fig. 5, the reflection intensity
will vary with the state of the GST material.

In order to further demonstrate the cross-circularly po-
larized cloaking characteristics, we calculated the far-field
scattering characteristics of the stealth device, as shown in
Fig. 8. Figures 8(g)–(i) show the far-field scattering dis-
tribution with cross-circular polarization when the GST
is in the amorphous state. Figures 8(j)–(l) show the far-
field scattering distribution with cross-circular polariza-
tion when the GST is in the crystalline state. For compar-
ison, the distribution of the flat plate is shown in Figs. 8
(a)–(c), and the distribution of the exposed bumps, with-
out covering the cloak, is shown in Figs. 8(d)–(f). When
the incident wave irradiates the exposed bump, most of
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Fig. 8 Far-field intensity distribution of (a–c) flat plate; (d–f) bare bump, (g–i) amorphous state cloak; (j–l) crystalline
state cloak when λ = 9.3, 10.3, and 11.4 µm, respectively.

the far-field energy is split into two beams. After cover-
ing the carpet cloak, the far-field scattering distribution
returns to a distribution similar to the flat plate, and the
energy is mainly concentrated in a single reflected beam
with small side lobes. When the GST is in the crystalline
state, the energy is still mainly concentrated in a single
reflection beam, but the side lobes around 53◦ and 127◦
are more obvious and the stealth effect is slightly reduced.
These results prove that the proposed carpet cloak has a
good hiding effect when the GST is in crystalline or amor-
phous states.

The far-field radiation pattern in Fig. 9 more intuitively
illustrates the broadband hiding effect of the designed
metasurface carpet cloak. Figures 9(a)–(c), and (d) show
the far-field radiation of the flat plate, bare bump, and
carpet cloak when the GST is in the amorphous and crys-
talline states. It can be clearly seen that the designed
metasurface carpet cloak can achieve a switchable invis-

Fig. 9 Far-field radiation pattern of a (a) flat plate, (b)
bare bump, (c) amorphous state cloak, and (d) crystalline
state cloak in the broadband range.

ibility effect in the broadband wavelength range of 9.3–
11.4 µm.

Although our work is mainly focused on numerical sim-
ulations, it is feasible to fabricate and measure such meta-
surface cloaking devices. The designed cloaking metasur-
face can be fabricated as follows. First, the thin film
metal, MgF2, and GST can be deposited on a silicon
dioxide substrate using magnetron sputtering and elec-
tron beam evaporation methods [65]. Photoresist can
be spin coated onto the sample and baked at low tem-
peratures. The metal rods can be patterned using laser
direct-writing lithography to create a photoresist mask.
Then, the photoresist pattern can be transferred to the
top metal by ion beam etching. A fully cloaked structure
with the fabricated metasurface can be covered with tri-
angular bumps [61]. Morphologic analysis of the samples
can be carried out using scanning electron microscopy and
optical microscopy.

To measure cloaking performance, a CO2 laser can be
used as the light source. After passing through an ad-
justable attenuator and a linear polarizer, the optical
beam can illuminate the fabricated cloaking device. A
semi-transparent mirror can be applied in front of the de-
vice, and infrared charge-coupled devices can be utilized
to obtain the reflection image. In order to measure the
co-polarized and cross-polarized reflectance, Fourier trans-
form infrared spectroscopy should be applied with a reflec-
tion accessory. Also, two linear polarizers should be uti-
lized to generate broadband circularly polarized light [65].

To verify the accuracy of our numerical simulation re-
sults, we use COMSOL software for further calculations.
Figure 10(a) shows the amplitude and phase of the re-
flected wave under the incidence conditions of x- and
y-polarized waves. Figures 10(b) and (c) show the re-
flectivity of co-polarization and cross-polarization under
the incidence of left-handed circularly polarized and right-
handed circularly polarized waves, respectively. By com-
paring Fig. 10 and Fig. 4, we find that the results calcu-
lated by the two methods are consistent. These results
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Fig. 10 The results of numerical calculation by COMSOL
software. (a) Amplitude and phase of the reflected wave un-
der the incident condition of x- and y-polarized waves. Co-
polarization and cross-polarization reflectivity under (b) LCP
and (c) RCP incidence.

confirm the accuracy of our design results.

5 Summary

In this paper, the phase change material GST is intro-
duced into the design of a metasurface invisibility de-
vice. A broadband reflective adjustable metasurface car-
pet cloak for cross-polarization conversion of circularly po-
larized waves is proposed. According to the principles of
phase compensation and the PB phase, the basic unit cell
of a metasurface is designed. We use a six-unit structure
as a period and arrange the structure onto a metasurface
with a phase gradient to construct the metasurface stealth
device. Based on the near- and far-field scattering distri-

butions, the designed cross-circular polarization stealth
device has a good stealth effect when the GST material is
in crystalline and amorphous states.
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