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ABSTRACT In this work, a circular polarized (CP) maintaining metasurface is proposed, which can realize
ultra-wideband CP-maintaining reflection and make its co-polarization reflection coefficient under CP
incidence close to 1.0 in the frequency band 6.2-26.4GHz; in addition, by rotating its unit cell structure,
Pancharatnam-Berry (PB) phase can be generated in its co-polarized reflection coefficient under CP inci-
dence. Thus based on the CP-maintaining metasurface, a 2-bit PB coding metasurface is further proposed for
Radar Cross Section (RCS) reduction. The simulated results show that the proposed PB coding metasurface
has excellent performance in RCS reduction, compared with a pure metal plate with the same size, its RCS
can be reduced more than10dB under arbitrary polarization incidences in the frequency band 6.2-26.5GHz
with relative band of 124.1%. Finally, an effective experimental validation is carried out.

INDEX TERMS Pancharatnam-berry (PB) phase, coding metasurface, radar cross section (RCS).

I. INTRODUCTION
Polarization is one of important properties of electromag-
netic(EM) wave, which must be taken into consideration in
most practical applications. To manipulate it freely, polar-
ization converter has been a kind of widely used device.
Conventional polarization converters were usually designed
by using the birefringence effect and optical activity of nat-
ural materials, which often suffer from bulky volume, high
loss, and narrow bandwidth in practical applications [1], [2].
Over the past decade, it has been found that metasurface can
provide a convenient way to control the polarization state of
EM wave. In recent years, to update the conventional design
method, many different types of polarization converters have
been proposed based on various anisotropic or chiral metasur-
faces, which can perform different polarization conversions,
such as cross [3]–[10] or linear-to-circular [11]–[17] polar-
ization conversion. In addition, A right-handed/left-handed
circularly polarized (RCP/ LCP) wave will be converted to
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a LCP/ RCP one after reflection on a conducting surface,
however, based on a proper anisotropic or chiral metasur-
face, a CP-maintaining metasurface can be proposed, which
can keep the handedness of the reflected wave the same
as that of the CP incident one. [18]–[21] This kind of
CP-maintaining metasurface can be regarded as a reflec-
tive circular polarization converter, [21] which is very use-
ful in the design of reflective Pancharatnam-Berry (PB)
gradient metasurfaces [22]–[27] and PB coding metasur-
faces [28]–[32] because PB phase can only be generated in
the co-polarized reflected wave under CP incidence for a
reflective metasurface. [33] The concept of coding metasur-
face was firstly proposed by Cui et al. [34] which consisted of
several different types of elements arranged as a predesigned
coding sequence. It can work as a reflective phased array
antenna, its far-field scattering pattern can be controlled by
the predesigned coding sequence, so it can achieve Radar
Cross Section (RCS) reduction by optimizing the coding
sequence. In recent years, to realize wideband RCS reduc-
tion, a number of different coding metasurfaces have been
proposed [35]–[41].
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In this work, an ultra-wideband CP-maintaining meta-
surface is proposed, which is an orthogonal anisotropic
structure with a pair of symmetric axes. The simulated
results show that the proposed metasurface can realize
ultra-wideband CP-maintaining reflection in the frequency
band 6.2-26.4 GHz; moreover, if the notched circular metal
patch in its unit cell is rotated by an angle ψ , almost ±2ψ
PB phase will be generated in its co-polarized reflection
coefficient under CP incidence, when the rotating angle is
chosen as 0◦, 45◦, 90◦ and 135◦, it can be used as 2-dit coding
elements ‘‘00’’, ‘‘01’’, ‘‘10’’ and ‘‘11’’, respectively. Thus,
based on the CP-maintaining metasurface, an ultra-wideband
2-bit PB coding metasurface is further proposed for RCS
reduction.

II. DESIGN AND SIMULATION
The proposed CP-maintaining metasurface consists of a
notched circular metal patch array printed on a grounded
dielectric substrate and covered by a dielectric layer. One
of its unit cells is shown in Fig. 1, it is indicated that the
unit cell structure is symmetric with respect to both x and
y axes. In addition, the geometrical parameters of the unit
cell structure are shown in Fig. 1. Through the optimization
of HFSS software, the geometrical parameters have been
selected as follows: P = 6.00 mm, r = 2.80 mm, w = 0.45
mm, g = 2.60 mm, h1 =2.20 mm and h2 =2.70 mm; in
addition, the circular metal patch, together with the grounded
plane, is modeled as a 0.017mm copper film with an electric
conductivity σ = 5.8×107S/m, and the two dielectric layers
are chosen as a F4B-2 with relative permittivity of 2.65.

FIGURE 1. Unit cell of the proposed CP-maintaining metasurface: (a) Top
view (b) Side view.

When the proposed CP-maintaining metasurface is
under x-polarized (XP) and y-polarized (YP) incidences,
no cross-polarized components will exist in the reflected
wave due to the symmetry of the metasurface structure, [6]
thus its reflection matrix RLin for linear-polarized (LP) wave
can be expressed as:

RLin =

(
rxx 0
0 ryy

)
. (1)

The magnitudes of rxx and ryy will both be close to
1.0 because the dielectric loss is very little, and the following
formula can be established when the little dielectric loss

is neglected:

ryy = rxxe−j1ϕxy , (2)

wherein 1ϕxy denotes the phase difference between rxx and
ryy. Thus when the incident wave is assumed as a CP one
Ei = E0(êx ± iêy), based on Eq. (1) and (2), the reflection
matrix RCir for CP wave can be obtained as follow [25]:

RCir =

(
r++ r+−
r−+ r−−

)
=

1
2

(
rxx − ryy rxx + ryy
rxx + ryy rxx − ryy

)
=

1
2
rxx

(
1+ e−j1ϕ 1− e−j1ϕ

1− e−j1ϕ 1+ e−j1ϕ

)
. (3)

Based on Eq. (3), themagnitudes of co- and cross-polarized
reflection coefficients r++, r−− and r−+, r+− can be
expressed as:

|r++| = |r−−| =
1
2
|rxx |

∣∣∣1−e−j1ϕxy ∣∣∣ = √(1−cos1ϕxy)/2

|r−+| = |r+−| =
1
2
|rxx |

∣∣∣1+e−j1ϕxy ∣∣∣ = √(1+cos1ϕxy)/2.

(4)

Eq. (4) indicates that the polarization state of the reflected
wave under CP incidence can be completely determined by
the phase difference 1ϕxy between rxx and ryy, if the phase
difference

∣∣1ϕxy∣∣ is equal to 180◦, a perfect CP-maintaining
reflection (|r−+| = |r−+| = 0, |r++| = |r−−| = 1)
can be realized. Why the perfect CP-maintaining reflection
can be realized when

∣∣1ϕxy∣∣ =180◦? In fact, when the
little dielectric loss of the metasurface is neglected, the CP
incident wave and the reflected wave of the metasurface can
both be regarded as a composite wave composed of XP and
YP components with equal amplitudes. The two components
in the CP incident wave are with ±90◦ phase difference,
however, in the reflected wave, the phase difference will be
changed. When

∣∣1ϕxy∣∣ =180◦, ±90◦ phase difference in the
CP incident wave will be changed as ∓90◦ in the reflected
wave, thus the perfect CP-maintaining reflection will be
realized.

Can the proposed metasurface realize CP-maintaining
reflection? To numerically analyze the performance of the
proposed metasurface, we have first simulated it under XP
andYP incidences using Ansoft HFSS. The simulated results,
the phase difference 1ϕxy between rxx and ryy, are shown
in Fig. 2(a), it is indicated that the phase difference 1ϕxy
is close to 180◦ in the ultra-wide frequency band from 7 to
26 GHz, which implies that the anticipated CP-maintaining
reflection can be realized in the frequency band. To show it,
the magnitudes of r++ and r−+ have been calculated by using
Eq. (4) according to the phase differences 1ϕxy in Fig. 2(a),
the calculated results, shown in Fig. 2(b), indicate that the
magnitude of r++ is approximate to 0dB, however, that of
r−+ is kept less than -10dB in the frequency band from 6.2 to
26.4 GHz, which shows that the anticipated CP-maintaining
reflectionwill be realized under CP incidence, and the relative
bandwidth reachs up to 123.9%. Furthermore, in order to
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FIGURE 2. Simulated results of the proposed CP-maintaining
metasurface: (a) the phase difference between rxx and ryy (b) the
magnitudes of r++ and r−+.

verify the correctness of the calculated results, the metasur-
face has been simulated under RCP incidence. The simulated
results are also shown in Fig. 2(b), it is indicated that the
calculated and simulated results are in good agreement with
each other.

Moreover, will there be PB phase generated in the co-
polarization reflection coefficients r++ and r−− by rotating
the circular metal patch in the unit cell of the CP-maintaining
metasurface? In fact, when the circular metal patch is rotated
by an angle ψ in anticlockwise direction, the reflection
matrix RLin for LP wave will be changed, thus the reflection
matrix RCir for CP wave obtained based on RLin will also
be changed, and the components of the changed RCir can be
expressed as follows [26]:

r++ =
1
2

(
rxx − ryy

)
e+j2ψ

r−− =
1
2

(
rxx − ryy

)
e−j2ψ

r+− =
1
2

(
rxx + ryy

)
r−+ =

1
2

(
rxx + ryy

)
. (5)

Eq. (5) illustrates that when the circular metal patch is rotated
by an angle, the PB phases generated in the co-polarization
reflection coefficients r++ and r−− will be +2ψ and −2ψ

respectively, however, the phases of r+− and r−+ will not be
changed.

To verify the theoretical prediction, the CP-maintaining
metasurface has been simulated under RCP and LCP normal
incidences when the rotation angle ψ of the circular metal
patch in its unit cell was gradually increased from 0◦ to
180◦ with a 22.5◦ step width. The simulated results, shown
in Fig. 3(a) and (b), indicate that the phase of r++ keeps
increasing gradually but the phase of r−− keeps decreasing
gradually along with the increase of the rotation angle at the
five frequencies 8, 12, 16, 20 and 24 GHz, and they are both
altered by almost 45◦ at each time, which verifies that when
the circular metal patch in the unit cell of the CP-maintaining
metasurface is rotated by ψ , the PB phases generated in the
co-polarized reflection coefficients r++ and r−− are almost
+2ψ and −2ψ, respectively.

FIGURE 3. Simulated results of the CP-maintaining metasurface with
different rotating angle ψ : (a) the phase of r++, (b) the phase of r−−.

III. APPLICATION IN RCS REDUCTION
The above simulations show that the proposed metasurface
can realize ultra-wideband CP-maintaining reflection in the
frequency range from 6.2 to 26.4 GHz; moreover, PB phase
will be generated in r++ and r−− by rotating the circular
metal patch in its unit cell. Thus, the proposed metasurface
can be used in the design of coding metasurface.

To design a 2-bit coding metasurface for RCS reduction,
we construct four basic coding sub-unit cells at first by using
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the unit cell of the proposed CP-maintaining metasurface,
they are shown in Fig. 4(a), in which the circular metal
patches have been rotated by 0◦, 45◦, 90◦ and 135◦ respec-
tively. According to the simulated results shown in Fig. 3,
it is known that the relative reflection phases of the four
basic coding sub-unit cells will be 0◦, 90◦, 180◦ and 270◦

respectively under RCP incidence, so their codes shall be
‘‘00’’, ‘‘01’’, ‘‘10’’ and ‘‘11’’; however, under LCP inci-
dence, their codes shall be changed as ‘‘11’’, ‘‘10’’, ‘‘01’’
and ‘‘00’’ respectively because the PB phases generated in
r++ and r−− are opposite. In the following, the design is
carried out under RCP incidence, the codes of the four basic
coding sub-unit cells will be defined relative to RCP incident
wave. Secondly, when the designed 2-bit coding metasurface
is assumed to consist of 6 × 6 coding elements, and each
digital element is composed of 5× 5 identical basic sub-unit
cells, one optimized coding sequence is obtained through
the optimization of genetic algorithm aiming at minimizing
scattering in all directions. Thus, according to the optimized
coding sequence, one appropriate 2-bit coding metasurface is
proposed, which is shown in Fig. 4(b). For the proposed 2-bit
coding metasurface, the reflection amplitudes in various dig-
ital elements are basically the same, but the reflection phases
are different. The reflection phase differences between ‘‘00’’
and ‘‘10’’ and between ‘‘01’’ and ‘‘11’’ will both be close to
180◦ under RCP incidence, in addition, under LCP incidence,
these phase differences will be close to −180◦, so the best
RCS reduction can be realized under arbitrary polarization

FIGURE 4. (a) Four basic sub-unit cells (b) Layout of the proposed 2-bit
coding metasurface.

incidences due to phase cancellation because these coding
elements are arranged according to the optimized coding
sequence.

To verify the performance of the 2-bit coding metasur-
face, a series of numerical simulations have been carried out
by using CST Microwave Studio. Firstly, the 2-bit coding
metasurface, together with a pure metal plate with the same
size, was simulated under RCP, LCP, XP and YP normal
incidences successively. The simulated results, the monos-
tatic RCSs of the coding metasurface and the metal plate,
are shown in Fig. 5(a); in addition, the RCS reduction of
the coding metasurface relative to the metal plate is shown
in Fig. 5(b). In Fig. 5, it is indicated that the RCS of the
coding metasurface is almost the same under different polar-
ization incidences; in addition, relative to the metal plate,
the RCS of the coding metasurface is reduced more than
10dB under all incidences in the ultra-wide frequency band
from 6.2 to 26.5 GHz with relative bandwith of 124.1%, and
the maximum reduction can reach 33.8dB, 34.1dB, 36.6dB
and 34.9dB respectively under RCP, LCP, XP and YP normal
incidences at 19.4GHz.

FIGURE 5. Simulated results of the coding metasurface and the metal
plate: (a) the monostatic RCS, (b) the RCS reduction of the coding
metasurface.

In addition, to show far-field scattering characteristics of
the coding metasurface, the far-field scattering patterns of the
coding metasurfaces and the pure metal plate with same size
have been simulated under LCP, RCP, XP and YP normal
incidences at 8.0, 16.0 and 24.0 GHz. The simulated results,
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FIGURE 6. Simulated 3D far-field scattering patterns of the proposed
coding metasurface and the metal plate under LCP, RCP, XP and YP
normal incidences at (a) 8.0 GHz, (b) 16.0 GHz and (c) 24.0 GHz.

FIGURE 7. RCS reduction of the coding metasurface under different
oblique incidences: (a) RCP incidence with different incident angles; (b)
different polarization incidences with incident angle of 45◦.

shown in Fig. 6, indicate that when the coding metasurface is
under LCP, RCP, XP and YP normal incidences, its far-field
scattering characteristics are basically the same, compared

FIGURE 8. Photographs of the fabricated laboratory sample (a),
the schematic of the measurement setup (b) and the comparison between
measured and simulated results under normal incidences (c) and under
oblique incidences with incident angle of 45◦ (d).

with the strong specular reflection of the pure metal plate, its
reflected wave has been scatterd in all directions of the spec-
ular reflection region, so the coding metasurface can realize
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ultra-wideband RCS reduction under arbitrary polarization
incidences.

Furthermore, to analyse the angle insensitivity, the 2-dit
PB coding metasurface has been simulated under different
oblique incidences, the simulated results are shown in Fig. 7.
In Fig. 7(a), it is indicated that when the incident angle
increases to 45◦, the monostatic RCS reduction of the coding
metasurface is still kept larger than 10dB in the ultra-wide fre-
quency band 9.4-28.3GHz under RCP incidence; especially,
when the incident angle is as high as 60◦, the RCS reduction
can still be close to 10dB in the band. In addition, Fig. 7(b)
indicates that the RCS reduction is roughly the same under
different polarization incidences with incident angle of 45◦.
According to these simulated results, it is known that the
coding metasurface has good angular stability under arbitrary
polarization incidences.

Finally, to carry out an experimental verification for the
2-bit coding metasurface, one laboratory sample has been
fabricated. In the fabricating process, the grounded dielectric
substrate was fabricated by PCB technology, which is shown
in Fig. 8(a), and the whole structure was obtained by hot
pressing it with the top dielectric layer. The laboratory sam-
ple, together with a pure metal plate with the same size, has
beenmeasured under normal incidence and oblique incidence
with incident angle of 45◦. The schematic illustration of
the measurement setup is shown in Fig. 8(b), in which a
pair of identical horn antennas as transmitter and receiver
have been connected to the two ports of an Agilent E8363B
network analyzer, and the sample was irradiated; for oblique
incidence, the separation angle between the orientations of
the pair of antennas was chosen as 90◦, however, for normal
incidence, the separation angle should be equal to 0◦, it was
set to be 5◦ for the finite sizes of the laboratory sample.
The measured results under RCP, XP normal incidences and
LCP, TE oblique incidences are shown in Fig. 8(c) and (d)
respectively, it is indicated that the measured results are all
in reasonable agreement with the simulated results except
for a slight deviation caused by fabrication and measurement
errors.

IV. CONCLUSION
In this work, an ultra-wideband reflective 2-bit PB coding
metasurface was proposed for RCS resdution. In the design
process, a CP-maintaining metasurface was proposed firstly,
which can realize ultra-wideband CP-maintaining reflection
in the frequency band 6.2-26.4GHz, moreover, PB phase will
be generated in its co-polarization reflection coefficient under
CP incidence by rotating the circular metal patch in its unit
cell. Thus the ultra-wideband 2-bit PB coding metasurface
was proposed based on the CP-maintaining metasurface. The
simulated and measured results show that compared with a
pure metal plate with the same size, the RCS of the coding
metasurface under normal incidence with arbitrary polar-
ization can be reduced more than 10 dB in the frequency
band 6.2-26.5 GHz with relative bandwith of 124.1%; in
addition, when the incident angle is up to 45◦, the RCS

TABLE 1. Comparison of this work with previous works.

reduction is still kept larger than 10dB in the band 9.4-
28.3GHz. Table 1 lists the comparison of the coding meta-
surface with previous works presented in [35]–[41] it is indi-
cated that the coding metasurface can achieve much wider
band RCS reduction, so it has great potential in radar stealth
technology application.
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